PREDICTION OF NEURODEVELOPMENT
AND NEUROMOTOR TRAJECTORIES IN
VERY PRETERM BORN CHILDREN UP
TO 11 YEARS OF AGE
PIPARI Study

Sirkku Setänen

TURUN YLIOPISTON JULKAISUJA – ANNALES UNIVERSITATIS TURKUENSIS
Sarja - ser. D osa - tom. 1226 | Medica - Odontologica | Turku 2016

University of Turku
Faculty of Medicine
Department of Clinical Medicine
Pediatric Neurology
Pediatrics
Doctoral Programme of Clinical Investigation – CLIPD
Turku University Hospital
Turku, Finland

Supervised by
Professor Leena Haataja, MD, PhD
Pediatric Neurology
Children’s Hospital
University of Helsinki
Helsinki University Hospital
Helsinki, Finland

Professor Liisa Lehtonen, MD, PhD
Department of Clinical Medicine
Pediatrics
University of Turku
Turku University Hospital
Turku, Finland

Reviewed by
Docent Kai Eriksson, MD, PhD
Department of Clinical Medicine
Pediatric Neurology
University of Tampere
Tampere University Hospital
Tampere, Finland

Professor Trond Markestad, MD, PhD
Department of Clinical Science
Pediatrics
University of Bergen
Haukeland University Hospital
Bergen, Norway

Opponent
Professor Lena Hellström-Westas, MD, PhD
Department of Women’s and Children’s Health
Pediatrics
Uppsala University
Uppsala University Hospital
Uppsala, Sweden
Cover photo: Sirkku Setänen (in memoriam of Lilly Dubowitz, the author of the Dubowitz neurologic
examination and the original artwork, used here with courtesy of Leena Haataja)
The originality of this thesis has been checked in accordance with the University of Turku quality
assurance system using the Turnitin OriginalityCheck service.
ISBN 978-951-29-6457-4 (PRINT)
ISBN 978-951-29-6458-1 (PDF)
ISSN 0355-9483 (Print)
ISSN 2343-3213 (Online)
Painosalama Oy - Turku, Finland 2016

To my children

4

Abstract

ABSTRACT
Sirkku Setänen
Prediction of neurodevelopment and neuromotor trajectories in very preterm born
children up to 11 years of age
PIPARI Study
University of Turku, Faculty of Medicine, Department of Clinical Medicine, Pediatric
Neurology, Pediatrics, Doctoral Programme of Clinical Investigation – CLIPD, Turku
University Hospital, Turku, Finland
Annales Universitatis Turkuensis, Medica-Odontologica, Turku, Finland 2016
Very preterm birth is a risk for brain injury and abnormal neurodevelopment. While the
incidence of cerebral palsy has decreased due to advances in perinatal and neonatal care,
the rate of less severe neuromotor problems continues to be high in very prematurely born
children. Neonatal brain imaging can aid in identifying children for closer follow-up and
in providing parents information on developmental risks.
This thesis aimed to study the predictive value of structural brain magnetic resonance
imaging (MRI) at term age, serial neonatal cranial ultrasound (cUS), and structured
neurological examinations during the longitudinal follow-up for the neurodevelopment
of very preterm born children up to 11 years of age as a part of the PIPARI Study (The
Development and Functioning of Very Low Birth Weight Infants from Infancy to School
Age). A further aim was to describe the associations between regional brain volumes and
long-term neuromotor profile.
The prospective follow-up comprised of the assessment of neurosensory development at
2 years of corrected age, cognitive development at 5 years of chronological age, and
neuromotor development at 11 years of age. Neonatal brain imaging and structured
neurological examinations predicted neurodevelopment at all age-points. The
combination of neurological examination and brain MRI or cUS improved the predictive
value of neonatal brain imaging alone. Decreased brain volumes associated with poorer
neuromotor performance. At the age of 11 years, the majority of the very preterm born
children had age-appropriate neuromotor development and after-school sporting
activities. Long-term clinical follow-up is recommended at least for all very preterm
infants with major brain pathologies.
Keywords: cerebral palsy, cognitive development, developmental coordination disorder,
minor neurological dysfunction, motor development, neonatal brain imaging,
neurodevelopmental impairment, neurosensory impairment, preterm infant, prospective
follow-up
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TIIVISTELMÄ
Sirkku Setänen
Pikkukeskosten neuromotorinen pitkäaikaiskehitys 11 vuoden ikään saakka ja sitä
ennustavat tekijät
PIPARI-tutkimus
Turun Yliopisto, Lääketieteellinen tiedekunta, Kliininen laitos, Lastenneurologia,
Lastentaudit, Turun yliopiston kliininen tohtoriohjelma (TKT), Turun yliopistollinen
keskussairaala, Turku, Suomi
Annales Universitatis Turkuensis, Medica-Odontologica, Turku, Suomi 2016
Pikkukeskosuus on riski aivovauriolle ja poikkeavalle kehitykselle. Vaikka CP-vamman
esiintyvyys on alkuvaiheen tehohoidon kehittymisen myötä vähentynyt, lievempiä neuromotorisia ongelmia esiintyy edelleen merkittävästi pikkukeskosina syntyneillä lapsilla.
Varhaiset aivojen kuvantamistutkimukset voivat auttaa tunnistamaan pitkäaikaisseurantaa tarvitsevat lapset sekä antamaan vanhemmille tietoa kehitykseen liittyvistä
riskeistä.
Tämän väitöskirjatyön tavoitteena oli selvittää lasketun ajan aivojen rakenteellisen
magneettitutkimuksen, sarjoittaisen aivojen ultraäänitutkimuksen, ja pitkäaikaisseurannan
aikana tehtyjen yksityiskohtaisten neurologisten tutkimusten ennustearvo pikkukeskosten
kehitykselle 11 vuoden ikään asti osana PIPARI–tutkimusta (Pienipainoisten riskilasten
käyttäytyminen ja toimintakyky imeväisiästä kouluikään). Tavoitteena oli myös kuvailla
aivotilavuuksien yhteys neuromotoriseen pitkäaikaiskehitykseen.
Prospektiivinen seuranta sisälsi neurosensorisen kehityksen arvioinnin 2 vuoden
korjatussa iässä, kognitiivisen kehityksen arvioinnin 5 vuoden kronologisessa iässä, sekä
neuromotorisen
kehityksen
arvioinnin
11-vuotiaana.
Varhaiset
aivojen
kuvantamistutkimukset sekä yksityiskohtaiset neurologiset tutkimukset ennustivat
pikkukeskosten
pitkäaikaiskehitystä
kaikissa
ikäpisteissä.
Neurologisten
tutkimustulosten yhdistäminen aivojen magneettitutkimuksen tai ultraäänitutkimusten
löydöksiin paransi yksittäisen kuvantamistutkimuksen ennustearvoa. Pienemmät
aivotilavuudet liittyivät heikompaan neuromotoriseen suoriutumiseen. Suurimmalla
osalla pikkukeskosina syntyneistä lapsista oli ikätasoinen neuromotorinen kehitys ja
liikuntaharrastus 11-vuotiaana. Pitkäaikaista kliinistä seurantaa suositellaan ainakin
kaikille niille pikkukeskosille, joilla on todettu vaikea aivovaurio.
Avainsanat: CP-vamma, kehityksellinen koordinaatiohäiriö, kehityksellinen
poikkeavuus, keskonen, kognitiivinen kehitys, lievä neurologinen poikkeavuus,
motorinen kehitys, neurosensorinen poikkeavuus, prospektiivinen seuranta, varhainen
aivojen kuvantaminen
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1

Introduction

INTRODUCTION

Advances in perinatal care and a more active approach to resuscitation during the past
decades have led to a decrease in neonatal mortality and an increase in survival without
neurodevelopmental impairment (NDI) in very preterm infants (Blencowe et al. 2013,
Stoll et al. 2015). For example, survival without major morbidity has increased for infants
born between 25 and 28 weeks from 43% in 1993 to 59% in 2012 (Stoll et al. 2015).
Severe neurological impairments such as cerebral palsy (CP) have also decreased (Sellier
et al. 2015), whereas the rate of milder forms of neuromotor dysfunction continues to be
significantly high (Ferrari et al. 2012).
Predictive tools are needed to monitor the quality of neonatal care, to direct research to
risk groups, to improve the identification of infants for closer follow-up, and to counsel
parents about the developmental prognosis of their newborn (Latal 2009). Current
practice in neonatal care most commonly only includes cranial ultrasound (cUS) imaging
in detecting brain injuries in very preterm infants, even though brain magnetic resonance
imaging (MRI) has potentially better prognostic value compared to cUS providing more
information especially on white matter (WM), gray matter (GM), and cerebellum (Latal
2009). Moreover, regional brain volumes have been shown to associate with NDI in very
preterm infants (Lind et al. 2011b).
There are no long-term data available on the associations between structural pathologies
or volumetric alterations in the brain tissue at term age and neuromotor development in
very preterm infants. Furthermore, it is not known whether structured neurological
examinations in the neonatal period and throughout childhood can predict long-term
outcome in very preterm infants, and thus provide more accurate information for parental
guiding and introduction of early intervention programs (Latal 2009).
The focus of this thesis was on assessing long-term neuromotor trajectories and
neurodevelopment in very preterm infants. Neonatal brain imaging has an important role
in predicting long-term neurodevelopment. However, gaining a satisfactory level of
positive predictive value (PPV) for long-term neurodevelopment has remained
challenging. Therefore, the predictive value of a combination of neonatal neurological
examination and concurrent neuroimaging was also evaluated.
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The World Health Organization defines preterm birth as any birth before 37 completed
weeks of gestation. Preterm birth can be divided to extremely preterm birth (<28 weeks
of gestation), very preterm birth (<32 weeks of gestation), and moderate to late preterm
birth (32 to <37 weeks of gestation). Other commonly applied classifications for preterm
infants are based on birth weight: extremely low birth weight (ELBW) (<1000 g), very
low birth weight (VLBW) (<1500g), and low birth weight (<2500g). The most commonly
used birth weight limits for small for gestational age (SGA) infants have been either <-2
standard deviations (SD) of the mean birth weight or <10th percentile for each gestational
week.
Preterm birth can be spontaneous or induced labor due to complications during pregnancy
(maternal or fetal). The etiologies and risk factors of preterm birth are known to be
complex and multifactorial. The most common are spontaneous preterm labor with or
without premature preterm rupture of membranes, multiple pregnancy, and pre-eclampsia
(Goldenberg et al. 2008, Simmons et al. 2010).
An estimated worldwide rate of preterm births was 15 million (11.1%) in 2010, varying
widely between countries (Blencowe et al. 2012). In Finland, preterm infants (n=3434)
accounted for 5.9% of all live births (n=57639) in 2014 (National Institute for Health and
Welfare 2015). A total of 473 (0.8%) infants were born <32 weeks of gestation or had a
birth weight ≤1500g.
Despite improvements in survival rates (Stoll et al. 2015), complications of preterm birth
have been shown to globally be the leading direct cause of child deaths after infectious
causes in children younger than 5 years (Liu et al. 2012). Neonatal morbidities that have
been shown to associate with an adverse outcome include bronchopulmonary dysplasia
(BPD), intracranial hemorrhage, necrotizing enterocolitis (NEC), sepsis and retinopathy
of prematurity (ROP) (Stoll et al. 2015). In addition to neonatal complications, preterm
birth can have lifelong effects on neurodevelopmental functioning (Saigal, Doyle 2008,
Simmons et al. 2010).
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Neonatal brain imaging

2.2.1 Cranial ultrasound
In the late 1970s, serial cUS became a routine and widely used neuroimaging method for
preterm infants. This most readily available, but operator-dependent, bedside technique
for neonatal brain imaging uses high-frequency sound waves (5-10 MHz) without
radiation exposure to detect differences in echodensity between tissues, which enables
the detection of anatomic structures, hemorrhage, and fluid collections. Scannings are
usually performed by neonatologists through the limited views offered by the acoustic
windows of open fontanelles: most commonly used anterior fontanelle enables detection
of cerebral hemorrhage, brainstem and posterior fossa are better seen through the mastoid
fontanelle, while view through the posterior fontanelle allows better visualization of the
trigone and occipital horn of the lateral ventricles improving detection of subtle
intraventricular hemorrhage (IVH) (Hintz, O'Shea 2008). Even though cUS has been
shown to detect some significant parenchymal lesions such as IVH, cystic changes (of
which small lesions may collapse over time), and severe WM injuries (such as cystic
periventricular leukomalacia, PVL, and ventriculomegaly due to periventricular WM
loss), MRI has been shown to be more sensitive in identifying noncystic focal injuries or
small lesions in the WM, diffuse WM injuries, cortical abnormalities, and posterior fossa
lesions (Maalouf et al. 2001, Counsell et al. 2003, Rademaker et al. 2005, Ramenghi et
al. 2007, Hintz, O'Shea 2008, Izbudak, Grant 2011, Jary et al. 2012, Smyser, Kidokoro
& Inder 2012, Kwon et al. 2014). MRI is also more sensitive in finding cerebellar lesions
which are rarely identified by cUS (de Vries et al. 2011, Hintz et al. 2015).

2.2.2 Magnetic resonance imaging
Since the 1980s, MRI has become a more routine neuroimaging approach also for preterm
infants. This is due to many factors including optimized methods for detecting neonatal
brain injury, greater availability of scanners, recognition of the safety profile without
ionizing radiation, scanning without sedation (with simple feeding and swaddling, by
using ear protection plugs and a hear protector, and by using polystyrene bead-filled
“huggers”), compatible devices (monitoring, ventilators, warming equipment, integrated
head coil), and motion artefact correction (Hintz, O'Shea 2008). Brain MRI is currently
the only available imaging modality that enables accurate assessment of cortical folding
and characterization of myelination, which are important developmental benchmarks
(Smyser, Kidokoro & Inder 2012).
Total and regional brain volumes can be measured with three-dimensional MRI to
quantitatively characterize alterations of brain development associated with prematurity
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and brain injury (Kwon et al. 2014). Volumetric brain tissue segmentation technique in
assessing preterm infants was first reported in the late 1990s showing a marked increase
in cortical GM and in myelinated WM between weeks 29 and 41 of gestational age in
preterm infants, emphasizing the vulnerability of the brain (Huppi et al. 1998).
Diffusion tensor imaging is based on water motion and enables assessment of
microstructural development and maturation of the WM (Kwon et al. 2014). Previous
findings from the PIPARI Study have shown a positive association between normal
antenatal growth and WM maturation at term age in very preterm infants when using
diffusion-weighted MRI (Lepomaki et al. 2012). Gestational age at birth was not found
to have an effect on the results. Recent data has also shown the value of this advanced
MRI technique in predicting CP in preterm infants with WM injury (Roze et al. 2015).

2.2.3 Findings in very preterm infants
Very preterm infants are susceptible to brain injury. This is due to many factors including
rapid evolution of myelination and neuronal differentiation in this critical period of brain
development in an extra-uterine environment in intensive care. Etiologies are not fully
understood, but include infective, ischemic, and inflammatory insults (Counsell et al.
2003).
Early hemorrhages with subsequent ventricular dilatation are common findings in very
preterm infants. A previous study with sequential MRIs has demonstrated that 43% of
the extremely preterm infants had early hemorrhage, and half of the infants examined at
term age had ventricular dilatation (axial diameter of >8mm at gestational age of ≤25
weeks, and >10mm at gestational age of >25 weeks) after IVH. On the other hand, more
than half of the infants without previous hemorrhage had also ventricular dilatation (Dyet
et al. 2006). Other typical findings in very preterm infants are 1) in cUS during neonatal
hospital care: periventricular echodensities (65%), IVH (28%), and post-hemorrhagic
ventricular dilatation (16%), cystic WM lesions (8%), and 2) in MRI around term age:
diffuse and excessive high signal intensity within the WM (79%), multiple punctate WM
lesions (17%), severe ventricular dilatation (11%), and decreased complexity of gyration
(8%) (Leijser et al. 2009a, Leijser et al. 2009b). Diffuse WM injury is currently the most
frequently observed form of WM changes, while cystic lesions in the WM have become
rare (Counsell et al. 2003, Back 2015) (Figure 1). Preterm survivors have also been shown
to display significant reductions in the growth of the cerebral cortex and subcortical GM
structures that include the basal ganglia, thalamus, hippocampus, and cerebellum (Back
2015).
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Figure 1. Coronal and sagittal T2-weighted images at term age of a preterm infant born at
34 weeks of gestation show small cysts in the left posterior periventricular white matter
consistent with focal periventricular leukomalacia (Izbudak, Grant 2011).

In addition to structural brain pathologies, preterm infants have been shown to have
decreased brain volumes (Kwon et al. 2014). A systematic review has reported that brain
tissue volume reductions in preterm infants have been demonstrated in cortical and
subcortical GM, myelinated WM, and cerebellum, with a reciprocal increase in
cerebrospinal fluid. Regional volume alterations have been described to include both
decreased myelinated WM (in the brainstem, internal capsule and cerebellar peduncles),
and unmyelinated WM (in central and orbitofrontal regions). Findings concerning
subcortical and cortical GM volume alterations have been more inconsistent (Keunen et
al. 2012). Moreover, WM injury and IVH in addition to perinatal risk factors and neonatal
morbidities have been shown to associate with regional brain volume changes in very
preterm infants (Keunen et al. 2012, Parikh et al. 2013).

2.2.4 Predictive value
Current practice in neonatal care most commonly only includes cUS imaging. The
predictive capacity of cUS increases when performed frequently and by an experienced
specialist, which is not always possible. Some have recommended brain MRI scanning
at term age only for preterm infants with overt WM injury on cUS (de Vries, Cowan
2007), while others have highlighted the value of neonatal brain MRI of preterm infants
as a routine component of neonatal intensive care (Latal 2009, Smyser, Kidokoro & Inder
2012, Plaisier et al. 2014). Furthermore, neuroimaging at term age has been emphasized
as optimal in the prediction of long-term neurodevelopment in preterm infants
(Bosanquet et al. 2013, Plaisier et al. 2014, Kwon et al. 2014, Hintz et al. 2015). Neonatal
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brain imaging has been shown to provide varying values of prediction for major
impairments, but high value in predicting normal neurodevelopment (Kwon et al. 2014).
The predictive value of brain MRI as a part of the assessment protocol of very preterm
infants has been debated (Hintz, O'Shea 2008, Horsch et al. 2010, Janvier, Barrington
2012). Additionally, routine performance of MRI at term age without asking parental
permission has been questioned as it may increase rather than decrease parents’ concerns
and confusion in some situations (Pearce, Baardsnes 2012). Therefore, knowledge of the
predictive significance of different brain findings needs to be sufficient.

2.3

Neuromotor assessment methods

2.3.1 Neonatal assessment methods and their predictive value
The Neonatal Behavioral Assessment Scale is mainly used to evaluate the behavior of an
infant (Brazelton 1973). It has also been administered in neurological examinations of
preterm infants, although it has been standardized only for full-term infants. This
assessment method is composed of 28 behavioral items (9-point-scale), 14 reflex items
(4-point-scale), and supplementary items (9-point-scale) and includes following
domains: habituation, social-interactive, motor system, state organization, state
regulation, autonomic system, supplementary systems, reflexes and responses
(Brazelton, Nugent 1995). It is time-consuming and therefore used mainly in research.
The NICU Network Neurobehavioral Scale is developed based on the Neonatal Behavioral
Assessment Scale to provide a standardized, valid and predictive biomarker of infants’
behavior (Lester, Tronick 2004).
The Prechtl neurological test for full-term and preterm infants at 38-42 weeks of
gestational age is wide including 42 items (Prechtl 1977). The domains are posture,
motility, pathological movements, tremor, motor system, responses and reflexes
(intensity and threshold), eye, state, and crying. The Prechtl neurological test at term age
and neonatal serial cUS have been shown to provide high specificity and negative
predictive value (NPV) (>90%) for normal neurological outcome and Bayley test results
in preterm infants at 2 years of corrected age (Maas et al. 2000).
Neonatal motor assessment of preterm infants from the first days of life can be performed
by the Dubowitz neurologic examination (Dubowitz, Dubowitz & Mercuri 1999) that is
widely used both clinically and in research. The measurement subscales are tone and
posture, tone patterns, reflexes, spontaneous movements, abnormal signs, and behavior.
Importantly, preterm infants should be assessed according to normative data for different
gestational age categories (Ricci et al. 2008), as the range of normal findings at term age
has been found wider compared to term infants (Mercuri et al. 2003).
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Deviant neurological signs in the Dubowitz neurologic examination have been shown to
correlate with the presence of IVH recognized by cUS (Dubowitz et al. 1981). It has also
been found to discriminate infants with significant MRI abnormalities with good NPV
(92%), but low PPV (34%) (Woodward et al. 2004). Moreover, worse performance at
term age has been shown to relate with increasing severity of concurrent WM abnormality
regarding both total scores and subscales of spontaneous movements and behavior
(Brown et al. 2009). Of the GM abnormalities, only delayed gyral maturation has been
found to associate with the subscales of tone and spontaneous movements (Brown et al.
2009).
Amiel-Tison Neurologic Assessment is a qualitative instrument including assessment of
cranial morphology, evaluation of neurosensory function and spontaneous motor activity,
passive and active muscle tone, primitive reflexes, assessment of palate and tongue,
adaptedness to manipulation, feeding autonomy, medical status, and unfavorable
circumstances at the time of examination (Amiel-Tison 2002). It can be used in
evaluating preterm infants from term age onwards. This assessment method has
previously been shown to predict developmental performance including motor outcome
at 2 years of corrected age (Simard et al. 2011, Leroux et al. 2013) and still at 6 years of
age when performed at 9 months of corrected age (Harmon et al. 2015).
Prechtl’s method for the assessment of general movements (GMs) is based on the
observation of the quality of spontaneous movement patterns from videorecordings in
two periods: writhing movements are present until 6 to 9 weeks of corrected age and
change to fidgety movements that usually occur until 15 to 20 weeks of corrected age
(Einspieler et al. 2007). This non-invasive although time-consuming method is also used
in assessing preterm infants and has been shown to be highly predictive for CP (NPV and
PPV up to 100%) (Darsaklis et al. 2011).

2.3.2 Toddler age assessment methods and their predictive value
Bayley Scales of Infant and Toddler Development (Bayley 1969) is a widely used method
to assess cognitive and psychomotor development of preterm infants at 2 years of age. Its
third version (Bayley 2005) includes motor scale of 72 gross motor and 66 fine motor
items. The validity of this neuromotor assessment method in preterm infants has been
shown to vary (sensitivity 59-82% and specificity 84-93%) depending on the age of the
infant at assessment (Spittle, Doyle & Boyd 2008).
Neurological follow-up after the neonatal period can be performed by using the
Hammersmith Infant Neurological Examination (HINE), an assessment method for
infants between 2 and 24 months of age that is based on the same principles as the
Dubowitz neurologic examination (Haataja et al. 1999). It includes assessment of cranial
nerve function, posture, movements, tone and reflexes, description of motor

Review of the Literature

19

development, and description of behavioral state of the infant during examination. The
test has been standardized for full-term infants between 12 and 18 months of age (Haataja
et al. 1999), but there are no norms for preterm infants. However, it has been shown to
reliably predict motor outcome (sensitivity 93-98%, specificity 85-100%) at 2 years of
age in very preterm infants (Frisone et al. 2002, Romeo et al. 2009). Moreover, the HINE
has been shown to provide additional information about the severity of CP (Romeo et al.
2008a). Even though normal findings or minor pathologies in cUS have been found to
associate with optimal HINE scores and major pathologies with lower scores, no clear
pattern between cUS findings and the HINE scores has been found (Frisone et al. 2002,
Romeo et al. 2009). There are no previous data concerning the associations between
neonatal brain MRI findings and HINE scores. In addition, the predictive value of the
HINE for long-term neuromotor development in very preterm born children is not known.
The combination of the HINE and GMs at 3 months of age has been shown to be more
effective than either of the assessments alone or serial cUS in predicting neurologic
outcome at 2 years of age (Romeo et al. 2008b). However, it is noteworthy that prediction
of later outcome becomes more reliable with time. Thus, there are no previous studies
concerning the predictive value of Dubowitz neurologic examination performed as early
as at term age for long-term neuromotor development. In addition, it has not been
established whether combining the results of this examination to concurrent
neuroimaging findings could improve the prediction of later neuromotor outcome.
The Hempel assessment is designed to evaluate minor neurological dysfunction (MND)
such as mild dysfunction in muscle tone regulation, choreiform dyskinesia, or fine
manipulative disability, as well as major neurological abnormalities at toddler age (1.5 to
4 years) with age-specific norms (Hempel 1993). The assessment focuses on the
observation of motor functions in a standardized free field situation with following
domains: prehension, sitting behavior, crawling behavior, standing behavior, walking
behavior, head, and sensorimotor function (Hadders-Algra 2005). The manual was
originally published as a thesis and therefore is not commercially available, but partial
descriptions of the method have been reported in international publications.

2.3.3 Pre-school age and school age assessment methods
The modified Touwen examination is a standardized and age-specific neurological
assessment to detect MND in children from 4 years onwards (Hadders-Algra 2010). It
includes assessment of posture and muscle tone, reflexes, involuntary movements,
coordination and balance, fine manipulation, associated movements, sensory function,
and cranial nerve function (Hadders-Algra 2010). Simple MND (sMND) is defined as
the presence of one or two dysfunctional domains and represents typical but non-optimal
brain function, whereas complex MND (cMND) is defined as the presence of more than
two dysfunctional domains and may be considered a borderline form of CP (Hadders-
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Algra 2002). Applying the Touwen examination in research gives detailed and reliable
(Peters et al. 2008) information about the association between neurological conditions
and preterm birth, although it is primarily a tool for clinical practice (Hadders-Algra
2010).
The most commonly used and best validated norm-referenced test for detecting
developmental coordination disorder (DCD) in children from 3 to 16 years, also in a highrisk population of very preterm infants (Dewey et al. 2011), is the Movement Assessment
Battery for Children (Blank et al. 2012). The revised version (The Movement Assessment
Battery for Children – Second Edition, The Movement ABC-2) (Henderson, Sugden &
Barnett 2007) and its structural validity (Schulz et al. 2011) has previously been
published. There are only a few studies using the latest version of the Movement ABC,
which makes score comparisons difficult as higher scores indicated poorer performance
in the previous version and better performance in the revised version. The age bands are
also different, although both versions include parts of manual dexterity, aiming and
catching, and balance (Blank et al. 2012). Another tool to assist in the identification of
DCD is the Developmental Coordination Disorder Questionnaire 2007 (DCDQ’07), a
recently revised parent report where parents are asked to compare their child’s motor
performance to that of his/her peers concerning the interference of motor difficulties in
everyday functional activities. It has been shown to have a sensitivity and specificity of
89% and 76%, respectively, in the age group of 10 to 15 years (Wilson et al. 2009).

2.4

Neurodevelopment and its prediction

Very preterm infants are at risk for adverse neurodevelopmental outcomes, even though
most of them have been shown to survive without major impairment (Blencowe et al.
2013, Rysavy et al. 2015). While severe deficits can be detected by the age of 2 years,
long-term follow-up is needed because less severe problems are often not detected until
school age (Latal 2009).

2.4.1 Neuromotor development
Very preterm infants are at a higher risk for impairments in motor development than term
infants (Evensen et al. 2004, de Kieviet et al. 2009, Edwards et al. 2011, Zwicker et al.
2012, Synnes et al. 2015). The rate of neuromotor difficulties has been reported to be
significantly high, from 20-50%, in children born very prematurely (Latal 2009, Ferrari
et al. 2012) potentially affecting peer interactions and socialization. Motor problems have
been shown to continue even when entering adulthood as 20% of the children born with
VLBW had severe motor impairment both at the age of 14 and 23 years (Husby et al.
2013).
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2.4.1.1 Cerebral palsy
Very preterm birth is a major risk factor for CP, which is a collective term for nonprogressive disorders of the development of movement and posture and the most common
cause of significant motor impairment in children. Due to advances in perinatal and
neonatal care during the past decades, the prevalence of CP has significantly decreased
both in all live-born infants (to 0.2%) and in high-risk populations (to 3.6% in VLBW
children) apart from the most immature infants (4.6% in ELBW children) (Platt et al.
2007, Sellier et al. 2015). Also the functional limitations of children with CP have become
less severe when referred to Gross Motor Function Classification System (GMFCS) (van
Haastert et al. 2011).
Up to 90% of children with CP have been shown to have abnormal findings in MRI
(Krageloh-Mann, Cans 2009). However, the prevalence of cystic PVL has been shown to
be significantly decreased, along with the prevalence of CP, in a large cohort of preterm
infants born between 1990 and 2005 (van Haastert et al. 2011). In a prior review,
periventricular WM lesions (PVL or consequences of IVH or both) have been shown to
be the most common findings in very preterm born children with CP (Krageloh-Mann,
Cans 2009). Abnormal imaging patterns in the posterior limb of the internal capsule have
also been shown to associate with CP, as the internal capsule is known to consist of WM
fibres that pass through the basal ganglia, and carry the major motor and sensory tracts
to and from the cortex and spinal cord (Cowan, de Vries 2005). Injury to the corticospinal
tract has recently been shown to precede reduced volume of the thalami at term age in
preterm infants with cystic PVL, the majority of whom later developed CP (Kersbergen
et al. 2015).
A systematic review has recently evaluated the accuracy of tests to predict CP in highrisk populations showing that GMs is the most reliable single method in predicting CP
(summary estimates of sensitivity and specificity 98% and 91%), followed by brain MRI
at term age (86-100% and 89-97%), neurological examination (88% and 87%), and cUS
(74% and 92%) (Bosanquet et al. 2013). A combination of GMs and neurobehavioral
assessment of preterm infants or either of these combined with MRI have all been shown
to increase sensitivity and specificity for CP compared to a single test (Constantinou et
al. 2007). Moderate and severe WM abnormalities in neonatal brain MRI have been
shown to associate significantly with CP in extremely preterm infants (Skiold et al. 2012).
Combining GMs with brain MRI findings at term age has been shown to increase the
prediction up to 100% (Skiold et al. 2013).

2.4.1.2 Minor neurological dysfunction
A high proportion of children born very preterm have been shown to have MND at preschool age (44%) (Arnaud et al. 2007). There are two different forms of MND: sMND
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has been suggested to represent typical but non-optimal brain function with limited
clinical significance, whereas cMND has been considered as a distinct form of CP
associated with structural brain pathology (Hadders-Algra 2002). Male sex has been
shown to be a risk factor for MND, while MND itself has been shown to increase risk for
other developmental challenges such as lower cognitive skills, learning difficulties,
behavioral problems, and poorer academic achievement (Hadders-Algra 2002, Arnaud et
al. 2007, Ferrari et al. 2012). Even though the predictive value of GMs for MND at school
age has been demonstrated, further studies are needed to evaluate whether neurological
examinations at different age-points can identify children with MND (Ferrari et al. 2012).
Major pathologies in early cUS have been shown to increase risk for cMND at the age of
5 years (Arnaud et al. 2007). However, there are no studies concerning the predictive
value of neonatal brain imaging including also MRI for MND at school age.

2.4.1.3 Developmental coordination disorder
DCD is defined as a motor impairment in the absence of any obvious neurological and
structural abnormality or cognitive impairment that interferes with activities of daily
living or academic performance (Blank et al. 2012). The prevalence of DCD in children
born with VLBW or very preterm has been reported to vary from 9.5% to 51% compared
to 5-6% in all school aged children, the prevalence being higher in boys (Zwicker et al.
2012, Blank et al. 2012, Ferrari et al. 2012, Zwicker et al. 2013, Kirby, Sugden & Purcell
2014). Largely varying prevalence rates have been shown to derive from differences in
definition and assessment tools (Kirby, Sugden & Purcell 2014). There is growing
evidence regarding the co-occurence of DCD and other developmental disorders such as
social, emotional, and attentional problems, and learning difficulties (Blank et al. 2012,
Rigoli, Piek & Kane 2012, Zwicker et al. 2012, Kirby, Sugden & Purcell 2014).
Additionally, more than half of the children with DCD in mainstream or special education
have been shown to have cMND (Peters, Maathuis & Hadders-Algra 2011). The
percentage of overlapping of DCD and MND in very preterm born children is not known.
Neuroimaging studies of children with DCD are scarce and include mostly functional
MRI or diffusion tensor imaging (Zwicker et al. 2012, Peters, Maathuis & Hadders-Algra
2013). A recent systematic review has summarized studies on relations between DCD
and neuroimaging in very preterm infants indicating that WM pathologies and major
brain MRI pathologies are related to motor impairment (Peters, Maathuis & HaddersAlgra 2013). However, only a few studies have assessed association between neonatal
imaging and DCD at school age and the sample sizes have been small. There are no longterm data available on the associations between structural pathologies or volumetric
alterations in the brain tissue at term age and neuromotor development in very preterm
infants.
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Prior functional MRI studies have demonstrated different activation of multiple brain
regions (particularly in parts of the frontal, temporal, and parietal lobes, and cerebellum)
during visuomotor and attention or inhibition tasks in children with DCD compared to
typically developing children at 10 to 11 years of age. Based on the current knowledge
concerning the etiology of DCD, it has been suggested that WM lesions in the
periventricular region and the internal capsule are the neural substrates of severe motor
impairment varying from DCD to CP, but more neuroimaging studies are required to
better understand these correlates (Peters, Maathuis & Hadders-Algra 2013).

2.4.2 Neurosensory development
Preterm birth is a risk for hearing impairment, the prevalence ranging between 1 to 7 %
depending on definitions (Fawke 2007, Saigal, Doyle 2008). The rate of severe hearing
impairment was recently reported to be 2% in a large cohort of extremely preterm infants
(Hintz et al. 2015). It has been suggested that the coexistence of risk factors for
sensorineural hearing loss, including abnormal cUS, may be more important than the
individual factors themselves among very preterm infants (Marlow, Hunt & Marlow
2000). Smaller volume of brain stem at term age has been shown to associate with
neurosensory disability (CP or hearing loss) in preterm infants (Valkama et al. 2001).
The prevalence of blindness or severe visual impairment has been reported to vary
between 1 to 8% (Fawke 2007, Saigal, Doyle 2008). Recently, the rate of severe visual
impairment was shown to be 1 % in a large cohort of extremely preterm infants (Hintz et
al. 2015). Very preterm infants are known to be at risk of developing visual and visualperceptual impairment not only because of ROP (Fawke 2007, Saigal, Doyle 2008), but
also secondary to brain lesions, such as severely abnormal optic radiations, and the
involvement of the thalami (Ramenghi et al. 2010). The ability of visual fixation has been
suggested to correlate with widespread WM networks and relate with neurocognitive
development up to 5 years of age in preterm infants (Stjerna et al. 2015).

2.4.3 Cognitive development
Very preterm born children have increased risk for cognitive impairment (Anderson
2014). The prevalence of cognitive impairment in very preterm born children has been
shown to vary from 7% (Munck et al. 2012) to 21% (Marlow et al. 2005) at pre-school
age with mean Full Scale Intelligence Score (FSIQ) score 12 points below that of their
term born peers (Kerr-Wilson et al. 2012). However, the cognitive outcome of the
children from the PIPARI Study cohort has been shown to be better than previously
described both at the age of 2 years of corrected age (Munck et al. 2010) and at 5 years
of chronological age (Lind et al. 2011a) corresponding to the normative mean of the
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FSIQ. Furthermore, the stability of cognitive outcome has been found good between these
ages (Munck et al. 2012).
Numerous studies have described associations between major cUS abnormalities and
cognitive impairment in very preterm infants. However, the predictive validity of major
cUS findings has been shown to be poorer for cognitive than motor outcome (Hintz,
O'Shea 2008). The PIPARI Study has shown that major MRI pathologies at term age
predicted NDI with a PPV of 33.3%, while normal brain MRI had a NPV of 98.1% on
NDI including cognitive impairment at 2 years of corrected age (Munck et al. 2010).
These findings are similar to previous results showing that MRI abnormalities at term
age may predict an adverse neurodevelopmental outcome at 2 years of age (Woodward
et al. 2006). Increasing severity of WM abnormalities and significant cerebellar lesions
have also been shown to associate independently with adverse neurodevelopmental
outcomes at 18 to 22 months’ corrected age (Hintz et al. 2015). Similarly, a common
neonatal image phenotype including diffuse WM injury has been found to associate with
adverse neurodevelopmental outcome at 2 years of chronological age (Boardman et al.
2010). Irrespective of the presence of overt brain injury, infants with NDI have
demonstrated significantly smaller total and regional brain volumes and significantly
larger ventricles (Plaisier et al. 2014). Similarly, decreased regional brain volumes at term
age have been shown to associate with poorer neurodevelopment at 2 years of corrected
age (Lind et al. 2011b).

2.4.4 Longitudinal follow-up studies
Long-term follow-up studies evaluating both neurosensory and cognitive outcomes with
neonatal brain MRI are required to enable more accurate differentiation between findings
that are associated with major developmental disabilities and those without clinical
relevance (Hintz, O'Shea 2008). There are some prospective studies following up the
long-term neurodevelopment including neuromotor outcome of preterm infants.
The Victorian Infant Collaborative Study Group has followed extremely preterm and/or
ELBW infants born in Australia in 1979-1980, 1985-1987, 1991-1992, 1997, and 2005
at 2, 5, 7-8, and 14-18 years of age (Doyle, Casalaz & Victorian Infant Collaborative
Study Group 2001, Roberts et al. 2009, Kelly et al. 2015). Neurosensory disabilities in
these cohorts have been widely studied with stable rates over decades with the latest rate
of severe disability (8%) at the age of 8 years in 1997 (Roberts et al. 2009). In this same
cohort of 1997, the prevalence of DCD was shown to be 16% at the age of 8 years
(Roberts et al. 2011). The relationship between neonatal cUS and neurodevelopmental
dysfunction at this same age-point has been studied in the cohort of 1991-1992 showing
significant association only with most severe IVH (Sherlock et al. 2005). The Victorian
Infant Brain Study of children born very preterm between 2001 and 2003 includes also
brain imaging by MRI at term age (Spittle et al. 2011). Even though neurodevelopment
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up to late school age in these cohorts have been widely studied, the data is mostly based
on cognitive outcomes and no structured neurological examinations at different agepoints have been performed. Data on neurodevelopmental outcome of the latest cohort
has not been published.
The EPICure studies are population-based studies of survival and later health status in
extremely preterm infants born <26 weeks of gestational age in United Kingdom and The
Republic of Ireland in 1995 and in England in 2006 (Moore et al. 2012). The original
EPICure study included assessments of the surviving children at 2.5, 6, and 11 years of
age, while the EPICure 2 study has evaluated neurodevelopmental disabilities at the age
of 2 and 3 years of age to enable comparisons of survival and outcomes between these
cohorts. These studies have shown an unchanged rate of 20% of severe disability at the
age of 3 years (Moore et al. 2012), being consistent still at the age of 6 years (Marlow et
al. 2005). Even though the motor functioning at 6 years of age in the original cohort has
been described (Marlow et al. 2007), no structured neurological examinations have been
performed during the longitudinal follow-up.
The Finnish ELBW Cohort Study Group (FinELBW) has focused on follow-up of a
national cohort of children born in 1996-1997 (Mikkola et al. 2005). The prevalence of
severe disability was 20% at the age of 5 years. According to a standardized neurological
examination, 21% had sMND, and 7% had cMND. The data concerning neuromotor
performance at school age has not been published.
A population-based EPIPAGE (Etude Epidémiologique sur les Petits Ages
Gestationnels) cohort study includes very and moderately preterm infants born in France
in 1997 (Marret et al. 2013). The study protocol included neonatal cUS examinations and
follow-up assessments at 2, 5, and 8 years of age. The rate of severe disability in very
preterm infants at 5 years of age was 5% (Larroque et al. 2008), and 14% were shown to
have motor deficiency and 11% at least one severe neurodisability at the age of 8 years
(Marret et al. 2013). However, a standardized neurological examination was only
performed at the age of 5 years as previously described (Arnaud et al. 2007, Larroque et
al. 2008, Marret et al. 2013).
The Norwegian Extreme Prematurity Study Group has observed extremely preterm or
ELBW infants who were born in Norway between 1999 and 2000 (Markestad et al. 2005).
At 2 years of corrected age, 8% had major neurosensory disability, and major cUS
pathology was the dominating predictor (Leversen et al. 2010). At 5 years of
chronological age, 6% had severe disability, 23% had FSIQ<85, and 15% had DCD
(Leversen et al. 2011, Leversen et al. 2012).
The EXPRESS Study has evaluated the short- and long-term outcomes of extremely
preterm infants born in Sweden during 2004-2007 (EXPRESS Group et al. 2009).
Neurodevelopmental outcome has been studied at the age of 2.5 years with rate of 11%
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of severe disability (Serenius et al. 2013). Studies of the sub-cohorts of the EXPRESS
Study have also evaluated neonatal brain imaging (Horsch et al. 2010) and its predictive
value (sensitivity 50-100%, specificity 92-100%) for later neurodevelopment as
described previously (Skiold et al. 2012, Skiold et al. 2013). So far there is no published
data concerning long-term neurodevelopment including neuromotor examinations.
Another French group, the LIFT (Loire Infant Follow-up Team), has followed a large
cohort of moderately preterm infants born between 2003 and 2008 (Leroux et al. 2013).
Neurodevelopmental outcome has been studied at the age of 2 years of corrected age with
a rate of 24% of non-optimal development (Perivier et al. 2015). In addition, the
predictive value of structured neurological examinations at term age for neuromotor
development at 2 years of corrected age has been published including also information
about neonatal brain imaging findings for the majority of the infants (Leroux et al. 2013).
There is no published data concerning structured neurological examinations after term
age.
Even though there are many longitudinal follow-up studies including a wide range of
outcomes at different age-points, there are no previous studies evaluating the neuromotor
trajectory of a single child. Moreover, it is not known how sequential structured
neurological examinations predict long-term neuromotor development in very preterm
infants. The longitudinal use of motor classification systems and volumetric MRI needs
to be explored to better understand developmental processes in preterm infants (Fawke
2007).

Aims of the Study
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AIMS OF THE STUDY

The objective of this thesis was to study the predictive factors of neurodevelopment and
neuromotor trajectories in very preterm born children up to 11 years of age. The specific
aims were:
1.

To study the predictive value of neonatal brain imaging for long-term
neurodevelopment in very preterm infants (I-IV) and to study the additional
predictive value of neonatal neurological examination for neurosensory
development in very preterm infants at 2 years of corrected age, when combined
with concurrent brain imaging findings (II).

2.

To determine the associations between brain volume measurements at term age
and long-term neuromotor development in very preterm infants (III and IV).

3.

To study the predictive value of sequential structured neurological examinations
during the longitudinal follow-up for long-term neuromotor development of very
preterm born children (III and IV).

4.

To describe the neuromotor trajectories and the neuromotor profile of very preterm
born children up to 11 years of age (I-IV).
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MATERIALS AND METHODS

4.1

Participants

This study is part of the multidisciplinary PIPARI Study (Pienipainoisten riskilasten
käyttäytyminen ja toimintakyky imeväisiästä kouluikään, The Development and
Functioning of Very Low Birth Weight Infants from Infancy to School Age), a
prospective follow-up study of very preterm infants born to Finnish- or Swedish-speaking
families during a six-year period (2001 to 2006), at Turku University Hospital, Finland.
From 2001 to the end of 2003, the inclusion criteria was a birth weight ≤1500 grams in
preterm infants born <37 gestational weeks. From the beginning of 2004, the inclusion
criteria were broadened to include all infants born below the gestational age of 32 weeks,
regardless of birth weight. All the study infants were included in Studies I and II, as the
shorter follow-up time of up to 5 years of chronological age meant that all the required
data was already available. Only the infants born between January 2001 and April 2004
were included in Studies III and IV due to the longer follow-up time of 11 years. This
cut-off was chosen because the MRI equipment was upgraded thereafter. The flow charts
of the participants are shown in Figure 2.
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n=233 eligible infants
Study I and II

1139g [400g, 2120g], 291/7 [230/7, 361/7]

Live-born very preterm infants
in 2001-2006 n=292
1095g [384g, 2120g], 285/7 [225/7, 361/7]
-41 infants died
759g [384g, 1400g], 254/7 [225/7, 336/7]
-18 infants were excluded
1289g [485g, 2070g], 293/7 [232/7, 361/7]

Dropouts n=16*
1242g [700g, 1920g], 303/7 [245/7, 361/7]
- 9 refused to participate
- 3 withdrew during the follow-up
- 4 missing brain images

- 6 did not understand Finnish or Swedish
- 8 families lived outside the area
- 4 infants with genetic syndromes

Final number of infants
n=217* (93%)
1131g [400g, 2120g], 291/7 [230/7, 356/7]

n=121 eligible infants
Study III and IV

1059g [400g, 1500g], 285/7 [230/7, 361/7]

Live-born very preterm infants
in 2001-2004 n=149
1013g [384g, 1500g], 281/7 [226/7, 361/7]
-23 infants died

766g [384g, 1265g], 252/7 [226/7, 280/7]
-5 infants were excluded
1021g [730g, 1500g], 286/7 [250/7, 315/7]

Dropouts n=23
1064g [610g, 1475g], 284/7 [241/7, 361/7]
- 10 refused to participate
- 13 withdrew during the follow-up

- 1 did not understand Finnish or Swedish
- 3 families lived outside area
- 1 infant with genetic syndrome

Final number of infants
n=98 (81%)
1058g [400g, 1500g], 285/7 [230/7, 356/7]

*There was one infant missing neurological examination at term age and therefore not included in Study
II.

Figure 2. The flow chart of the participants, mean [minimum, maximum] birth weights
and gestational ages in weeks (modified from Studies I-IV).
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Methods

The study design is shown in Figure 3. The age of the very preterm infants was corrected
for prematurity until the age of 2 years, after which the chronological age was used.

Preterm birth

•Neonatal
characteristics
•Serial cranial
ultrasound

Term age

2 years of
corrected age

•Brain magnetic
•Hammersmith
resonance
Infant
imaging including Neurological
volume
Examination
measurements
•Neurosensory
•Dubowitz
development
neurologic
examination

5 years of
chronological
age

•Wechsler
Preschool and
Primary Scale of
IntelligenceRevised

11 years of
age

•Touwen
examination
•Movement
Assessment
Battery for
Children-2
•Developmental
Coordination
Disorder
Quoestionnaire 2007

Figure 3. The study design.

4.2.1 Background data
Neonatal background data were obtained from the medical records using the VermontOxford Network criteria to enable comparisons between international research centers.
Neonatal characteristics used in this study were birth weight, gestational age, sex,
cesarean section, SGA status (<-2SD), BPD (supplemental oxygen required at 36 postmenstrual age), sepsis, NEC (surgical), and ROP (treated).

4.2.2 Neonatal brain imaging
cUS examinations were performed at 3 to 5 days, at 7 to 10 days, and at 1 month of age
by the attending neonatologist in neonatal intensive care unit (Reiman et al. 2008).
Thereafter they were performed monthly until discharge from the hospital and at term
age. The cUS examinations were performed with a 7-MHz vector transducer (Sonos 5500
Hewlett-Packard, Andover, Mass). IVH was classified from grade I to IV (Papile et al.
1978). The cUS examination at term age was performed with a 7.5-MHz vector
transducer (Aloka SSD 2000, Aloka Co, Ltd, Tokyo, Japan) from January 2001 to August
2002 and an 8-MHz vector transducer (General Electric Logic 9 [General Electric,
Waukesha, WI]) from September 2002 to March 2007. The cUS examination at term age
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was performed by a pediatric radiologist unaware of both the clinical information and the
result of the brain MRI examination of the infant. The infants were categorized into three
groups according to the most pathologic findings on cUS examinations: 1) Normal
findings: no abnormalities, germinal layer/plexus cysts, subependymal pseudocysts, or
calcifications, 2) minor pathologies: IVH grade I/II, germinal layer necrosis, or
ventricular dilatation, and 3) major pathologies: IVH grade III/IV, cystic PVL II/III,
thalamic lesion, focal infarction, convexity hemorrhage, or ventricular dilatation
following a hemorrhage with need for therapeutic intervention (Rademaker et al. 2005).
Brain MRI was performed at term age (Maunu et al. 2009). The images were analyzed
and volume measurements were manually performed by one neuroradiologist who was
unaware of both the clinical information and the results of the cUS examinations of the
infant. The imaging took place during postprandial sleep without any pharmacological
sedation or anesthesia. The infants were swaddled to calm them and to reduce movement
artifacts in the imaging. A pulse oximeter was routinely used during MRI examinations.
Ears were also protected (3M Disposable Ear Plugs 1100; 3M, Brazil and Wurth Hearing
protector, Art.-Nr. 899 300 232, Wurth, Austria). For infants born between 2001 and
April 2004, the MRI equipment was an open 0.23-T Outlook GP (Philips Medical, INC,
Vantaa, Finland) equipped with a multipurpose flexible coil fitting the head of the infant,
until it was upgraded to the 1.5-T Philips Intera (Philips Medical Systems, Best
Netherlands) for the remainder of the study infants born thereafter.
Axial T2-weighted images, coronal three-dimensional T1-weighted images and coronal
T2-weighted images of the entire brain were obtained when using the 0.23-T equipment.
With the 1.5-T equipment, axial T2-weighted, axial T1-weighted, and sagittal T2weighted images were obtained. All of the sequences were optimized for the imaging of
a term infant brain. The total imaging time was about 25 minutes. The extracerebral space
was measured manually from the MRIs. A cut-off value of 4 mm was used according to
a previous study (McArdle et al. 1987). The width of the extracerebral space was
measured in front of the frontal lobe, where the extracerebral fluid space is widest. The
group of infants with an extracerebral space of 5 mm was analyzed separately, because
accuracy of the measurement was 1 mm. Ventricular/brain (V/B) ratio was obtained from
the width of the frontal horns of the lateral ventricles divided by the width of the brain
tissue at the same plane of cerebral image. The infants were categorized into three groups
according the structural MRI findings (normal findings, minor pathologies, and major
pathologies) (Table 1) to evaluate the relationship between the brain pathology and the
developmental outcome.
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Table 1. The classification of the structural brain magnetic resonance imaging findings
(modified from Study I).

Normal findings:
•
normal brain anatomy (cortex, basal ganglia and thalami, posterior limb of
internal capsule, white matter, germinal matrix, corpus callosum and posterior
fossa structures)
•
width of extracerebral space <5 mm
•
ventricular/brain (V/B) ratio <0.35

Axial T2-weighted slice and axial T1-weighted slice are examples of normal brain
findings.

Minor pathologies:
•
consequences of intraventricular hemorrhages (IVH) grade I/II
•
caudothalamic cysts
•
width of the extracerebral space of 5 mm
•
V/B ratio of 0.35

Axial T2-weighted slice and coronal T1-weighted slice show consequences of
caudothalamic hemorrhages grade II on the right side of the brain.
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Major pathologies:
•
consequences of IVH grade III/IV
•
injury in cortex, basal ganglia, thalamus or internal capsule, with injury of
corpus callosum, cerebellar injury, white matter injury
•
increased width of extracerebral space >5 mm
•
V/B ratio >0.35
•
ventriculitis
•
other major brain pathology (infarcts)

T1-weighted axial slice and sagittal T2-weighted slice show large post-hemorrhagic
lesion on right temporo-occipital region of the infant.

Volume measurements were manually performed on a GE workstation (GE AW1.0, GE
Medical Systems, Milwaukee, USA) by the same neuroradiologist by separating visually
the cerebrospinal fluid from the brain tissue image by image (Maunu et al. 2009). The
anatomical differentiation of the brain was based on both anatomical landmarks and
signal intensity differences of the brain structures. The volumes of the total brain tissue
(total brain volume minus ventricle volumes), the cerebrum, the cerebellum, the frontal
lobes, the brain stem (medulla oblongata together with pons), the basal ganglia together
with the thalami, and ventricles (lateral ventricles, third and fourth ventricles) were
measured. A T1-weighted field echo sequence with a time of repetition of 30 ms, a time
of echo of 10 ms, a flip angle of 45°, a slice thickness of 5 mm, a field of view of 220x220
mm², and a matrix of 256x256 in the coronal plane were obtained. The reproducibility of
these measurements was assessed by a repeated volume measurement of 20 children,
performed by another neuroradiologist, who was blinded to the results of the first
measurement (Lind et al. 2011b).
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4.2.3 Dubowitz neurologic examination
Neurological examination at term age was performed by an experienced physician and
physiotherapists, using a standardized proforma of the Dubowitz neurologic examination
(Dubowitz, Dubowitz & Mercuri 1999). It included 34 items with measurement subscales
of tone and posture (10 items), tone patterns (5 items), reflexes (6 items), spontaneous
movements (3 items), abnormal signs (3 items), and behavior (7 items). The assessment
proforma (Appendix 1) consisted of five alternative findings for each of the items, and
the examiner circled the one that corresponded most closely to the infant's performance.
The number of items outside the normal range was defined according to gestational age
specific norms (Ricci et al. 2008). The infants born <25 weeks of gestational age were
assessed according to the same criteria that the infants born between 250/7 and 276/7 weeks
of gestational age as there are no norms for this subgroup. Similarly, the infants born
between 330/7 and 346/7 weeks of gestational age were assessed according to the criteria
for infants born ≥35 weeks of gestational age. The cut-off value for a result outside of the
normal range in the neurological examination was set at ≥1 because even a single
deviation from the term age norm reference (Ricci et al. 2008) in the neurological
examination indicated an increased risk for later impairment.

4.2.4 Hammersmith Infant Neurological Examination
Neurological development was reassessed at 2 years of corrected age by an experienced
physician and physiotherapists, using the HINE (Haataja et al. 1999). It consisted of 37
items that were further divided into three sections: 1) cranial nerve function, posture,
movements, tone and reflexes (26 items), 2) description of motor development (8 items),
and 3) description of behavioral state of the infant during examination (3 items). All the
item scores in the first section were summed up yielding a maximum score of 78. The
optimal total scores for full-term infants at 12 and 18 months of age (≥73 and ≥74,
respectively) (Haataja et al. 1999) were not used. Instead, as there are no norms for either
very preterm or full-term born children at 2 years of age, a cut-off score of >70 was used
for this preterm population. It was derived from a cut-off of the 90th percentile of the
healthy preterm infants (normal findings or minor pathologies in brain MRI and no
neurosensory impairment, NSI). The whole proforma of the HINE is shown in Appendix
2.

4.2.5 Neurosensory impairment
NSI was defined at 2 years of corrected age and included at least one of the following
findings: CP, severe hearing impairment or severe visual impairment. The diagnosis of
CP, including the grading of functional severity by GMFCS (Palisano et al. 1997), was
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ascertained by a child neurologist at 2 years of corrected age after a systematic clinical
follow-up. Severe hearing impairment was categorized as a hearing impairment with a
cut-off of 40 dB or hearing loss requiring amplification in at least one ear, and severe
visual impairment was determined as a visual acuity <0.3, or blindness (Maunu et al.
2009).

4.2.6 Neurodevelopmental impairment
The children’s cognitive level at 5 years of chronological age (+0-2 months) was
evaluated by a psychologist using a short form of Wechsler Preschool and Primary Scale
of Intelligence - Revised (WPPSI-R), Finnish translation (Wechsler 1995) with subtests
of information, sentences, arithmetic, block design, geometric design and picture
completion (Lind et al. 2011a). FSIQ (normal mean=100, SD 15) was calculated based
on the scores of the subtests and a quotient of ≥85 (>-1 SD) was considered normal
intelligence, a quotient of 70-84 (-2 SD to -1 SD) slightly below normal and a quotient
of ≤69 (<-2 SD) significantly below normal. The cut-off of 85 for FSIQ was used, because
it was close to a -2 SD level in the control group of the regional cohort of full-term Finnish
children (mean 112, SD 15) (Lind et al. 2011a). At 5 years of chronological age, the
definition of NDI included FSIQ<85 and/or at least one of the components of NSI
determined at 2 years of corrected age.

4.2.7 Touwen examination
Neurological examination at 11 years of age was performed by the author (Setänen) using
the latest version of the Touwen examination (Hadders-Algra 2010). This examination
included eight domains: posture and muscle tone, reflexes, involuntary movements
(athetotiform movements, choreiform movements and tremor), coordination and balance,
fine manipulation, associated movements, sensory function, and cranial nerve function.
Hand preference, head circumference, weight, and length were recorded. The domains
were classified as dysfunctional according to the criteria of the manual using a
computerized scoring system (Hadders-Algra 2010). sMND was defined as the presence
of one or two dysfunctional domains, and cMND as the presence of more than two
dysfunctional domains. The presence of an isolated dysfunctional domain in reflexes did
not qualify for the classification of sMND. All the examinations were video-recorded and
reviewed together with an experienced child neurologist to ensure a consensus regarding
the details of the assessments. The examiner was unaware of the children’s brain imaging
findings or neonatal histories at the time of the examination. The whole proforma of the
Touwen examination is shown in Appendix 3.
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4.2.8 Movement Assessment Battery for Children-2
The motor assessment was completed at 11 years of age by using the Movement ABC-2
(Henderson, Sugden & Barnett 2007) to identify children with movement difficulties.
Most of the clinical examinations were performed by the author (Setänen). The
Movement ABC-2 included three domains: manual dexterity (3 items), aiming and
catching (2 items), and balance (3 items). All the items were scored based on the best of
two attempts as raw scores that were then further calculated to standard scores equating
to percentiles of each domain and total test score, accordingly. A total test score ≤56 (≤5th
percentile) denoted a significant movement difficulty. A total test score of 57-67 (>5th to
15th percentile) suggested a risk of having a movement difficulty (monitoring required).
Any total test score >67 (>15th percentile) indicated no movement difficulty. The age
band 3 (11 to 16 years) was used and the test was scored according to 11-year-old
children’s norms, as the use of identical test tasks and references for all children was
found preferable even though some children had not yet turned 11 years at the time of the
examination. The free Finnish translation of the proforma of the Movement ABC-2 is
shown in Appendix 4.

4.2.9 Developmental Coordination Disorder Questionnaire 2007
The DCDQ’07 was completed by interview (mostly author Setänen) based on an
unofficial Finnish translation (Appendix 5) of the original version of the questionnaire
(Wilson et al. 2009). It consisted of 15 items grouped into three distinct factors: 1) control
during movement, 2) fine motor and handwriting, and 3) general coordination. All the
items were scored using a 5-point Likert scale. Total scores (15-75) were calculated by
summing up items. A total score ≤57 indicated DCD.

4.3

Ethics

All parents gave informed consent for the whole follow-up study (I–IV). In addition, all
children provided their informed consent for Studies III and IV. The PIPARI Study
protocol was approved by the Ethics Review Committee of the Hospital District of
Southwest Finland in December 2000 and in January 2012.

4.4

Statistical analysis

NPV was defined as the probability that infants with normal findings truly had a normal
developmental outcome. The PPV was defined as the probability that infants with
abnormal findings truly had an abnormal developmental outcome. Generalized score
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statistic was used to compare paired NPV and PPV values (Leisenring, Alonzo & Pepe
2000).
Univariate associations between either brain MRI or cUS and continuous response
variables were studied using a linear model. This linear model was also used to study the
association between the Dubowitz neurologic examination at term age and the HINE at
2 years of corrected age. The associations were further studied using either MRI or cUS
and the Dubowitz neurologic examination as predictor variables of the HINE. The
associations between the Dubowitz neurologic examination at term age and NSI at 2 years
of corrected age were studied using logistic regression analysis. The association was
further studied controlling for either brain MRI or cUS. All statistical models were fitted
using the scores of the Dubowitz neurologic examination and the HINE as continuous
variables, but descriptive statistics are also shown for dichotomized values of the two
variables. Univariate associations between the subscales of the Dubowitz neurologic
examination and response variables were studied using Pearson correlation for the HINE
and point biserial correlation for NSI.
Multinomial logistic regression models were used to study the associations between brain
volumes and the results of Touwen examinations controlling for brain pathology. As the
data distribution of the ventricular volume was right skewed, the variable was log
transformed before further analysis. Because the results of the neurological examinations
were not normally distributed, the following bivariate analyses were performed using
non-parametric methods. Associations between continuous (the Dubowitz neurologic
examination and the HINE) and ordinal variables (the Touwen examination) were studied
using Spearman's correlation coefficient. Continuous variables were compared between
study infants and drop-outs using Mann-Whitney U-test and comparisons between two
categorical variables were done using the chi-square test or Fisher’s exact test, as
appropriate.
Pearson's correlation was used to study the univariate associations between two
continuous variables (the Movement ABC-2 and the DCDQ’07). Univariate associations
between continuous Movement ABC-2 percentile and categorical predictor variables
were studied using regression analysis. Associations between brain volumes and
continuous Movement ABC-2 percentile were studied using regression analysis
controlling for brain pathology, gender, SGA status and gestational age.
All continuous variables are presented with mean (SD) [min, max]. Statistical analyses
were completed using SAS (Version 9.3 for Windows; SAS Institute Inc., Cary, NC,
USA), and p-values <0.05 were considered as statistically significant.
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RESULTS

5.1

Background characteristics

All the infants were born ≤1500g or <32 weeks of gestational age. Therefore, there were
more SGA infants in the group of infants born ≥32 weeks of gestational age (96% in
Studies I and II, and 100% in Studies III and IV) than in those born <32 weeks of
gestational age (27% in Studies I and II, and 30% in Studies III and IV). A total of 19
(9%) infants had birth weight >1500g. The neonatal characteristics of the very preterm
infants are shown in Table 2.
Table 2. Neonatal characteristics of the very preterm infants (modified from Studies I-IV).
Characteristics

Study I and II
(n=217)*
1131 (330)
[400, 2120]
290/7 (25/7)
[230/7, 356/7]
122 (56), and 121 (56)*

Study III and IV (n=98)

Females, n (%)

95 (44)

51 (52)

Cesarean section, n (%)

134 (62)

57 (58)

Small for gestational age, n (%)

81 (37)

37 (38)

Bronchopulmonary
dysplasia, n (%)
Sepsis, n (%)

29 (13)

15 (15)

35 (16)

23 (23)

Necrotizing enterocolitis,
surgical, n (%)
Retinopathy of prematurity,
laser treated, n (%)

10 (5)

4 (4)

8 (4)

2 (2)

Birth weight, mean (SD)
[minimum, maximum], g
Gestational age at birth, mean (SD)
[minimum, maximum], wk
Males, n (%)

1058 (277)
[400, 1500]
285/7 (25/7)
[230/7, 356/7]
47 (48)

*There was one infant missing neurological examination at term age and therefore not included
in Study II.

5.2

Neonatal brain imaging

All the infants were examined by serial cUS and brain MRI. Regional brain volume
measurements were obtained from 198 (91%) infants. The mean age at the time of MRI
examination was 400/7 (SD 2.6 days, [391/7, 413/7]).
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One hundred and thirteen (52%) of the infants had normal findings in cUS, 86 (40%) had
minor pathologies, and 18 (8%) had major pathologies.
One hundred and twenty (55%) of the infants (n=217) had normal MRI, 39 (18%) had
one or more minor, 23 (11%) one major, 9 (4%) several major and 27 (12%) both minor
and major findings in the MRI at term age. In all very preterm infants with major
pathologies (n=59, 27%), the most common findings were WM injury (n=29, 13%),
capsula interna injury (n=21, 10%), ventriculitis (n=21, 10%) and V/B ratio >0.35 (n=21,
10%). There were seven different single major pathologies (n=33, 15.2%) (capsula
interna injury, WM injury, ventriculitis, corpus callosum injury, haemorrhage in posterior
fossa structures, V/B ratio >0.35, extracerebral space >5 mm). The minor pathologies
were consequences of IVH grade I (n=49, 22.6%), an extracerebral space of 5 mm (n=15,
6.9%) and a V/B ratio of 0.35 (n=9, 4.1%).
The mean values of regional volumes (ml) were as follows: total brain tissue 399.7 (SD
49.2, [254.0, 514.9]), ventricles 368.9 (SD 20.3, [2.3, 222.9]), cerebrum 368.9 (SD 46.6,
[233.0, 479.8]), frontal lobes 126.7 (SD 23.7, [67.0, 194.1]), basal ganglia and thalami
25.4 (SD 4.7, [13.0, 42.8]), cerebellum 24.5 (SD 4.8, [8.2, 37.8]), and brain stem 6.4 (SD
2.6, [2.5, 14.9]).
Percentages of neurodevelopmental outcomes in each category of neonatal brain imaging
findings (MRI and cUS) are shown in Table 3. Associations between neonatal brain
volumes and neuromotor outcome at 11 years of age are shown in Table 9.

40

Results

Table 3. Brain imaging findings and neurodevelopmental outcomes.
MRI, n (%)
Normal
findings

cUS, n (%)

Minor
Major
Normal
pathologies pathologies findings

Minor
Major
pathologies pathologies

Dubowitz neurologic examination at term age (number of items outside the normal range)
<1
32/120
9/38
12/58
35/113
14/85
4/18
n=53 (25%)
(27)
(24)
(21)
(31)
(16)
(22)
≥1
88/120
29/38
46/58
78/113
71/85
14/18
n=163 (75%)
(73)
(76)
(79)
(69)
(84)
(78)
Hammersmith Infant Neurological examination at 2 years of corrected age (total score)
≤70
8/116
7/38
17/54
12/109
13/84
n=32 (15%)
(7)
(18)
(31)
(11)
(15)
>70
108/116 31/38
37/54
97/109
71/84
n=176 (85%)
(93)
(82)
(69)
(89)
(85)
Neurosensory impairment at 2 years of corrected age
NSI
1/120
0/38
16/58
0/113
6/85
n=17 (8%)
(1)
(0)
(28)
(0)
(7)
CP
1/120
0/39
13/58
0/113
5/86
n=14 (6%)
(1)
(0)
(22)
(0)
(6)
Severe hearing 0/120
0/39
4/58
0/113
2/86
impairment
(0)
(0)
(7)
(0)
(2)
n=4 (2%)
Neurodevelopmental impairment at 5 years of chronological age
NDI
9/100
5/35
n=41 (22%)
(9)
(14)
FSIQ <85
8/100
5/35
n=31(17%)
(8)
(14)
Touwen examination at 11 years of age

27/51
(53)
18/47
(38)

Normal
25/55
10/20
1/13
n=38 (39%)
(45)
(50)
(8)
sMND
25/55
7/20
9/13
n=41 (42%)
(45)
(35)
(69)
cMND
5/55
3/20
3/13
(9)
(15)
(23)
n=11 (11%)
(in children without CP)
Movement ABC-2 at 11 years of age
>5th
52/55
18/20
10/13
n=82 (91%)
(95)
(90)
(77)
≤5th
3/55
2/20
3/13
n=8 (9%)
(5)
(10)
(23)

7/15
(47)
8/15
(53)
11/18
(61)
9/18
(50)
2/18
(11)

15/97
(15)
15/98
(15)

13/74
(18)
10/73
(14)

13/15
(87)
6/11
(55)

26/48
(54)
17/48
(35)
5/48
(10)

11/37
(30)
20/37
(54)
6/37
(16)

1/5
(20)
4/5
(80)
0/5
(0)

44/48
(92)
4/48
(8)

33/37
(89)
4/37
(11)

5/5
(100)
0/5
(0)

MRI=magnetic resonance imaging, cUS=cranial ultrasound, NSI=neurosensory impairment,
CP=cerebral palsy, NDI=neurodevelopmental impairment, FSIQ=Full Scale Intelligence
Quotient, sMND=simple minor neurological dysfunction, cMND=complex minor neurological
dysfunction, Movement ABC-2=Movement Assessment Battery for Children-2
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5.3

Dubowitz neurologic examination

All the infants (n=216) included in Study II were examined with the Dubowitz neurologic
examination at term age. The mean postmenstrual age of the infants at the time of
examination was 40 weeks (SD 2.5 days, [385/7, 421/7]). The mean number of items
outside the normal range in the Dubowitz neurologic examination was 2.0 (SD 2.1, [0.0,
13.0]). Fifty-three (24.5%) of the infants had no items outside the normal range. Neonatal
brain imaging findings in these infants are shown in Table 3. Gestational age subgroups
are shown in Table 4. The number of items outside the normal range according to brain
MRI and cUS categories are shown in Table 5.
Table 4. The gestational age subgroups in the Dubowitz neurologic examination at term
age and the number of items outside the normal range; mean (SD, [minimum, maximum]).

<25 weeks

n=15 (7%)

2.2 (SD 3.2, [0.0, 13.0])

250/7-276/7 weeks

n=55 (25%)

2.2 (SD 2.2, [0.0, 10.0])

280/7-296/7 weeks

n=61 (28%)

2.0 (SD 2.0, [0.0, 9.0])

300/7-316/7 weeks

n=56 (26%)

1.5 (SD 1.5, [0.0, 7.0])

320/7-346/7 weeks

n=26 (12%)

2.2 (SD 1.7, [0.0, 5.0])

≥35 weeks

n=3 (1%)

5.3 (SD 2.1, [3.0, 7.0])

Table 5. The number of items outside the normal range in the Dubowitz neurologic
examination at term age according to brain magnetic resonance imaging (MRI) and serial
cranial ultrasound (cUS) categories; mean (SD, [min, max]).

MRI

cUS

Normal findings

1.8 (SD 1.8, [0.0, 9.0])

1.7 (SD 1.7, [0.0, 9.0])

Minor pathologies

1.8 (SD 2.0, [0.0, 10.0])

2.4 (SD 2.4, [0.0, 13.0])

Major pathologies

2.5 (SD 2.6, [0.0, 13.0])

2.3 (SD 2.0, [0.0, 6.0])

All infants with CP had at least one item outside the normal range in the Dubowitz
neurologic examination (Table 6). There were 4.1 (SD 3.1, [1.0, 13.0]) and 1.9 (SD 1.9,
[0.0, 10.0]) deviant items in infants with and without CP, respectively. Items that were
more frequently outside the normative range in the children with CP (n=14) were posture
(opisthotonus or arms flexed and legs extended) (n=6, 43%, p=0.002), eye appearance
(does not open eyes, persistent nystagmus, strabismus, roving eye movements or
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downward deviation (n=2, 14%, p=0.01), visual orientation (does not follow or focus on
stimuli, stills, focuses, follows briefly to the side but loses stimuli) (n=5, 36%, p=0.004),
flexor tone (compare arm and leg traction: arm flexion >leg flexion, difference >1
column) (n=4, 29%, p=0.01), and head control (sitting: neck extension >neck flexion,
difference >1 column).
Table 6. Number of items outside the normal range in the Dubowitz neurologic
examination at term age in children with cerebral palsy (CP) (n=14), in children with
neurosensory impairment (NSI) (n=17), and in children without NSI (n=199) at 2 years of
corrected age.
Number of items outside the
normal range
0
1
2
3
4
5
6
7
8
9
10
11-12
13

CP, n (%)

NSI, n (%)

No NSI, n (%)

0 (0)
3 (21)
1 (7)
3 (21)
2 (14)
1 (7)
3 (21)
0 (0)
0 (0)
0 (0)
0 (0)
0 (0)
1 (7)

0 (0)
5 (29)
2 (12)
3 (18)
2 (12)
1 (6)
3 (18)
0 (0)
0 (0)
0 (0)
0 (0)
0 (0)
1 (6)

53 (27)
52 (26)
38 (19)
24 (12)
11 (6)
13 (7)
1 (1)
4 (2)
1 (1)
1 (1)
1 (1)
0 (0)
0 (0)

The Dubowitz neurologic examination was significantly related to the HINE total scores
at 2 years of corrected age (R2=0.04, b=-0.6, p=0.003). The NPV of no items outside the
normal range in the Dubowitz neurologic examination for HINE total score >70 was
88.5%, and the PPV of one or more items outside the normal range for total score ≤70
was 16.7%.
There was no single test item that alone correlated statistically significantly with the
HINE total scores or NSI at 2 years of corrected age. The subscales of the Dubowitz
neurologic examination that correlated with the HINE total scores were tone patterns
(r=-0.25, p<0.001), posture and tone (r=-0.18, p=0.01) and behavior (r=-0.13, p=0.07). The
same subscales correlated with NSI: tone patterns (r=-0.18, p=0.01), posture and tone
(r=-0.13, p=0.06) and behavior (r=-0.19, p=0.01).
The number of items outside the normal range in the Dubowitz neurologic examination
at term age correlated with the results of the Touwen examination at 11 years of age
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(r=0.22, p=0.03). The domain of orientation and behavior (eye appearances, auditory
orientation, visual orientation, alertness, irritability, consolability, and cry) correlated
with the Touwen examination in the group of all very preterm children (r=0.32, p=0.001)
and in very preterm children without CP (r=0.39, p<0.001).

5.4

Hammersmith Infant Neurological Examination

Two hundred and eight (96%) children were examined using the HINE. Mean age at
examination time was 2 years of corrected age (SD 9 days, [-71 days, +60 days]). The
mean total score of the examinations was 72.9 (SD 5.6, [38.0, 78.0]). One hundred and
seventy-six (85%) of the children had HINE scores >70. Of the 32 (15%) children scoring
≤70, 17 (53%) had major pathologies in brain MRI and 7 (22%) in cUS (Table 3). The
mean total score in the HINE was 54.3 (SD 10.34, [38.0, 74.0]) and 73.9 (SD 2.6, [67.0,
78.0]) in infants with and without CP, respectively (Table 8).
Brain MRI explained 11.9% of the variation in the HINE total scores (p<0.001). Major
brain pathologies on MRI reduced the HINE total scores compared to normal findings
(b=-0.7 for minor pathologies and b=-4.5 for major pathologies, respectively). cUS
explained 13.2% of the variation in the HINE total scores (p<0.001). Major brain
pathologies on cUS reduced the HINE total scores compared to normal findings
(b=-1.4 for minor pathologies and b=-7.9 for major pathologies, respectively).
The NPV of normal findings or minor brain pathologies for the HINE scores >70 were
90.3% (MRI) and 87.1% (cUS). The difference between NPV of MRI and cUS was
statistically significant (p=0.04). The PPV of major brain pathologies for total score ≤70
were 31.5% (MRI) and 46.7% (cUS). The difference between PPV of MRI and cUS was
not statistically significant (p=0.17). The Dubowitz neurological examination and brain
MRI at term age together explained 14.9% of the variation in the HINE at 2 years of
corrected age. The Dubowitz neurological examination and cUS together explained
17.2% of the variation in the HINE at 2 years of corrected age. Thus the Dubowitz
neurologic examination at term age improved the predictive value of MRI
(R2 change=0.03, p=0.01) and cUS (R2 change=0.04, p=0.002). The PPV improved from
31.5% to 35.7% (MRI) (p=0.17) and from 46.7% to 63.6% (cUS) (p=0.04), and the NPV
of 90.3% (MRI) (p=0.54) and 87.1% (cUS) (p=0.06) remained the same.
The total score of the HINE at 2 years of corrected age correlated with the results of the
Touwen examination at 11 years of age (r=-0.39, p<0.001). The probability of having
cMND increased as the total test score of the HINE decreased. The NPV of a HINE total
score >70 for neurological outcome without cMND was 88.9%, and the PPV of a total
score ≤70 for cMND was 22.2%. The domains of posture (r=-0.46, p<.001), movements
(r=-0.42, p<.001), tone (r=-0.25, p=0.01), and reflexes and reactions (r=-0.25, p=0.01)
correlated with the Touwen examination in the group of all very preterm born children.
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In children without CP, the domain of posture correlated with the Touwen examination
(r=-0.3, p=0.004). The neuromotor trajectories of the very preterm infants without CP
from 2 years of corrected age to 11 years of age are shown in Table 7.
Table 7. Total score of the Hammersmith Infant Neurological Examination (HINE) in very
preterm born children at 2 years of corrected age compared with the results of the Touwen
examination and the Movement Assessment Battery for Children-2 (Movement ABC-2) at
11 years of age.
HINE
≤70, n=9 (10%)
>70, n=81 (90%)

5.5

Touwen examination, n (%)
Normal
sMND
cMND
2 (22)
5 (56)
2 (22)
36 (44)
36 (44)
9 (11)

Movement ABC-2, n (%)
Normal
DCD
8 (89)
1 (11)
74 (91)
7 (9)

Neurosensory impairment

Of all the infants, 14 (6%) had CP and 4 (2%) had severe hearing impairment at 2 years
of corrected age. There were no children with severe visual impairment. A total of 17
(8%) children had NSI. Sixteen (94%) of them had major pathologies in brain MRI and
11 (65%) in cUS (Table 3). The characteristics of the children with CP are shown in Table
8 (modified from Study II). The NPV of normal findings or minor brain pathologies for
developmental outcome without CP were 99.4% (MRI) and 97.5% (cUS) (p=0.06). The
PPV of major brain pathologies for CP were 6.1% (one major pathology in MRI), 44.0%
(several major pathologies in MRI), 22.4% (one or more major pathologies in MRI), and
50.0% (cUS) (p=0.06).
A higher number of items outside the normal range in the Dubowitz neurologic
examination increased the risk for CP (OR=1.4, CI 95% 1.2–1.8, p<0.001), and for NSI
(OR=1.4, CI 95% 1.1–1.6, p=0.002). The associations remained when controlling for
either brain MRI or cUS findings.
The NPV of no items outside the normal range in the Dubowitz neurologic examination
for development without NSI was 100%, and the PPV of one or more items outside the
normal range for NSI was 10.4%. Neurological examination improved the PPV of major
brain pathologies for NSI from 27.6% to 34.8% (MRI), and from 61.1% to 78.6% (cUS)
(p<0.001).The NPV of no items outside the normal range in the Dubowitz neurologic
examination combinated with normal findings or minor brain pathologies remained the
same, 99.4% (MRI), and 97.0% (cUS) (p=0.03).
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Table 8. The characteristics of the children with cerebral palsy (CP) (n=14).
Characteristics

Data

Neonatal characteristics
Birth weight, mean (SD)
[minimum, maximum], g
Gestational age at birth (SD)
[minimum, maximum]
Males, n (%)
Females, n (%)
Cesarean section, n (%)
Small for gestational age, n (%)
Bronchopulmonary dysplasia, n (%)
Sepsis, n (%)
Necrotizing enterocolitis, surgical, n (%)
Retinopathy of prematurity, laser treated, n (%)
CP type, n (%)
Spastic diplegia
Spastic hemiplegia
Spastic triplegia
Dystonic
Gross Motor Function Classification System
(GMFCS), n (%)a
I (walks without restrictions)
II (walks without assistive device)
III (walks with assistive mobility devices)
IV (self-mobility with limitations)
V (self-mobility severely limited)
The number of deviant items in the
Dubowitz neurologic examination at equivalent age,
mean (SD) [minimum, maximum]
Total score of the Hammersmith Infant
Neurological Examination at 2 years of corrected age, mean (SD)
[minimum, maximum]
The Full Scale Intelligence Quotient at 5 years of chronological age,
mean (SD [minimum, maximum]b
Percentile for the total test score of the Movement Assessment
Battery for Children-2, mean (SD)[minimum, maximum c
a
Data missing for 1 (7%) infant.
b
Data missing for 8 (57%) children.
c
Data missing for 6 (43%) children.

976 (296)
[560, 1500]
275/7 (32/7)
[233/7, 351/7]
8 (57)
6 (43)
8 (57)
5 (36)
4 (29)
5 (36)
3 (21)
0 (0)
7 (50)
4 (29)
2 (14)
1 (7)

2 (15)
6 (46)
3 (23)
2 (15)
0 (0)
4.1 (3.1)
[1.0, 13.0]
54.3 (10.3)
[38.0, 74.0]
82.7 (32.7)
[39.0, 120.0]
6 (14) [0,37]
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Neurodevelopmental impairment

One hundred and seventy-eight of 217 (82%) WPPSI-R assessments were completed at
5 years of chronological age. There were 4 (2%) children who were too severely
handicapped to be assessed. They were included in the analysis as having a significant
cognitive impairment (FSIQ<70). Of all the infants, 31 (17%) had FSIQ<85. The mean
values of FSIQ according to structural brain MRI categories were as follows: 104.2 (SD
15.0, [63.0, 140.0]) in children with normal findings (n=100, 56%), 102.4 (SD 15.6,
[70.0, 128.0]) in children with one or more minor pathologies (n=35, 20%), 94.6 (SD
18.8, [42.0, 133.0]) in children with one major pathology (n=29, 16%), and 86.8 (SD
23.4, [39.0, 120.0]) in children with several major pathologies (n=14, 8%). The NPV for
normal cognitive outcome (FSIQ≥85) were 92.0% (normal findings in MRI), 85.7%
(minor brain pathologies in MRI), 90.4% (normal findings or minor brain pathologies in
MRI) and 85.4% (cUS) (p=0.008). The PPV of major brain pathologies for cognitive
impairment (FSIQ<85) were 35.5% (one major pathology in MRI), 43.8% (several major
pathologies in MRI), 38.3% (one or more major pathologies in MRI) and 54.5% (cUS)
(p=0.23).
A total of 41 (22%) children had NDI including NSI at 2 years of corrected age and/or
cognitive impairment at 5 years of age. Twenty-seven (66%) of them had major
pathologies in brain MRI and 13 (32%) in cUS (Table 3). The NPV for developmental
outcome without NDI were 91.0% (normal findings in MRI), 85.7% (minor brain
pathologies in MRI), 89.6% (normal findings or minor brain pathologies in MRI) and
83.6% (cUS) (p=0.003).The PPV of major brain pathologies for NDI were 38.7% (one
major pathology in MRI), 75.0% (several major pathologies in MRI), 52.9% (one or more
major pathologies in MRI), and 86.7% (cUS) (p=0.001).

5.7

Touwen examination

The neonatal characteristics of the 98 preterm infants examined at the age of 11 years are
shown in Table 2. A total of 97 (99%) children were examined by the Touwen
examination. One child with CP was not examined at the age of 11 years. Of all infants,
96 (98%) were examined by brain MRI at term age. All the background characteristics
(Table 2) and structural brain MRI findings of the study infants and drop-outs (n=23)
were compared. The only statistically significant difference was that the children lost to
follow-up were born by cesarean section more often compared to the study infants
(p=0.01).
The mean age at the time of examination was 11 years and 2 months (SD 4 months, [10
years and 6 months, 11 years and 9 months]). Of all children, 41 (42%) had sMND, 11
(11%) had cMND, and eight (8%) had CP. Three of the 11 (27%) children with cMND
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had major pathologies in brain MRI and none in cUS (Table 3). The NPV of normal
findings or minor brain pathologies for developmental outcome without cMND were
89.6% (MRI) and 87.1% (cUS) (p=0.17). The PPV of major brain pathologies for cMND
were 23.1% (MRI) and 0.0% (cUS) (p=0.07).
Decreased volume of cerebellum increased the risk for sMND as shown in Table 9.
Decreased volumes of total brain tissue, frontal lobes, basal ganglia and thalami, and
cerebellum increased the risk for cMND or CP.
Table 9. The associations between brain volumetric findings at term age, simple minor
neurological dysfunction (sMND), complex minor neurological dysfunction (cMND) or
cerebral palsy (CP), and the Movement Assessment Battery for Children-2 (Movement
ABC-2) total scores in very preterm born children at 11 years of age (modified from Studies
III and IV).
sMND
OR (95% CI)
Total brain
tissue
Ventricles
Cerebrum
Frontal lobes
Basal ganglia
and thalami
Cerebellum
Brain stem

p

cMND
or CP
OR (95% CI)

p

Movement
ABC-2
b (95% CI)

p

0.99
(0.98-1.00)

0.18

0.99
(0.97-1.00)

0.04

0.20
(0.10-0.30)

<0.001

0.50
(0.23-1.06)

0.08

0.59
(0.23-1.50)

0.27

-0.23
(-6.80-6.33)

0.94

0.99
(0.98-1.01)
0.98
(0.96-1.00)

0.10

0.99
(0.97-1.00)
0.96
(0.93-0.99)

0.01

0.20
(0.10-0.30)
0.32
(0.12-0.51)

0.93
(0.84-1.02)

0.12

0.87
(0.76-0.98)

0.03

1.65
(0.85-2.45)

<0.001

0.89
(0.79-0.99)

0.04

0.83
(0.71-0.96)

0.02

1.16
(0.21-2.11)

0.02

0.89
(0.75-1.05)

0.17

0.82
(0.64-1.03)

0.10

2.13
(0.53-3.73)

0.01

0.28

0.07

<0.001
0.002

Considering sMND and cMND or CP, the analyses were adjusted for structural brain magnetic
resonance imaging (MRI) categories. Considering the total scores of the Movement ABC-2, the
analysis was adjusted for gestational age, small for gestational age status, gender, and MRI
categories.

The very preterm born children had findings outside the normal range in different
domains in the Touwen examination as follows: posture and muscle tone (n=16, 17%),
reflexes (n=28, 29%), involuntary movements (n=1, 1%), coordination and balance (n=
93, 96%), fine manipulation (n=73, 75%), associated movements (n=86, 89%), sensory
function (n=6, 6%), and cranial nerve function (n=10, 10%). The proportions of
dysfunctional domains were: posture and muscle tone (n=7, 7%), reflexes (n=24, 25%),
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involuntary movements (n=1, 1%), coordination and balance (n= 34, 35%), fine
manipulation (n=23, 24%), associated movements (n=34, 35%), sensory function (n=0,
0%), and cranial nerve function (n=10, 10%).
The mean head circumference (cm), weight (kg) and length (cm) of the children were
53.3 (SD 1.8, [48.9, 59.1]), 36.3 (SD 8.1, [22.4, 73.9]), and 144.4 (SD 7.6, [125.5,
164.1]), respectively. The hand preference was right in 86 (88%) children, left in eight
(8%) children, and ambidextrous in three (3%) children. Girls performed marginally
better in the Touwen examination than boys (p=0.04). There was no statistically
significant univariate association between gestational age or SGA status and the results
of the Touwen examination.

5.8

Movement Assessment Battery for Children-2

All the children without CP (n=90) were examined using the Movement ABC-2 at 11
years of age. Seven (88%) of the eight children with CP could be examined. The
Movement ABC-2 was performed during the same follow-up visit as the Touwen
examination. The mean percentile for the total test score was 36 (SD 23, [0, 84]). The
mean percentiles for domains of manual dexterity, aiming and catching, and balance were
36 (SD 23, [0, 91]), 32 (SD 26, [1, 95]), and 52 (SD 32, [0, 91]), respectively. The
distribution of the three domains and the total test scores is shown in Figure 4.
There were 82 (84%) children with normal motor outcome, 79 (96%) of which had a total
test score >67 (>15th percentile), and 3 (4%) had a total test score of 57-67 (>5th-15th
percentile) in the Movement ABC-2. In these children, the mean percentile for the total
test score was 42 (SD 20, [9, 84]). The mean percentiles for domains of manual dexterity,
aiming and catching, and balance were 41 (SD 22, [2, 91], 37 (SD26, [1, 95]), and 59
(SD 27, [9, 91]). Fifty-two (63%) of the children with normal motor outcome participated
regularly in after-school sporting activities. Thirty-eight (46%) of the children with
normal motor outcome had no MND, while 36 (44%) had sMND and 8 (10%) had cMND
according to the concurrent Touwen examination.
There were 8 (8%) children having scores ≤56 (≤5th percentile) in the Movement ABC-2
who were determined to have DCD. The mean percentile for the total test score in these
children was 4 (SD 2, [1,5]). The mean percentiles for domains of manual dexterity,
aiming and catching, and balance were 11 (SD 16, [1,50]), 10 (SD 10, [1,25]), and 11
(SD 12, [1,37]). Two (25%) of the children with DCD participated regularly in afterschool sporting activities. All the children with DCD had at least sMND according to the
concurrent Touwen examination: five (63%) had sMND and three (38%) had cMND.
Seven of the eight (88%) children with DCD were born extremely preterm and/or with
ELBW, representing 16% of all (n=45) extremely preterm and/or ELBW children without
CP examined by the Movement ABC-2 at the age of 11 years.

Results

49

Figure 4. The boxplot of the percentiles for the three domains and total test scores of the
Movement Assessment Battery for Children-2 examinations in very preterm born children
with normal motor outcome (n=82), developmental coordination disorder (DCD) (n=8),
cerebral palsy (CP) (n=8), and in all children (n=98). Vertical dashed lines of the percentiles
5, 15, and 50 show the cut-offs of significant movement difficulty, risk of having a
movement difficulty, and the mean of the norm population, respectively.

There were 8 (8%) children with CP. The mean percentile for the total test score in these
children was 6 (SD 14, [0,37]). The mean percentiles for domains of manual dexterity,
aiming and catching, and balance were 13 (SD 15, [0,37]), 3 (SD 3, [1,9]), and 13 (SD
34, [0,91]), respectively. One (14%) of the children with CP participated regularly in
after-school sporting activities.
Brain MRI explained 17.8% of the variation in the Movement ABC-2 total scores
(p<0.001) in all children and 7.8% in children without CP (p=0.03). Major brain
pathologies on MRI reduced the Movement ABC-2 total scores compared to normal
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findings (b=-3.5 for minor pathologies and b=-25.2 for major pathologies in all children,
and b=-3.6 for minor pathologies and b=-17.9 for major pathologies in children without
CP, respectively). Three (38%) of the eight children with DCD had major pathologies in
brain MRI and none in cUS (Table 3). The NPV of normal findings or minor brain
pathologies for normal motor outcome were 93.5% (MRI) and 90.6% (cUS) (p=0.13). The
PPV of major brain pathologies for DCD were 23.1% (MRI) and 0.0% (cUS) (p=0.07).
Decreased volumes in all brain regions associated with lower Movement ABC-2 total
scores as shown in Table 9. The associations remained statistically significant when
excluding the children with CP. Of the other background characteristics shown in Table 2,
gestational age (r=0.26, p=0.01), birth weight (r=0.25, p=0.01), and BPD (R2 =0.07,
p=0.009) were significantly associated with poorer Movement ABC-2 total scores.
The mean percentile for the total test score in the concurrent Movement ABC-2
examination was 47 (SD 19, [16, 84]) in children without MND, 35 (SD 21, [2, 75]) in
children with sMND, and 24 (SD 26, [1, 84]) in children with cMND. A statistically
significant correlation was found between the results of the Touwen examination and the
Movement ABC-2 (r=-0.37, p<0.001).
The ROC-curve of the predictive value of the Movement ABC-2 for the results of the
concurrent Touwen examination was done (Figure 5), suggesting that the cut-off of 16
percentile would be the most accurate to include both high sensitivity (0.73) and
specificity (0.82).

Figure 5. The ROC-curve of the predictive value of the Movement Assessment Battery for
Children-2 for the results of the concurrent Touwen examination of very preterm born
children at the age of 11 years.
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Developmental Coordination Disorder Questionnaire 2007

All parents were interviewed according to the DCDQ’07 when the children (n=98) were
11 years old. In children with normal motor outcome, the mean total score of the parental
questionnaire DCDQ’07 was 67 (SD 7, [46, 75]), and 7 (9%) children had a total score
≤57 indicating DCD. In children with DCD, the mean total score of the DCDQ’07 was
52 (SD 14, [35, 74]), and 4 (50%) had a total score ≤57. In the children with CP, the mean
total score of the DCDQ’07 was 49 (SD 10, [37, 68]), and 6 (86%) had a total score ≤57.
The DCDQ’07 correlated with the Movement ABC-2 total scores (r=0.43, p<0.001).
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This thesis describes for the first time the neuromotor trajectory and the long-term
neurodevelopment of very preterm infants up to 11 years of age with the predictive value
of neonatal brain imaging and structured neurological examinations during the
prospective follow-up. This information was derived from a regional population of very
preterm infants with a high coverage of both neonatal brain imaging and examinations
during the follow-up.

6.1

The clinical value of neonatal brain imaging in predicting long-term
neurodevelopment in very preterm infants

6.1.1 Magnetic resonance imaging and cranial ultrasound
This thesis is unique in describing the neonatal brain imaging findings of very preterm
infants including both MRI and cUS with regard to all the follow-up examinations
performed from term to 11 years of age. Up-to-date literature suggests that MRI at term
age is superior to cUS being currently the best imaging tool available in predicting longterm neurodevelopment (Kwon et al. 2014, Plaisier et al. 2014). According to the results
of the present thesis, brain MRI at term age had the highest NPVs for all outcome
measures (the difference was statistically significant for all but 11-year outcome),
whereas serial neonatal cUS had better PPV regarding outcomes at 2 and 5 years of age
(the difference was statistically significant only considering NSI at 2 years of corrected
age). The fact that MRI is more sensitive than cUS in detecting even small brain lesions
(Kwon et al. 2014, Back 2015) was also shown in this thesis, as significantly more major
pathologies were found by brain MRI (27%) compared to cUS (8%). This may explain
the lower PPV of brain MRI found in comparison with cUS at early ages when less severe
neuromotor impairments have not manifested yet.
Brain MRI was shown to be better than cUS in predicting abnormal neuromotor outcome
at 11 years of age, even though the difference was not statistically significant. This
finding suggests that cUS may not be able to predict long-term neuromotor outcome in
children who escape CP, but have impaired neuromotor development. On the other hand,
diffuse WM injuries can be visualized by MRI (Kwon et al. 2014, Back 2015), which
explains its better PPV in predicting non-optimal long-term motor development. These
results should be interpreted with caution due to the small number of children with
neuromotor impairment. A Norwegian cohort study of extremely preterm children did
not, either, find major cUS pathologies predictive for the Movement ABC scores at the
age of 5 years (Leversen et al. 2011). The findings from an Australian cohort of very
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preterm born children are consistent with the present results showing an association
between WM abnormalities in MRI and motor impairment at 5 years of age (Spittle et al.
2011). There are no previous studies reporting the predictive value of neonatal brain
imaging findings for neuromotor development at 11 years of age. In addition to shorter
follow-up times, previous research findings are difficult to compare because of
inconsistency in brain imaging methods and classifications of imaging findings, in
selection of populations and inclusion criteria, and in assessment methods used to
determine motor outcome.
The highest PPVs for both imaging modalities (MRI 53% and cUS 87%) were attained
for NDI at 5 years of chronological age, which is understandable as it includes, in addition
to cognitive impairment, also all the major NSIs. The highest NPVs (MRI 99% and cUS
97%) were attained for CP, whereas ruling out less severe neuromotor impairments was
found to be more difficult. The main difference between brain MRI and cUS was found
in the prediction of normal cognitive outcome at 5 years of age: there were statistically
significantly more false negative findings according to cUS than brain MRI. According
to previous knowledge, the predictive validity of cUS findings has been thought to be
better considering CP than cognitive development (Hintz, O'Shea 2008). However, the
variation within reported predictive values of MRI and cUS for CP is large due to
different classifications of brain imaging findings (Kwon et al. 2014, de Vries et al. 2011).
A recent systematic review has pointed out that major MRI pathologies have been shown
to be associated with worse cognitive performance until 9 years of age (Plaisier et al.
2014).
Current practice in neonatal care in Turku University Hospital includes both brain MRI
at term age and serial cUS. The results of the present thesis showing the different
strengths and weaknesses of both imaging modalities confirm that brain MRI and cUS
complement each other (de Vries, Cowan 2007, de Vries et al. 2011) supporting also the
routine use of brain MRI at term age (Latal 2009, Smyser, Kidokoro & Inder 2012,
Plaisier et al. 2014). However, it should be emphasized that brain imaging findings never
equal brain function. Therefore, even though the brain MRI and cUS aid clinicians in
identifying infants with increased risk for later developmental problems, good functional
outcome can be achieved despite major lesions. Structured neurological examinations up
to 2 years of corrected age are needed at least in the follow-up of the very preterm infants
with major brain pathologies, because of the increased risk for NSI.

6.1.2 The predictive value of the Dubowitz neurologic examination at term age
combined with concurrent brain imaging
Both brain MRI at term age and serial neonatal cUS were excellent in predicting normal
neurosensory development at 2 years of corrected age, cognitive development at 5 years
of chronological age, and neuromotor development at 11 years of age. The high NPV of
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these examinations is in line with previous studies (Kwon et al. 2014) and this
information is likely to be relieving for families and clinicians even though this thesis did
not evaluate this important point of view any further. Nevertheless, due to the unique
plasticity of the neonatal brain, it remains a challenge to get a high PPV, because many
neurological deviations normalize during the development in early infancy. Moreover, as
neurodevelopment has multifactorial background, environmental factors become more
important over time considering cognitive development. It is likely that this holds true
also considering neuromotor outcome, because it is difficult to isolate cognitive outcomes
from neuromotor impairment and NSI (Linsell et al. 2015).
The present thesis is the first one to study the combined predictive value of a structured
neurological examination and concurrent brain MRI or cUS in very preterm infants. The
Dubowitz neurologic examination statistically significantly improved the prediction of
NSI at 2 years of corrected age: the PPV of MRI improved from 28% to 35%, and the
PPV of cUS from 61% to 79%, respectively. Similarly, the integrated use of GMs and
brain MRI has been shown to improve the predictive specificity for CP from 98% to
100% (Skiold et al. 2013). In conclusion, a combination of clinical assessment and brain
imaging methods provide most accurate predictive value for abnormal outcome.
The prediction of abnormal outcome can also be improved by more accurate
classification of brain imaging findings. When predicting later outcome by using one or
several major pathologies in brain MRI as separate categories, the PPV was shown to
improve for CP, cognitive impairment, and NDI from 6% to 44%, from 36% to 44%, and
from 39% to 75%, respectively. Different classification systems have been proposed and
used to interpret MRI data. The PIPARI Study has systematically used the composite
classification system presented in this thesis providing a classification system that can be
employed in different clinical settings.

6.1.3 Regional brain volumes
Current literature concerning associations between neonatal brain volumes and long-term
neurodevelopment in preterm infants is scarce. Decreased regional brain volumes have
previously been shown to associate with worse neurodevelopment in preterm infants at 2
and 5 years of age in the PIPARI Study cohort (Lind et al. 2010, Lind et al. 2011b). The
present thesis showed that decreased brain volumes of total brain tissue, frontal lobes,
basal ganglia and thalami, and cerebellum increased the risk for cMND or CP, and
decreased volumes of all regional brain volumes associated with poorer motor outcome
still at 11 years of age even when excluding children with CP. In contrast, a recent study
with a similar sample size did not find correlations between automatically segmented
brain volumes at term age and the Movement ABC-2 scores at age 5.5 years (Keunen et
al. 2016). The difference might be explained by the fact that the present thesis included
more children with major brain pathologies and also more children with CP. The follow-
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up rate was also higher in this thesis. It is possible that motor problems manifest more
clearly with increasing age. In addition, the brain volumes were measured manually in
the present thesis, because there was no standardized volumetric measuring method for
term infant brain in the beginning of the study period. Considering cMND, this thesis is
the first one to show the associations between reduced volumes of total brain tissue,
frontal lobes, basal ganglia and thalami, and cerebellum and poor outcome according to
the Touwen examination at the age of 11 years.
The lack of normative data for different regional brain volumes at term age limits the
clinical use of brain volume measurements in predicting long-term neuromotor outcome
in very preterm infants. Therefore, validation of cut-off values for brain volumes in large
normative samples is required to implement this knowledge into clinical practice. In
addition, the limitation of automatic brain volumetric measurements is the possible
presence of major brain pathologies like hemorrhages, which can cause inaccuracy in the
results. The automatic measurements are based on signal intensity differences of for
example gray and white matter. Brain pathologies can cause signal intensity changes,
which are difficult for the automatic method to classify.
In conclusion, neither brain MRI nor cUS was shown to be an accurate predictor of longterm neurodevelopmental outcome, but combined with structured neurological
examinations they provide the best available tools to aid clinicians in predicting the
neurodevelopment of very preterm infants.

6.2

The role of sequential and structured neurological examinations in the
follow-up of very preterm infants

6.2.1 Dubowitz neurologic examination at term age
Only a quarter of the very preterm infants had no items outside the normal preterm range
in the Dubowitz neurologic examination at term age, which strengthens previous
knowledge of a wide range of findings in very preterm infants (Mercuri et al. 2003) and
supports the use of preterm norms (Ricci et al. 2008). The Dubowitz neurologic
examination at term age has previously been shown to relate to concurrent cerebral
abnormalities in MRI without using the preterm norms of the Dubowitz neurologic
examination (Brown et al. 2009). In contrast, neither MRI nor cUS could differentiate the
infants according to the results of the Dubowitz neurologic examination in the present
thesis. However, the preterm norms (Ricci et al. 2008) used were shown to be valid as all
the children with CP or NSI at 2 years of corrected age had at least one item outside the
normal range in the term age examination. There was no single item that was found to
associate with abnormal outcome alone; instead, a correlation between deviations in
subscales of tone patterns, posture and tone, and behavior and major impairment was
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found. This knowledge can be relevant in the clinical follow-up in identifying the very
preterm infants with increased risk for later major impairments.
The predictive values of the Dubowitz neurologic examination at term age for the HINE,
and neurosensory development at 2 years of corrected age were NPV of 89% and 100%,
and PPV of 17% and 10%, respectively. Moreover, the results of the Dubowitz neurologic
examination were associated with neurological performance at 2 and still at 11 years of
age, which may be helpful in clinical follow-up as well. Of all the domains of the
Dubowitz neurologic examination, the domain of orientation and behavior associated
with the neurological performance at 11 years of age. A systematic review has previously
described the clinimetric properties of nine different neuromotor assessment tools for
preterm infants during the first year of life (Spittle, Doyle & Boyd 2008). In the first
months of life, the predictive validity was shown to be greatest for GMs considering CP
at 2 years of age. However, this systematic review did not include the Dubowitz
neurologic examination or the Amiel-Tison Neurologic Assessment, which at term age
has previously shown to predict a lower risk of suboptimal neuromotor status at 2 years
of corrected age (Leroux et al. 2013). These results showing a good ability of a structured
neurological examination to predict normal outcome are in line with the findings of the
present thesis, which is the first to show the predictive value of the Dubowitz neurologic
examination at term age for neuromotor development in very preterm born children at 2
years of age. Moreover, the term age findings were found to associate with neuromotor
outcome still at 11 years of age.

6.2.2 Hammersmith Infant Neurological Examination at 2 years of corrected age
A wide range of neurological findings was found in very preterm born children still at 2
years of corrected age assessed by the HINE. Compared to term age examination, the
proportion of abnormal findings was smaller, yet there are no preterm norms for the HINE
to enable comparison of these results. At term age, neurological performance is more
variable as it is affected by behavioral state. At 2 years of age, the variation of the
neurological performance has become narrower enabling more accurate classification of
neurological findings.
A significant correlation was found between the results of the HINE at 2 years of
corrected age and the Touwen examination at 11 years of age. The NPV and PPV of the
HINE for cMND were 89% and 22%. There are no previous studies reporting the
predictive value of a structured neurological examination such as the HINE at 2 years of
corrected age for later neuromotor outcome. Previous results from the Norwegian cohort
have shown that a motor assessement at 2 years of corrected age in children without major
impairments predicted DCD at the age of 5 years with NPV of 84%, and PPV of 36%
(Leversen et al. 2012). However, motor delay at 2 years of corrected age was based on a
pediatric assessment by addressing eight milestone abilities, and no structured
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neurological examination was performed at either age-point making comparison to these
results difficult. This thesis is first to provide information about the neuromotor
trajectories of individual very preterm born children. Despite the correlation between the
results of the HINE and the Touwen examination, there was no stability of neuromotor
outcome between 2 and 11 years of age considering individual children, as only one of
the eight children with DCD and two of the eleven children with cMND had poor
performance according to the HINE already at 2 years of corrected age.
Of all the domains of the HINE, the domains of posture, movements, tone, and reflexes
and reactions associated with the long-term neuromotor development in the group of all
children, while the domain of posture associated with the long-term neuromotor
development in children without CP. The HINE has been shown to give additional
information about neuromotor development in children with CP (Romeo et al. 2008a).
The results of this thesis showed the associations between the results of the HINE and
long-term neuromotor development also in children without CP. This new information
may be of clinical significance helping to identify children without CP with higher risk
for later neuromotor difficulties.
In conclusion, the clinical role of sequential use of the Dubowitz neurologic examination
and the HINE is to provide a structured neurological follow-up method for very preterm
infants, which is easy to administer, to score, and to repeat in order to see which of the
abnormal findings normalize, remain stable or worsen. The results of this thesis provide
new information about the predictive value of these structured neurological
examinations. Normal results from structured neurological examinations both at term age
and at 2 years of corrected age were shown to strongly predict normal neuromotor
development up to 11 years of age. The NPV of structured neurological examinations
was shown to be as good as that of neonatal brain imaging considering neuromotor
outcome. Better PPV, however, was achieved with neonatal brain imaging findings, but
even the PPV improved statistically significantly when the findings were combined with
structured neurological examination at term. The significant proportion of normally
developing children with either major MRI or cUS pathologies also supports the
sequential use of functional measures like the Dubowitz neurologic examination and the
HINE during the longitudinal follow-up of very preterm infants. Furthermore, it should
be noted that all units do not have the resources for routine neonatal brain imaging
including MRI. This emphasizes the role of sequential structured neurological
examinations in the clinical follow-up of very preterm infants.
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6.3

Discussion

Long-term neuromotor development of very preterm born children

Literature concerning long-term neuromotor outcome in very preterm born children often
refers only to CP. However, less severe neuromotor difficulties such as cMND and DCD
are important to take into account as motor impairments affecting everyday functioning.

6.3.1 Minor neurological dysfunction at 11 years of age
This thesis showed a high proportion of sMND (39%) at the age of 11 years, which is in
line with the prevalence of sMND (41%) in the French cohort at the age of 5 years
(Arnaud et al. 2007). In contrast, a significantly higher prevalence of cMND (11%) was
found in the present thesis using the complete protocol of the modified Touwen
examination compared to 3% in the EPIPAGE cohort using the short version of the
neurological examination. This disagreement can partly be explained by the use of
different versions of the Touwen examination, as its modified short form is not validated
and may unaccurately indicate sMND and cMND (Hadders-Algra 2010). The children
lost to follow-up are unlikely to have contributed to this difference as the only statistically
significant difference compared to the study population was the mode of delivery.
Another study has reported a significantly higher prevalence of cMND when using a full
protocol of the Touwen examination at school age (39%) and still at early adulthood
(33%) in very preterm infants born in 1977 and 1978 in the Netherlands (Schothorst,
Swaab-Barneveld & van Engeland 2007). This difference can be explained by less
advanced perinatal and neonatal care practices at that time. A more recent study of
preterm infants born between 1992 and 1997 also in the Netherlands has shown a twofold
prevalence of cMND (22%) at the age of 7 to 11 years (Bruggink et al. 2008) compared
to the present findings.
It is possible that neurological assessments performed by one examiner (author Setänen)
could have resulted in systematically biased results. However, re-evaluation of all unclear
ratings from the video-recordings was performed together with an experienced child
neurologist in order to ensure the reliability of the ratings, which reduced the risk of this
kind of bias. The test-retest, inter-assessor or intra-assessor reliabilities were not studied,
but have been previously reported to be good for the modified Touwen examination when
applied in a relatively healthy population (Peters et al. 2008). Another possible
explanation for the good neuromotor outcome of the very preterm infants described here
is the intensive follow-up of the families participating with low attrition in the PIPARI
Study, which itself provides a positive intervention and makes parents aware of the
developmental risks of their children. Therefore, the parents may be more active in
supporting the neuromotor development of their children, as is suggested by the fact that
the majority of the very preterm born children had an after-school sporting activity.
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The present thesis provided new information about the co-occurrence of neuromotor
impairments in very preterm born children. Ninety percent of the children with normal
motor outcome without DCD had normal neurological development or sMND. Less than
40% of children with DCD had cMND at the age of 11 years. This overlapping of DCD
and cMND is less than in a previous study of children in mainstream or special education
reporting that more than half of the children with DCD had also cMND at the age of 8 to
9 years (Peters, Maathuis & Hadders-Algra 2011). The real difference may be even
greater as their study did not include very preterm born children.

6.3.2 Developmental coordination disorder at 11 years of age
The majority of very preterm born children performed within normal variation
considering motor outcome at 11 years of age. The prevalence of DCD (9%) in this cohort
of very preterm infants was significantly lower compared to previous studies (Roberts et
al. 2011, Leversen et al. 2011, Blank et al. 2012, Ferrari et al. 2012, Zwicker et al. 2013,
Husby et al. 2013). This difference may be due to differences in patient populations and
variations in the age-point at the time of examination. When including only the extremely
preterm or ELBW infants of the PIPARI cohort, the prevalence of DCD (16%) was
similar to that in the comparable cohorts from Norway (Leversen et al. 2012) and
Australia (Roberts et al. 2011).
A possible explanation for the good neuromotor outcome in very preterm born children
described here is that more than half of the children with normal motor development
participated regularly in organized sporting activities outside school, which potentially
reinforces normal motor development. On the other hand, having regular after-school
sporting activities may in itself indicate sufficient motor functioning for peer-group
physical activities and potentially supports also social abilities. Sporting activities have
been shown to associate with better quality of life (Gopinath et al. 2012). Only a quarter
of the children with DCD had after-school sporting activities. This is in agreement with
a previous study showing that fewer very preterm born children with motor impairment
participated in organized after-school sports compared to those without motor
impairment (Wocadlo, Rieger 2008).
Previous studies (Leversen et al. 2011, Blank et al. 2012, Zwicker et al. 2012, Zwicker et
al. 2013) have found an association between gender and SGA status and motor outcome,
which is in contrast with findings from this thesis. Nevertheless, also previous results of
the PIPARI Study have demonstrated that SGA infants have similar developmental
outcomes compared to other very preterm infants in this cohort (Maunu et al. 2011, Lind
et al. 2011b, Leppanen et al. 2014). In addition to SGA status and gender, also gestational
age and major brain pathology were included in regression analyses, as previous findings
from PIPARI Study and current literature have suggested that these variables are
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significant and prevalent risk factors for later neurodevelopmental problems (Munck et
al. 2010, Linsell et al. 2015).
Parental ratings of the children’s motor difficulties according to DCDQ’07 were found
to detect half of the children with DCD, suggesting that parents have difficulties in
estimating their children’s motor abilities. These findings are in line with previous results
of a moderate correlation found between the DCDQ and the Movement ABC in children
receiving mainstream or special education at school age (Peters, Maathuis & HaddersAlgra 2011). The results of this thesis are also similar to findings from an Australian
cohort of ELBW born children at the age of 8 years using a different questionnaire
(Roberts et al. 2011), which highlights the use of parental questionnaires as an assistive
tool beside clinical examination in detecting DCD (Blank et al. 2012).
Reliable statistical analysis considering predictive factors to differentiate the children
with DCD and CP was not possible due to the small number of children having these
impairments. However, children with DCD seemed to be born with lower gestational age
and with lower birth weight than children with CP. Considering neonatal brain imaging
findings, the majority of children with CP had major pathologies in the structural brain
MRI, whereas of the children with DCD, fewer had major pathologies compared to
children with CP. Furthermore, none of the children with CP had normal findings in the
neonatal cUS, whereas none of the children with DCD had major pathologies. According
to volumetric findings, children with CP had significantly larger ventricles than children
with DCD. More research based on larger groups is still needed in order to differentiate
the mechanisms for neuromotor impairments more clearly (Spittle, Orton 2014).

6.4

Strengths and limitations

The strengths of this thesis include the use of a prospective design, examinations being
carried out at several age-points with a diverse range of outcomes and without knowledge
of neonatal brain imaging findings, and a low attrition during the remarkably long followup period from birth to 11 years of age. Furthermore, there was very little variation in the
age of the participants at the time of any of the examinations. The high follow-up rates
of 93% at 2 years of corrected age, 84% at 5 years of chronological age and 81% still at
the age of 11 years were greater than usual in studies with such a long follow-up time.
Moreover, the drop-outs were not found to significantly differ from the study infants.
In addition to the strengths, certain limitations should also be noted. A weakness of this
thesis is the lack of a control group, which would have required considerably more
resources. A possible limitation is also that the cut-off scores for the HINE at 2 years of
corrected age were defined according to this cohort, because there are no norms for
preterm children. On the other hand, these data could be used in the future as a reference
for very preterm infants. Another possible technical limitation is the MRI equipment
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(0.23-T) used in the beginning of this study and its upgrading (1.5-T) during the followup. However, the incidence of brain lesions did not increase after the MRI equipment
upgrading, which supports comparability in the study population. The lack of normative
data for different regional brain volumes at term age makes comparisons to other studies
and clinical implementations challenging. In addition, T2-weighted images were
obtained, but they were not used for the volume measurements, as there was a gap in the
T2-weighted images between slices. Consequently, the continuous T1-weighted images
were used instead. It might be noted that the slice thickness on the T1-weighted images
was rather thick (5mm). This, however, allowed sufficient signal to noise ratio for
interpretation. It is possible that partial volume effect may have caused some error on the
volume measurements; however, the error would be similar in all infants. The reliability
of the volume measurements was ensured by repeated volume measurements by another
neuroradiologist.
The reliability of the neurological examinations at term age and at 2 years of corrected
age was ensured by experienced specialists, who trained and supervised the use of the
Dubowitz neurologic examination and the HINE. A final major strength of this thesis is
that all the examinations of the children at the age of 11 years were performed using the
latest and complete protocols of the assessment methods (the Touwen examination, the
Movement ABC-2 and the DCDQ’07) by the author (Setänen). Moreover, the results of
the DCDQ’07 were only used to support the results of the MABC-2 as the DCDQ’07 is
not designed to be used alone to identify DCD. Instead, the diagnosis also requires valid
clinical measures (Wilson et al. 2009). All the examinations when the children were 11
years old were video-recorded and re-evaluated together with an experienced child
neurologist to ensure the reliability of the ratings.

6.5

Future perspective and clinical implications

The Dubowitz neurologic examination has already been implemented in the follow-up
protocol of very preterm infants in Turku University Hospital. The HINE is performed at
2 years of corrected age. The sequential use of these structured neurological examinations
improves the quality of clinical follow-up. In general, there is no routine follow-up of
very preterm born children after this age-point. Based on the results of this thesis,
structured neurological examinations are recommended up to 2 years of corrected age at
least in the follow-up of the very preterm infants with major brain pathologies, because
of the increased risk for NSI. However, due to many other developmental risks associated
with very preterm birth, a long-term follow-up up to early adolescence is recommended
for all very preterm infants irrespective of brain imaging findings. However, this may be
difficult to implicate due to the limited resources of health care systems. In Finland the
follow-up occurs in child welfare clinics. Importantly, sporting activities are
recommended to all very preterm born children in order to support neuromotor
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development. The teachers of these children should also be informed of the neuromotor
difficulties due to very preterm birth, thus enabling them to encourage the children to
participate and attain their individually set goals.
This thesis indicated that the Movement ABC-2, which is easy to administer and score,
is a good clinical tool for identification and follow-up of children with motor problems.
Although the Touwen examination, which is primarily a tool for clinical practice,
provides detailed information about the association between neurological conditions and
preterm birth (Hadders-Algra 2010), its implementation to the follow-up protocol of very
preterm infants is challenging. It is time-consuming when appropriately administered:
the whole examination takes approximately 30 minutes, video-recording is recommended
because of the many details of the examination, and the findings need to be entered to a
computerized scoring system to obtain the final result of the child’s neurological
performance.
cUS often detects major brain pathologies, which may increase parents’ anxiety. The
combination of brain MRI and cUS, on the other hand, provides better definition of the
nature of the brain lesion, which may be relieving for the parents. There are no studies of
the effects of neonatal brain imaging on parental anxiety. However, false positives based
on brain MRI can possibly cause additional stress (Doria, Arichi & Edwards 2014).
Parental stress, in turn, has been shown to associate with children’s developmental
problems at 5 years of age in the PIPARI Study cohort (Huhtala et al. 2014). The highly
important parental point of view of neonatal brain imaging needs to be evaluated. Even
so, more research is needed also on interventions to optimize development in children
with major brain lesions.
The development of new MRI techniques, such as diffusion tensor imaging, may further
improve the prediction of abnormal neurodevelopment, helping to counsel parents and
allocate early interventions (Schneider et al. 2014). For example, WM apparent diffusion
coefficients have been shown to be associated with a worse developmental performance
at 2 years of age, suggesting that it would be of prognostic value for neurodevelopmental
outcome in preterm infants with no abnormalities on conventional brain MRI (Krishnan
et al. 2007). Additionally, neonatal diffusion tensor imaging has been shown to predict
CP in preterm infants with periventricular hemorrhagic infarctation (Roze et al. 2015).
However, long-term follow-up data of these methods are still needed.

Summary and Conclusions
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SUMMARY AND CONCLUSIONS

The following results considering the prediction of long-term neurodevelopment and
neuromotor trajectories in very preterm born children up to 11 years of age were obtained
in this thesis:
•

Neonatal brain imaging (MRI or cUS) findings predicted neuromotor
development up to 11 years of age.

•

The Dubowitz neurologic examination at term age improved the predictive
value of both neonatal MRI and cUS for 2-year neurosensory outcome.

•

Decreased brain volumes at term age associated with poorer neuromotor
performance at 11 years of age.

•

Normal neurological performance at term age or at 2 years of corrected age,
as well as lack of major brain pathology, predicted normal neurosensory and
neuromotor performance (NPV from 87% to 100%) up to 11 years of age.

•

Neuromotor development was within normal variation in the majority of the
children at 11 years of age.

In conclusion, structural brain MRI at term age, serial neonatal cUS, and structured
neurological examinations predicted long-term neurodevelopment in very preterm
infants. Regional brain volumes provided a potential tool for identifying risk groups for
later neuromotor impairment. Structured neurological examinations up to 2 years of
corrected age are recommended at least in the follow-up of very preterm infants with
major brain pathologies, because of the increased risk for NSI. However, due to many
other developmental risks associated with very preterm birth, a long-term follow-up up
to early adolescence is recommended for all very preterm infants irrespective of brain
imaging findings. Although very preterm born children had an overall good neuromotor
profile up to early adolescence, many of them continue to have more difficulties in
neuromotor performance compared to their full-term born peers. Moreover, most of the
very preterm born children had after-school sporting activities that may explain better
performance; therefore, sporting activities could be recommended to all very preterm
born children.
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ABSTRACT
Aim: To study the prognostic value of MRI in preterm infants at term equivalent age for
cognitive development at 5 years of age.

Methods: A total of 217 very low birth weight/very low gestational age infants who all
received brain MRI at term equivalent age were categorized into 4 groups based on the
brain MRI findings. Cognitive development was assessed at 5 years of chronological age
by using a short form of Wechsler Preschool and Primary Scale of Intelligence –
Revised. This information was combined with neurosensory diagnoses by 2 years of
corrected age.
Results: Of all infants 31 (17.0%) had Full Scale Intelligence Quotient (FSIQ) <85, 14
(6.5%) had cerebral palsy and 4 (1.8%) had severe hearing impairment. A total of 41
(22.0%) infants had some neurodevelopmental impairment at 5 years of age. Considering
cognitive outcome (FSIQ <85), the positive predictive value of several major MRI
pathologies was 43.8%, and the negative predictive value of normal finding or minor
pathologies was 92.0% and 85.7%, respectively.
Conclusion: The MRI of the brain at term equivalent age may be valuable in predicting
neurodevelopmental outcome in preterm infants by 5 years of age. The findings should
always be interpreted alongside the clinical information of the infant. Furthermore, MRI
should not replace a long-term clinical follow-up for very preterm infants.

INTRODUCTION
There has been conflicting views of the routine use of brain
magnetic resonance imaging (MRI) as a part of the
assessment protocol in the care of a very preterm infant
(1). The MRI can be helpful in identifying children for
closer follow-up and in directing research for focused risk
groups, in quality surveillance purposes of the neonatal
care and in providing parents information of either
decreased or increased developmental risks. Recently, for
example, performing MRI at term without asking parental
permission was questioned (2). Furthermore, there are
situations when MRI increases rather than decreases
parents’ concerns and confusion, if the knowledge of the
prognostic significance of the findings is not sufficient. To
Abbreviations
CP, cerebral palsy; FSIQ, Full Scale Intelligence Quotient; MRI,
magnetic resonance imaging; NDI, neurodevelopmental impairment; NPV, negative predictive value; PPV, positive predictive
value; VLBW, very low birth weight; VLGA, very low gestational
age; V/B, ventricular/brain.
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obtain more accurate information of the prognostic value of
MRI findings, we need to differentiate between those
findings that are associated with major consequences and
those that do not cause significant clinical concern. This
requires detailed information of long-term follow-up studies which have evaluated both neurosensory and cognitive
outcomes of preterm infants with neonatal MRI (3). We
have previously reported the positive (PPV) and negative
(NPV) predictive values of abnormal MRI findings on

Key notes





The brain MRI in preterm infants at term equivalent age
provides additional information aiding the clinician to
identify those infants who are later at a high risk of
neurodevelopmental impairment.
The interpretations of MRI findings should always be
carried out together with the clinical picture of the
infant.
A long-term follow-up of preterm infants is needed,
irrespective of brain imaging findings.
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Live-born VLBW/VLGA
infants N = 292
(BW 1095 g, GA 28.7)

Excluded N = 18

(BW 1289 g, GA 29.4)

N = 41 infants died
(BW 759 g, GA 25.6)

- 6 did not fulfill the language criteria
- 8 families lived outside the catchment
area of the hospital
- 4 infants with genetic syndromes

N = 233 infants remained
eligible
(BW 1139 g, GA 29.2)

Dropouts N = 16

(BW 1242 g, GA 30.4)
- 9 refused to participate
- 3 withdrew during the
follow-up
- 4 missing brain images

Final total number of
infants included in the study
N = 217
(BW 1131 g, GA 29.1)

Figure 1 The flow chart of the participants, mean birth weights (BW) and gestational ages (GA) in weeks.

neurodevelopmental impairments (NDI) at the corrected
age of 2 years in this cohort including 182 very low birth
weight (VLBW) infants. A major pathological MRI finding
at term had 33.3% PPV and normal MRI finding 98.1%
NPV on NDI at 2 years of age (4). These findings are
consistent with earlier studies showing that abnormal MRI
findings at term equivalent age may predict an adverse
neurodevelopmental outcome at 2 years of age (5).
Our aim was to study the prognostic value of MRI at term
equivalent age in very preterm infants using cognitive test
results at 5 years of age as an end point. We hypothesized
that major brain pathologies in MRI in very preterm infants
at term equivalent age predict neurodevelopmental impairments at 5 years of age.

PATIENTS AND METHODS
Participants
This prospective study is a part of the multidisciplinary
PIPARI Study (The Development and functioning of Very
Low Birth Weight Infants from Infancy to School Age). The
PIPARI Study group consists of VLBW or very low
gestational age (VLGA) infants born between 2001 and
2006, in the Turku University Central Hospital. The
inclusion criteria from 2001 to the end of 2003 included
birth weight  1500 grams in preterm infants (born <37
gestational weeks). From the beginning of 2004, the
inclusion criteria were expanded to include all infants
below the gestational age of 32 weeks at birth, even if the
birth weight exceeded 1500 g. In addition, at least one of
the parents had to speak either Finnish or Swedish. Fig. 1
shows the flow chart of the participants. All parents
provided written consent after receiving oral and written
information. The PIPARI Study protocol was approved by

the Ethics Review Committee of the Hospital District of the
South-West Finland in December 2000.
Magnetic resonance imaging of the brain
The MRI of the brain was performed at term. The imaging
took place during postprandial sleep without any pharmacological sedation or anaesthesia. The infants were swaddled
to calm them and to reduce movement artefacts in the
imaging. A pulse oximeter was routinely used during MRI
examinations. Ear protection was also used (3M Disposable
Ear Plugs 1100; 3M, Brazil and Wurth Hearing protector,
Art.-Nr. 899 300 232, Wurth, Austria). For 125 infants born
between 2001 and 2003, the MRI equipment was an open
0.23-T Outlook GP (Philips Medical, INC, Vantaa, Finland)
equipped with a multipurpose flexible coil fitting the head of
the infant, until it was upgraded to the 1.5-T Philips Intera
(Philips Medical Systems, Best Netherlands) for the remainder of the study infants (n = 73) born between 2004 and 2006
(6).
Axial T2-weighted images, coronal three-dimensional T1weighted images and coronal T2-weighted images of the
entire brain were obtained when using the 0.23-T equipment. With the 1.5-T equipment, axial T2-weighted, axial
T1-weighted and sagittal T2-weighted images were
obtained. All of the sequences were optimized for imaging
of the term infant brain. The total imaging time was about
25 min. The extracerebral space was measured manually
from the MRIs. A cut-off value of 4 mm was used according
to the study by McArdle (7). The width of the extracerebral
space was measured in front of the frontal lobe, where the
extracerebral fluid space is widest. The group of infants with
an extracerebral space of 5 mm was analysed separately,
because accuracy of the measurement was 1 mm. V/B ratio
refers to [the width of the frontal horns of the lateral
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Table 1 The classification of MRI findings
Normal findings
Normal brain anatomy (cortex, basal ganglia and thalami, posterior limb
of internal capsule, white matter, germinal matrix, corpus callosum and
posterior fossa structures)
A width of extracerebral space <5 mm, ventricular/brain ratio <0.35
No ventriculitis
Minor pathologies
Consequences of intraventricular haemorrhages grade 1 and 2
Caudothalamic cysts
A width of the extracerebral space of 5 mm
A V/B ratio of 0.35
Major pathologies
Consequences of intraventricular haemorrhages grade 3 and 4
Injury in cortex, basal ganglia, thalamus or internal capsule, with injury of
corpus callosum, cerebellar injury, white matter injury
An increased width of extracerebral space >5 mm
A V/B ratio >0.35, ventriculitis
Other major brain pathology (infarcts)

ventricles] divided by [the width of the brain tissue at the
same plane of cerebral image] (6).
The brain MRI was evaluated by one neuroradiologist (R.
Parkkola) blinded to both the clinical data and to the result
of the brain ultrasound examinations.
Classification of the study groups
The brain MRI findings were categorized into normal
findings, minor pathologies and major pathologies as
described previously (6) (Table 1). To evaluate the relation
between brain pathology and neurodevelopmental outcome, the infants were categorized into 4 groups, based
on the MRI findings at term: (i) normal group, (ii) one or
more minor brain pathologies, (iii) one major brain
pathology and (iv) several major brain pathologies. If a
patient had both minor and major findings, the classification was done according to the number of major pathologies: one major pathology (n = 33, 15.2%) and several
major pathologies (n = 25, 11.5%).
Neurodevelopmental outcome
The children’s cognitive level at 5 years of chronological
age (+0–2 months) was evaluated by a psychologist using a
short form of Wechsler Preschool and Primary Scale of
Intelligence – Revised, Finnish translation (WPPSI-R) (8):
subtests are information, sentences, arithmetic, block
design, geometric design and picture completion, and Full
Scale Intelligence Quotient (FSIQ) was estimated (normal
M = 100, SD 15.0). A quotient of  85 (>1.0 SD) was
considered normal intelligence, a quotient of 70–84 (2.0
SD to 1.0 SD) slightly below normal and a quotient of
 69 (<2.0 SD) significantly below normal (9).
In addition, neurodevelopmental impairment (NDI)
included at least one of the following findings: FSIQ score
<85, cerebral palsy (CP), severe hearing impairment or
severe visual impairment. We chose to use a cut-off of 85 for

494

99

FSIQ, which is close to a 2.0 SD level in our control
group, a regional cohort of full-term Finnish children
(M = 111.7, SD 14.8) (9). A diagnosis of CP was determined
during a systematic clinical follow-up by 2 years of corrected age. Severe hearing impairment was defined as
hearing loss requiring amplification in at least one ear or
hearing impairment with a cut-off of 40 dB. Hearing was
systematically screened in early infancy (at 1 month of
corrected age) by using brain stem auditory evoked potentials (BAEP). Severe visual impairment was categorized as a
visual acuity <0.3, or blindness (10).
Statistical analysis
The NPV was defined as the percentage of children with no
or minor brain pathology in the MRI, resulting in an
average developmental outcome without NDI. The PPV
was defined as the percentage of children with one or more
major brain pathologies in the MRI, resulting in an
abnormal developmental outcome with NDI.

RESULTS
The neonatal characteristics are shown according to the
brain magnetic resonance imaging (MRI) group at term
equivalent age in Table 2.
One hundred and twenty (55.3%) of the infants (n = 217)
had normal MRI, 39 (18.0%) one or more minor, 23
(10.6%) one major, 9 (4.2%) several major and 27 (12.4%)
minor and major findings in the MRI at term equivalent age.
One hundred and seventy-eight of 217 (82.0%) WPPSI-R
assessments were completed. There were 4 (1.8%) children
who were too severely handicapped to be assessed. They
were included in the analysis as having a significant
cognitive delay (FSIQ <70) at the age of 5 years. Of all
the infants, 31 (17.0%) had FSIQ<85, 14 (6.5%) had CP,
and 4 (1.8%) had severe hearing impairment. There were no
children with severe visual impairment. A total of 41
(22.0%) infants had NDI at 5 years of age. (Table 3).
The most common major pathologies were white matter
injury (n = 29, 13.4%), capsula interna injury (n = 21,
9.7%), ventriculitis (n = 21, 9.7%) and a ventricular/brain
(V/B) ratio >0.35 (n = 21, 9.7%). There were 7 different
single major findings (n = 33, 15.2%) (capsula interna
injury, white matter injury, ventriculitis, corpus callosum
injury, haemorrhage in posterior fossa structures, V/B ratio
>0.35, extracerebral space >5 mm) associated with NDI in
some children. The minor pathologies were consequences
of intraventricular haemorrhages grade 1 (n = 49, 22.6%),
an extracerebral space of 5 mm (n = 15, 6.9%) and a V/B
ratio of 0.35 (n = 9, 4.1%).
Considering cognitive outcome (FSIQ <85), the PPV of
several major findings was 43.8%, and the NPV of normal
or minor findings was 92.0% and 85.7%, respectively
(Table 3). The distribution of FSIQ at 5 years of age in
MRI groups is shown in Table 4. Considering NDI, the PPV
of several major findings was 75.0%, and the NPV of
normal or minor findings was 91.0% and 85.7%, respectively (Table 3).
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Table 2 Neonatal characteristics are shown according to the brain magnetic resonance imaging (MRI) group at term equivalent age

Birth weight, mean (SD) [minimum,
maximum], g
Gestational age at birth, mean (SD)
[minimum, maximum], wk
Males, n (%)
Females, n (%)
Cesarean section, n (%)
Small for gestational age, n (%)
Bronchopulmonary dysplasia, n (%)
Sepsis, n (%)
Operated necrotizing enterocolitis, n (%)
Laser-treated retinopathy, n (%)

Normal findings

One or more
minor pathologies

One major pathology

Several major pathologies

1195.8 (311.4)
[580, 2120]
29.7 (2.6)
[24.0, 35.9]
63 (52.5)
57 (47.5)
79 (65.8)
45 (37.5)
7 (5.8)
18 (15.1)
4 (3.4)
1 (0.9)

1106.5 (347.8)
[400, 1940]
28.5 (2.7)
[24.0, 33.0]
22 (56.4)
17 (43.6)
25 (64.1)
14 (35.9)
9 (23.1)
7 (18.4)
1 (2.6)
3 (7.9)

1012.9 (340.2)
[525, 1730]
28.3 (2.5)
[23.0, 32.1]
24 (72.7)
9 (27.3)
21 (63.6)
14 (42.4)
8 (24.2)
7 (21.2)
4 (12.5)
3 (9.4)

1014.6 (315.7)
[560, 1675]
28.2 (3.1)
[23.4, 35.1]
13 (52.0)
12 (48.0)
9 (36.0)
8 (32.0)
5 (20.0)
3 (12.0)
1 (4.0)
1 (4.0)

Table 3 The prevalence of Full Scale Intelligence Quotient (FSIQ) <85, cerebral palsy (CP), severe hearing impairment (use of hearing aid) and neurodevelopmental impairment
(NDI) (one or more of the three above-mentioned outcomes) are shown according to the brain magnetic resonance imaging (MRI) group at term equivalent age
FSIQ<85 (n = 31, 17.0%)
Normal findings
One or more minor pathologies
One major pathology
Several major pathologies

NPV
(n
NPV
(n
PPV
(n
PPV
(n

=
=
=
=
=
=
=
=

92.0%
100, 55.0%)
85,7%
35, 19.2%)
35.5%
31, 17.0%)
43.8%
16, 8.8%)

CP (n = 14, 6.5%)
NPV
(n
NPV
(n
PPV
(n
PPV
(n

=
=
=
=
=
=
=
=

99,2%
120, 55.3%)
100%
39, 18.0%)
6.1%
33, 15.2%)
44.0%
25, 11.5%)

Table 4 The mean values (SD, median and interquartile) of Full Scale Intelligence
Quotient (FSIQ) at 5 years of age are shown by categories of MRI findings at term
equivalent age

Normal findings (n = 100)
One or more minor pathologies
(n = 35)
One major pathology (n = 29)
Several major pathologies
(n = 14)

Mean

SD

Median

Interquartile

104.2
102.4

15.0
15.6

104.5
105.0

93.5–113.0
92.0–116.0

94.6
86.8

18.8
23.4

93.0
87.5

82.0–107.0
70.0–104.0

DISCUSSION
This study shows that brain MRI of very preterm infants at
term equivalent age provides additional information in
predicting neurodevelopmental outcome at 5 years of age.
This information was derived from a regional population of
preterm infants with a very high coverage of both MRI and
follow-up.
The major MRI pathologies aid clinicians in identifying
those infants who are later at a high risk of developmental
problems, even though good functional outcome can be
achieved despite major lesions. Our findings are in agree-

Severe hearing impairment (n = 4, 1.8%)
NPV
(n
NPV
(n
PPV
(n
PPV
(n

=
=
=
=
=
=
=
=

100%
120, 55.3%)
100%
39, 18.0%)
6.1%
33, 15.2%)
8.0%
25, 11.5%)

NDI (n = 41, 22.0%)
NPV
(n
NPV
(n
PPV
(n
PPV
(n

=
=
=
=
=
=
=
=

91.0%
100, 53.8%)
85.7%
35, 18.8%)
38.7%
31, 16.7%)
75.0%
20, 10.8%)

ment with previous studies with shorter follow-up times
(11). The major lesions seen in the brain MRI indicate that
the child needs to be followed by a child neurologist, and
the possibilities for early interventions have to be evaluated.
Current practice in neonatal care includes brain ultrasound imaging. Therefore, MR imaging provides additional
information to ultrasound images. Ultrasound is more
sensitive in detecting transient early findings such as small
intraventricular haemorrhages. Brain ultrasound examinations can also be used to identify patients requiring MRI, for
example, ventriculomegaly indicates a high risk for additional pathologies seen by MRI (6). Although some significant parenchymal lesions can be detected by ultrasound
(12), MRI is more sensitive in identifying small lesions in
the white matter (13–15) which were shown in this study to
be significant for the later development of the child. Our
findings are supported by a previous study (16) showing an
association between diffuse white matter injury and adverse
neurodevelopmental outcome at 2 years of age. MRI is also
more sensitive in finding cerebellar lesions (17), which can
be difficult to discover in a routine neonatal ultrasound
examination, although there are specialists who do master
ultrasound scanning of the cerebellum. The value of
ultrasound examinations increases if carried out repeatedly
in short intervals by an experienced specialist. However,
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not all units have the resources for weekly ultrasound
examinations exceeding routine levels. Although the interpretation of MRI also requires an expert neuroradiologist,
the readings can be centralized without moving the patient
from the closest hospital with MRI capacity.
Normal findings or minor pathologies in MRI provide
information for families of the good developmental capacity
of their child. The NPV of normal MRI was close to 100%.
The PPV for any major developmental problem by 5 years
of age was also high (75.0%) when MRI findings were
graded by severity. Considering only cognitive outcome, the
PPV was lower. This is understandable as cognitive impairments have a multifactorial background. It must also be
noted that normal FSIQ does not exclude specific neuropsychological impairments.
An MRI should be offered to families stating the good
NPV and the PPV of 44%. From the perspective of the
family, normal MRI is likely to be relieving. Major brain
pathologies are often detected by ultrasound which
increases parental anxiety for their child’s future development. The combination of ultrasound imaging and brain
MRI at term equivalent age provides better definition of the
nature of the brain lesion, which may also be relieving from
parental point of view. In our study, the predictive efficacy
of the brain MRI was better compared with different
available perinatal scoring systems of clinical data (18).
However, the image of brain structures never equals brain
function, and therefore, development can be normal despite
major pathologies.
We agree that ultrasound and MRI are complementary
techniques in neuroimaging for preterm infants (19). If
brain MRI is used routinely, as a part of follow-up protocol
(15), the findings have to be interpreted systematically by an
experienced neuroradiologist including the most common
minor and major pathologies. The clinical significance of
the brain MRI should always be interpreted alongside
information from ultrasounds, standardized neurological
examinations and the medical history of the infant. More
research is needed on interventions to optimize the development in those children with major structural brain
lesions. Irrespective of brain imaging findings, very preterm
infants and their families benefit from a long-term clinical
follow-up.
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a b s t r a c t
Background: The predictive value of the combination of neurological examination and brain magnetic resonance
imaging (MRI) or cranial ultrasound (cUS) in preterm infants is not known.
Aims: To study the prognostic value of the combination of neurological examination and brain MRI at term equivalent age (TEA) or serial neonatal cUS in very preterm infants for neurosensory outcome at 2 years of corrected age.
Study design: A prospective follow-up study.
Subjects: A total of 216 very preterm infants (birth weight 1132 g [SD 331 g]) born in Turku University Hospital, from
2001 to 2006, were included.
Outcome measures: The Dubowitz neurologic examination and brain MRI were done at TEA, and serial cUS examinations were performed until TEA. The Hammersmith Infant Neurological Examination (HINE) and neurosensory
impairments (NSI) were assessed at 2 years of corrected age.
Results: Of all infants, 163 (76%) had one or more deviant neurological items at TEA, and 32 (15%) had the HINE
total score below the 10th percentile at 2 years of corrected age. A total of 17 (8%) infants had NSI. Neurological
examination at TEA improved the negative and positive predictive values of brain MRI for NSI from 99% to 100%,
and from 28% to 35%, respectively, and the negative and positive predictive values of cUS from 97% to 100%, and
from 61% to 79%, respectively.
Conclusions: The combination of the Dubowitz neurologic examination and the brain MRI at TEA or serial neonatal
cUS provides a valuable clinical tool for predicting long-term neurosensory outcome in preterm infants.
© 2014 Elsevier Ireland Ltd. All rights reserved.

1. Introduction
The prognostic value of neonatal brain magnetic resonance imaging
(MRI) ﬁndings on the long-term developmental outcome of preterm infants has been debated. The current practice in neonatal care includes
most commonly only cranial ultrasound (cUS) imaging. MRI has potentially better prognostic value compared to cUS providing more information especially on the white matter and cerebellum. We have previously
reported the positive (PPV) and negative (NPV) predictive values
of brain pathologies on MRI at term equivalent age (TEA) on
neurodevelopmental impairments in a cohort of 217 very low birth
weight (VLBW)/very low gestational age (VLGA) infants [1]. Normal
⁎ Corresponding author at: Department of Pediatric Neurology, Turku University
Hospital, Kiinamyllynkatu 5-8, 20520 Turku, Finland. Tel.: + 358 45 637 3420;
fax: +358 2 313 1460.
E-mail address: sirkku.a.setanen@utu.ﬁ (S. Setänen).

http://dx.doi.org/10.1016/j.earlhumdev.2014.09.007
0378-3782/© 2014 Elsevier Ireland Ltd. All rights reserved.

MRI ﬁndings had NPV of 99.2% on cerebral palsy (CP), but the PPV of
major brain pathologies remained low being 6.1% and 44.0% for one
or several major pathologies, respectively. We emphasized that MRI
ﬁndings should always be interpreted in parallel to the clinical
information.
The Dubowitz neurologic examination [2,3] is widely used both clinically and in research. The assessment method and the most frequent
ﬁndings in low-risk full term infants have been described in detail previously [3]. The intra and inter-observer reliabilities of the examination
are also known [4]. The Dubowitz neurologic examination can also be
used as a quantitative measure. However, the total optimality score
(the sum of the optimality scores of individual test items) considered
as normal for full-term infants [3] cannot be applied to VLBW preterm
infants because the variation in neurological ﬁndings at TEA in
low-risk preterm infants is much wider compared to term infants [5].
The norms for low-risk preterm infants at TEA have been published in
a European multicentre study [6].
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The Hammersmith Infant Neurologic Examination (HINE) [7] is
based on the same principles as the Dubowitz neurologic examination.
The test has been standardized for full-term infants between 12 and
18 months of age [7] and has been shown to be a reliable prognostic
assessment tool also for VLBW infants who have a high risk for developmental impairments [8,9].
Our aim was to study the combined prognostic value of neurological
examination and brain MRI at TEA or serial neonatal cUS in very preterm infants using results of neurological examination and prevalence
of neurosensory impairment (NSI) at 2 years of corrected age as endpoints. We hypothesized that adding the information of neurological
examination to the information from brain MRI or cUS yields better
PPV and NPV compared to either of these alone.
2. Material and methods
2.1. Participants
This study is part of the multidisciplinary PIPARI Study (the development and functioning of Very Low Birth Weight infants from infancy to
school age), a prospective study of VLBW or VLGA infants born to
Finnish- or Swedish-speaking families between 2001 and 2006, in the
Turku University Hospital, Finland. The inclusion criterion was a birth
weight ≤1500 g in preterm infants born b37 gestational weeks, from
2001 to the end of 2003. From the beginning of 2004, the inclusion
criteria were broadened to include all infants born below the gestational age of 32 weeks, regardless of birth weight. The ﬂow chart of the participants is shown in Fig. 1. All parents gave informed consent for the
follow-up study. The PIPARI Study protocol was approved by the Ethics
Review Committee of the Hospital District of the South-West Finland in
December 2000.
2.2. Magnetic resonance imaging of the brain
The brain MRI was performed at TEA with an open 0.23-T Outlook
GP (Philips Medical, INC, Vantaa Finland) (infants born between 2001

and 2003, n = 119) that was upgraded to the 1.5-T Philips Intera
(Philips Medical Systems, Best Netherlands) (infants born between
2004 and 2006, n = 97). One neuroradiologist (R.P.) analyzed all the
images and was blinded both to the clinical information and to the result of the cUS examinations of the infant. The MRI ﬁndings were categorized into three groups: normal ﬁndings consisted of normal brain
anatomy (cortex, basal ganglia and thalami, posterior limb of internal
capsule, white matter, germinal matrix, corpus callosum and posterior
fossa structures), width of extracerebral space b 5 mm, ventricular/
brain (V/B) ratio b 0.35 and no ventriculitis; minor pathologies
consisted of consequences of intraventricular hemorrhage grades 1
and 2, caudothalamic cysts, width of the extracerebral space of 5 mm
and V/B ratio of 0.35; major pathologies consisted of consequences of
intraventricular hemorrhage grades 3 and 4, injury in cortex, basal
ganglia, thalamus or internal capsule, with injury of corpus callosum,
cerebellar injury, white matter injury, increased width of extracerebral
space N5 mm, V/B ratio N0.35, ventriculitis or other major brain pathology (infarcts). [1] The infants were categorized into three groups
(normal, minor brain pathologies, and major brain pathologies) based
on the MRI ﬁndings at TEA [10] to evaluate the relation between brain
pathology and neurosensory outcome.
2.3. Cranial ultrasound
cUS examinations were performed at 3 to 5 days, at 7 to 10 days, at
1 month of age, monthly thereafter until discharge from the hospital
and at TEA. The cUS examinations were performed with a 7-MHz vector
transducer (Sonos 5500 Hewlett-Packard, Andover, Mass). Intraventricular hemorrhages were classiﬁed from grades 1 to 4 [11]. The cUS examination at TEA was performed with a 7.5-MHz vector transducer (Aloka
SSD 2000, Aloka Co., Ltd., Tokyo, Japan) from January 2001 to August
2002 and an 8-MHz vector transducer (General Electric Logic 9 [General
Electric, Waukesha, WI]) from September 2002 to March 2007. The cUS
examination at TEA was performed by a pediatric radiologist blinded
both to the clinical information and to the result of the MRI examination
of the infant. The infants were categorized into three groups (normal,

Fig. 1. The ﬂow chart of the participants, mean birth weights (BW) and gestational ages (GA) in weeks.
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minor brain pathologies, and major brain pathologies) according to the
most serious ﬁndings on cUS examinations. [12] The division into these
groups was done as previously described [13].
2.4. Neurosensory outcome
Neurological examination at TEA was performed by an experienced
physician and physiotherapists, using a standardized proforma of the
Dubowitz neurologic examination [4]. It includes 34 qualitative and
quantitative items for preterm and term infants with measurement subscales of tone and posture (10 items), tone patterns (5 items), reﬂexes
(6 items), spontaneous movements (3 items), abnormal signs (3
items), and behavior (7 items). The assessment proforma consists of 5
alternative ﬁndings for each of the items, and the examiner is supposed
to circle the one that corresponds most closely to the infant's performance. The deviant items are deﬁned according to the gestational age
speciﬁc norms [6]. The two subgroups with the lowest gestational
ages (infants born b 25 weeks and between 25 0/7 and 27 6/7 weeks)
were assessed according to same criteria as well as the two subgroups
with the highest gestational ages (infants born between 33 0/7 and 34
6/7 weeks and ≥ 35 weeks). The cut-off value for a deviant result in
the neurological examination was set at ≥1 because even a single deviation from the TEA norm reference [6] in the neurological examination
indicated an increased risk for later impairment. Neurological development was reassessed at 2 years of corrected age by an experienced physician and physiotherapists, using the HINE [7]. It consists of 37 items
that are further divided into three sections: cranial nerve function,
posture, movements, tone and reﬂexes (ﬁrst section of 26 items),
description of motor development (second section of 8 items), and
description of behavioral state of the infant during examination (third
section of 3 items). All the item scores in the ﬁrst section can be
summed up yielding a maximum score of 78. The optimal total scores
for full-term infants are ≥ 73 and ≥ 74 at 12 and 18 months of age,
respectively [7]. A cut-off score of N70 was used for this preterm population. We deﬁned the cut-off as the 90th percentile of the healthy preterm infants (i.e. brain MRI normal or with minor pathologies and no
NSI), as there are no norms for preterm infants at 2 years of corrected
age.
The diagnosis of CP including the grading of severity by Gross Motor
Function Classiﬁcation System (GMFCS) [14] was ascertained by one
child neurologist (L.H.) at 2 years of corrected age after a systematic
clinical follow-up. Severe hearing impairment was categorized as a
hearing impairment with a cut-off of 40 dB or hearing loss requiring ampliﬁcation in at least one ear, and severe visual impairment was determined as a visual acuity b0.3, or blindness [1,10]. NSI included at least
one of the following ﬁndings: CP, severe hearing impairment or severe
visual impairment.
2.5. Statistical analysis
Univariate associations between either brain MRI or cUS and continuous response variables were studied using a linear model. This linear
model was also used to study the association between the Dubowitz
neurologic examination at TEA and the HINE at 2 years of corrected
age. The associations were further studied using either MRI or cUS and
the Dubowitz neurologic examination as predictor variables of the
HINE. The associations between the Dubowitz neurologic examination
at TEA and NSI at 2 years of corrected age were studied using logistic regression analysis. The association was further studied controlling for either brain MRI or cUS. All statistical models were ﬁtted using the scores
of the Dubowitz neurologic examination and the HINE as continuous
variables, but descriptive statistics are also shown for dichotomized
values of the two variables. Univariate associations between the subscales of the Dubowitz neurologic examination and response variables
were studied using Pearson correlation for the HINE and point biserial
correlation for NSI. Statistical analyses were done using SAS for

Windows version 9.3. p-Values below 0.05 were considered as statistically signiﬁcant.
The NPV was deﬁned as the percentage of children with no deviant
ﬁndings in the Dubowitz neurologic examination and no or minor
brain pathologies either in the brain MRI or cUS resulting in a developmental outcome without NSI at 2 years of corrected age. The PPV was
deﬁned as the percentage of children with one or more deviant ﬁndings
in the Dubowitz neurologic examination and major brain pathologies
either in the brain MRI or cUS resulting in an abnormal developmental
outcome with NSI.

3. Results
The neonatal characteristics of the 216 preterm infants are shown in
Table 1. All the infants were examined by brain MRI and serial cUS. The
ﬁndings are shown in Table 2. All the infants were examined at TEA and
208 (96.3%) were examined at 2 years of corrected age. Of all the infants, 14 (6.5%) had CP and 4 (1.9%) had severe hearing impairment.
There were no children with severe visual impairment.

3.1. The Dubowitz neurologic examination at term equivalent age
The gestational age subgroups are shown in Table 1. The mean postmenstrual age of the infants at the time of examination was 40 weeks
(SD 2.5 days, [38 5/7, 42 1/7]). The mean number of deviant items in
the Dubowitz neurologic examination was 2.0 (SD 2.1, [0.0, 13.0]). The
number of deviant items was 1.8 (SD 1.8, [0.0, 9.0]) in the infants with
normal MRI ﬁndings, 1.8 (SD 2.0, [0.0, 10.0]) in the infants with minor
MRI pathologies, and 2.5 (SD 2.6, [0.0, 13.0]) in the infants with major
MRI pathologies. The number of deviant items was 1.6 (SD 1.7, [0.0,
9.0]) in the infants with normal cUS ﬁndings, 2.4 (SD 2.4, [0.0, 13.0])
in the infants with minor cUS pathologies, and 2.3 (SD 2.0, [0.0, 6.0])
in the infants with major cUS pathologies.
Fifty-three (24.5%) of the infants had no deviant items. Of these infants, brain MRI was normal in 32 (60.4%), 9 (17.0%) had minor pathologies, and 12 (22.6%) major pathologies. cUS was normal in 35 (66.0%)
of these infants, 14 (26.4%) had minor pathologies, and 4 (7.6%) had
major pathologies, respectively.
There wasn't any single test item which alone correlated signiﬁcantly with the HINE total scores or NSI at 2 years of corrected age. The
subscales that correlated with the HINE total scores were tone patterns
(r = −0.25, p b 0.001), posture and tone (r = −0.18, p = 0.01) and
behavior (r = − 0.13, p = 0.07). The same subscales correlated with
NSI: tone patterns (r = − 0.18, p = 0.01), posture and tone (r =
−0.13, p = 0.06) and behavior (r = −0.19, p = 0.01).
Table 1
Neonatal characteristics of the VLBW or VLGA infants (n = 216).
Characteristics

Data

Birth weight, mean (SD) [minimum, maximum], g
Gestational age at birth, mean (SD) [minimum,
maximum], week
Males, females, n (%)
Cesarean section, n (%)
Small for gestational age, n (%)
Bronchopulmonary dysplasia, n (%)
Sepsis, n (%)
Necrotizing enterocolitis, surgical, n (%)
Retinopathy of prematurity, laser treated, n (%)
Gestational age subgroups, n (%)
b25 weeks
25 0/7–27 6/7 weeks
28 0/7–29 6/7 weeks
30 0/7–31 6/7 weeks
32 0/7–34 6/7 weeks
≥35 weeks

1132 (331) [400, 2120]
29 1/7 (2 5/7) [23 0/7, 35 6/7]
121 (56.0), 95 (44.0)
133 (61.6)
81 (37.5)
28 (13.0)
35 (16.4)
10 (4.7)
8 (3.8)
15 (6.9)
55 (25.5)
61 (28.2)
56 (25.9)
26 (12.0)
3 (1.4)
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improved to 35.7% (MRI) and to 63.6% (cUS), and the NPV of 90.3%
(MRI) and 87.1% (cUS) remained the same (Table 3).

Table 2
Brain MRI and cUS ﬁndings, n (%).

Normal ﬁndings
Minor pathologies
Major pathologies

MRI

cUS

120 (55.6)
38 (17.6)
58 (26.9)

113 (52.3)
85 (39.4)
18 (8.3)

3.2. The Hammersmith Infant Neurological Examination at 2 years of
corrected age
Mean age at examination time was 2 years of corrected age (SD
9 days, [−71 days, +60 days]). The mean total score of the examinations was 72.9 (SD 5.6, [38.0, 78.0]).
The Dubowitz neurologic examination was signiﬁcantly related to the
variation in the HINE total scores (R2 = 0.04, b = −0.6, p = 0.003). The
NPV of no deviant items in the Dubowitz neurologic examination for
HINE total score N 70 was 88.5%, and the PPV of one or more deviant
items for total score ≤70 was 16.7%.
Brain MRI explained 11.9% of the variation in the HINE total scores
(p b 0.0001). Major brain pathologies on MRI reduced the HINE total
scores compared to normal ﬁndings (b = −0.7 for minor pathologies
and b = − 4.5 for major pathologies, respectively). cUS explained
13.2% of the variation in the HINE total scores (p b 0.0001). Major
brain pathologies on cUS reduced the HINE total scores compared to
normal ﬁndings (b = − 1.4 for minor pathologies and b = − 7.9 for
major pathologies, respectively).
One hundred and seventy-six (84.6%) of the children had HINE
scores N70. Of these infants, brain MRI was normal in 108 (61.4%), 31
(17.6%) had minor pathologies, and 37 (21.0%) had major pathologies.
cUS was normal in 97 (55.1%) of these infants, 71 (40.3%) had minor
pathologies, and 8 (4.6%) had major pathologies, respectively.
The NPV of normal ﬁndings or minor pathologies on brain MRI for
the HINE scores N70 was 90.3%, and the PPV of major pathologies for
total score ≤70 was 31.5%. The NPV of normal ﬁndings or minor pathologies on cUS for the HINE scores N70 was 87.1%, and the PPV of major
pathologies for total score ≤ 70 was 46.7%. Neurological examination
and brain MRI at TEA together explained 14.9% of the variation in the
neurological examination at 2 years of corrected age. Neurological
examination and cUS together explained 17.2% of the variation in the
neurological examination at 2 years of corrected age. Thus neurological
examination at TEA improved the predictive value of MRI (R2 change =
0.03, p = 0.01) and cUS (R2 change = 0.04, p = 0.002). The PPV

3.3. Neurosensory impairment
A total of 17 (7.9%) infants had NSI at 2 years of corrected age. Brain
MRI was normal in 1 (5.9%) of these infants, none had minor pathologies, and 16 (94.1%) had major pathologies. cUS was abnormal in all of
these infants, 6 (35.3%) had minor pathologies, and 11 (64.7%) had
major pathologies. All the children with NSI had abnormal result in
the Dubowitz neurologic examination at TEA: ﬁve infants (29.4%) had
1 deviant item, two infants (11.8%) had 2 deviant items, three infants
(17.7%) had 3 deviant items, two infants (11.8%) had 4 deviant items,
one infant (5.9%) had 5 deviant items, three infants (17.7%) had 6 deviant items, and one infant (5.9%) had 13 deviant items. A higher number
of deviant items increased the risk for NSI (OR = 1.4, CI 95% 1.1–1.6,
p = 0.002), and the association remained when controlling for either
brain MRI (OR = 1.3, CI 95% 1.0–1.7, p = 0.03) or cUS ﬁndings
(OR = 1.4, CI 95% 1.1–1.9, p = 0.005). The NPV of no deviant items in
the Dubowitz neurologic examination for development without NSI
was 100%, and the PPV of one or more deviant items for NSI was
10.4%. Neurological examination improved the NPV and PPV of brain
MRI from 99.4% to 100.0%, and from 27.6% to 34.8%, respectively
(Table 3). Neurological examination improved the NPV and PPV of cUS
from 97.0% to 100%, and from 61.1% to 78.6%, respectively (Table 3).
All infants with CP had at least one deviant item in the Dubowitz
neurologic examination (Table 4). A higher number of deviant items increased the risk for CP (OR = 1.4, CI 95% 1.2–1.8, p = 0.0006). There
were 4.1 (SD 3.1, [1.0, 13.0]) and 1.9 (SD 1.9, [0.0, 10.0]) deviant items
in infants with and without CP, respectively. The mean total score in
the HINE was 54.3 (SD 10.34, [38.0, 74.0]) and 73.9 (SD 2.6, [67.0,
78.0]) in infants with and without CP, respectively (Table 4).
4. Discussion
This prospective follow-up study of a regional cohort of very preterm infants showed that a systematical use of the Dubowitz neurologic
examination at TEA is a valuable tool to predict neurological development in preterm infants. This neurological examination combined
with either the brain MRI or cUS improves the predictive value of the
brain MRI or cUS alone considering neurosensory outcome at 2 years
of corrected age.

Table 3
The predictive values of the Dubowitz neurologic examination and brain MRI at term equivalent age and serial neonatal cUS for total score ≤70 of the Hammersmith Infant Neurologic
Examination (HINE) and neurosensory impairment (NSI) at 2 years of corrected age.
HINE ≤70 (n = 32, 15.4%)

NSI (n = 17, 7.9%)

The Dubowitz neurologic examination
No deviant items, n = 53 (24.5%)
One or more deviant items, n = 163 (75.5%)

NPV = 88.5%
PPV = 16.7%

NPV = 100%
PPV = 10.4%

Brain MRI ﬁndings
Normal ﬁndings or minor pathologies, n = 158 (73.2%)
Major pathologies, n = 58 (26.9%)

NPV = 90.3%
PPV = 31.5%

NPV = 99.4%
PPV = 27.6%

cUS ﬁndings
Normal ﬁndings or minor pathologies, n = 198 (91.7%)
Major pathologies, n = 18 (8.3%)

NPV = 87.1%
PPV = 46.7%

NPV = 97.0%
PPV = 61.1%

The Dubowitz neurologic examination and brain MRI ﬁndings
No deviant items and normal ﬁndings or minor pathologies, n = 41 (19.0%)
One or more deviant items or major pathologies, n = 129 (59.7%)
One or more deviant items and major pathologies, n = 46 (21.3%)

NPV = 90.0%
PPV = 10.3%
PPV = 35.7%

NPV = 100%
PPV = 0.78%
PPV = 34.8%

The Dubowitz neurologic examination and cUS ﬁndings
No deviant items and normal ﬁndings or minor pathologies, n = 49 (22.7%)
One or more deviant items or major pathologies, n = 153 (70.8%)
One or more deviant items and major pathologies, n = 14 (6.5%)

NPV = 87.5%
PPV = 12.8%
PPV = 63.6%

NPV = 100%
PPV = 3.9%
PPV = 78.6%
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Table 4
The characteristics of the infants with CP (n = 14).
Characteristics

Data

CP type, n (%)
Spastic diplegia
Spastic hemiplegia
Spastic triplegia
Dystonic

7 (50.0)
4 (28.6)
2 (14.3)
1 (7.1)

Gross Motor Function Classiﬁcation System (GMFCS), n (%)a
I
2 (15.4)
II
6 (46.2)
III
3 (23.1)
IV
2 (15.4)
V
0 (0.0)
Gestational age at birth, mean (SD) [minimum, maximum],
week

27 5/7 (22 4/7) [23 3/7, 35 1/7]

Number of deviant items in the Dubowitz neurologic examination at term equivalent
age, n (%)
0
0 (0)
1
3 (21.4)
2
1 (7.1)
3
3 (21.4)
4
2 (14.3)
5
1 (7.1)
6
3 (21.4)
7–12
0 (0)
13
1 (7.1)
Items that were more frequently outside the normative range in the Dubowitz
neurologic examination at term equivalent age, n (%)
Posture: opisthotonus or arms ﬂexed and legs extended 6 (42.9), p = 0.002
Eye appearance: does not open eyes, persistent nystagmus, 2 (14.3), p = 0.01
strabismus, roving eye movements or downward deviation
Visual orientation: does not follow or focus on stimuli,
5 (35.7), p = 0.004
stills, focuses, follows brieﬂy to the side but loses stimuli
Flexor tone (compare arm and leg traction): arm
4 (28.6), p = 0.01
ﬂexion N leg ﬂexion: difference N1 column
Head control (sitting): neck extension N neck
2 (14.3), p = 0.04
ﬂexion: difference N1 column
Brain MRI ﬁndings, n (%)
Normal ﬁndings
Minor pathologies
Major pathologies

1 (7.1)
0 (0.0)
13 (92.9)

cUS ﬁndings, n (%)
Normal ﬁndings
Minor pathologies
Major pathologies

0 (0.0)
5 (35.7)
9 (64.3)

Total score of the Hammersmith Infant Neurologic
Examination at 2 years of corrected age, mean (SD)
[minimum, maximum]
a

54.3 (10.3) [38.0,74.0]

Data missing for 1 (7.1%) child.

Our results support the validity of preterm norms of the Dubowitz
neurologic examination [6]. None of the deviant items alone predicted
abnormal outcome, but any single deviation increased the risk for
later neurosensory impairment. Importantly, speciﬁc subscales (tone
patterns, posture and tone, and behavior) correlated to developmental
outcome. Our ﬁndings are in agreement with a previous study showing
that the Dubowitz neurologic examination at TEA was related to concurrent cerebral abnormalities in MRI [15]. With regard to predicting
CP, our results differed from a previous study including infants with
major ultrasound pathologies showing often 7 or more deviant items
in infants later developing CP [6]. In our study, only one infant with CP
had 7 or more deviant items. This difference may be due to the differences in the populations as we included all preterm infants regardless
of brain pathology. The items that were most commonly deviant in children with CP were posture, eye appearance, visual orientation, ﬂexor
tone, and head control. In addition, the children with CP had good functional level as the majority of children were independently mobile and
only two of them needed assistive device. It is noteworthy also from
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this perspective that all children with even mild CP had at least one
deviant item in the Dubowitz neurologic examination at TEA. On the
other hand, there were seven infants with 7 or more deviant items
without CP. Some of these infants might have performed suboptimally
due to disturbances related to the examination situation, and some
had neurological abnormalities other than CP.
It has been previously shown that Amiel-Tison Neurological Assessment at TEA predicts psychomotor and behavioral development at
2 years of corrected age [16]. A meta-analysis of neurological examination methods at TEA pointed out that neurological examination could
reach as good sensitivity and speciﬁcity as brain MRI to predict CP
[17]. The meta-analysis did not show sensitivity and speciﬁcity for the
combined information of these methods. The sensitivity of prediction
of combined brain MRI and neurobehavioral assessment has been evaluated using the general movement analysis and the neurobehavioral
assessment of preterm infants [18]. A combination of the two methods
increased sensitivity and speciﬁcity for CP. The HINE and general movement analysis at 3 months of age were shown more effective than either of the assessments alone or serial cUS in predicting neurologic
outcome at 2 years of age [19].
The present study is the ﬁrst showing the combined predictive value
of the Dubowitz neurologic examination and either brain MRI or cUS in
preterm infants. All these examinations were excellent in predicting
normal neurological outcome at 2 years of corrected age. Normal ﬁndings in the Dubowitz neurologic examination provide valuable information for clinicians and families by predicting with a very high likelihood
a good neurosensory development irrespective of the available imaging
facilities. Obtaining a high PPV is challenging as many neurological deviations normalize during the development in early infancy due to the
unique plasticity of the neonatal brain. Compared to either brain MRI
or cUS alone, a combination of neurological examination and brain
imaging improved the prediction for abnormal outcome. However, it
should be emphasized that even though the Dubowitz neurologic examination together with either the brain MRI or cUS aid clinicians in
identifying those infants who are later at a high risk of developmental
problems, good functional outcome can be achieved despite several deviant items or major lesions. The signiﬁcant proportion of normal development in the infants with either major MRI or cUS pathologies also
supports the use of functional measures like the Dubowitz neurologic
examination. The neurological examination is valuable also in followup as it can easily be repeated in order to see which of the abnormal
ﬁndings normalize, worsen or remain stable.
MRI has a value for predicting also cognitive outcome as we showed
in our previous study [1]. The PPV of one or several major pathologies in
MRI was 39% and 75%, respectively, for neurodevelopmental impairments including also the cognitive development at 5 years of age.
New imaging methods or combinations of neurological examinations
and imaging techniques may be able to improve the PPV for abnormal
outcome. For example, diffusion-weighted MRI has been shown to be
associated with a poorer developmental performance in later childhood
and may be of prognostic value for neurodevelopmental outcome in
preterm infants with no abnormalities on conventional brain MRI [20].
Brain volumes also associate with later development [21].
The strengths of this study included a high coverage of the examinations at TEA and at 2 years of corrected age with very little variation in
the age at the examinations. As there are no norms for preterm children
for the HINE at 2 years of corrected age, the cut-off scores were deﬁned
according to this cohort. These data could be used in future as a reference when examining preterm infants.
A possible technical limitation of this study was the upgrading of the
MRI equipment during the study period. Comparability was supported
by our ﬁndings about the incidence of brain lesions, which did not increase after the MRI equipment upgrading in our study population.
In conclusion, this study showed that the combination of the neurological examination and either brain MRI or cUS provides an effective
tool to estimate long-term neurosensory development in preterm
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infants. The families need individualized information which is as accurate as possible about the neurodevelopmental prognosis of their
child. It is important not to forget the great potential for compensation
provided by the maturing brain in optimal growth environment.
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ABBREVIATIONS

cMND
HINE
MND
PPV
sMND
TEA

Complex minor neurological
dysfunction
Hammersmith Infant
Neurological Examination
Minor neurological dysfunction
Positive predictive value
Simple minor neurological
dysfunction
Term equivalent age

AIM To study the prognostic value of volumetric brain magnetic resonance imaging (MRI) at
term equivalent age (TEA) and neurological examinations at TEA and at 2 years of corrected
age for long-term neuromotor outcome in infants born very preterm.
METHOD A total of 98 infants born very preterm were included. Structural and volumetric
brain MRI and the Dubowitz neurologic examination were done at TEA. The Hammersmith
Infant Neurological Examination (HINE) was performed at 2 years of corrected age. The
Touwen examination was used for the assessment of minor neurological dysfunction (MND)
at the age of 11 years.
RESULTS Of all children (median birthweight 1083g [quartiles 820, 1300]; gestational age
28 5/7wks [26 4/7, 30 2/7]), 41 had simple MND, 11 had complex MND (cMND), and eight had
cerebral palsy (CP). The negative and positive predictive value of structural brain MRI for
cMND or CP was 88% and 50% respectively. Reduced volumes of total brain tissue, frontal
lobes, basal ganglia and thalami, and cerebellum associated with cMND or CP. The results
of the Dubowitz neurologic examination and the HINE correlated with the Touwen
examination.
INTERPRETATION Structural and volumetric MRI at TEA and structured neurological
examinations predict long-term neuromotor outcome in infants born preterm.

Severe neurological impairments such as cerebral palsy (CP)
have decreased in children born preterm.1,2 However, the
rate of milder forms of motor dysfunction continues to be
significantly high, from 25% to 50%.3 The modified Touwen examination is a standardized neurological examination,
which has been designed to detect minor neurological dysfunction (MND).4 It is primarily a tool for clinical practice,
but it is also applied in research, especially in evaluating the
association between neurological conditions and preterm
birth. Simple MND (sMND) represents typical but nonoptimal brain function, whereas complex MND (cMND)
may be considered a borderline form of CP. MND increases
risk for learning difficulties and behavioural problems.5,6
We have previously reported the positive (PPV) and negative predictive values of different brain pathologies seen in
magnetic resonance imaging (MRI) at term equivalent age
(TEA) on neurosensory and neurodevelopmental impairments in a cohort of 217 very low birthweight/very low gestational age infants at 2 years and 5 years of age.7,8 The
Dubowitz neurologic examination9 at TEA has also been
shown to predict later neurological outcome in infants born
© 2016 Mac Keith Press

preterm at 2 years of corrected age.8 In addition, structured
neurological examinations have been shown to improve the
prediction of neurosensory outcome at 2 years of corrected
age when combined with either brain MRI or cranial ultrasound at TEA.8 Regional brain volumes at TEA have also
been shown to associate with neurodevelopment at 2 years
of corrected age.10 There are no long-term data available on
the associations between structural pathologies or volumetric alterations in the brain tissue at TEA and neuromotor
development in infants born preterm. Moreover, it is not
known how structured neurological examinations predict
long-term outcome in infants born preterm.
Our aim was to study the prognostic value of volumetric
brain MRI at TEA, and structured neurological examinations for MND in infants born very preterm at 11 years of
age. We hypothesized that regional brain volumes provide
additional value in predicting long-term neuromotor outcome in infants born preterm. We also hypothesized that
structured neurological examinations of neonates and
infants correlate with neuromotor outcome at 11 years of
age.
DOI: 10.1111/dmcn.13030 1
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METHOD
Participants
This study is part of the multidisciplinary PIPARI Study
(The Development and Functioning of Very Low Birth
Weight Infants from Infancy to School Age), a prospective
study of very low birthweight or very low gestational age
infants born between 2001 and 2006, at Turku University
Hospital, Finland. All infants born preterm (<37 gestational wks) born below 1500g from 2001 to 2003 were
included. From the beginning of 2004, the inclusion criteria were broadened to include all infants born below the
gestational age of 32 weeks, regardless of birthweight.7,8,11
Only the infants born before April 2004 were included in
this study, because the MRI equipment was upgraded
thereafter. The flow chart of the participants is shown in
Figure 1. All parents and children gave informed consent
for the follow-up study. The PIPARI Study protocol was
approved by the Ethics Review Committee of the Hospital
District of South-West Finland in December 2000 and
January 2012.
Magnetic resonance imaging of the brain
The brain MRI was performed at TEA with an open 0.23T Outlook GP (Philips Medical, Inc., Vantaa, Finland).7,8,11 The infants were categorized into three groups
according the structural MRI findings (normal findings,
minor pathologies, and major pathologies)7,8 to evaluate

•
•
•

What this paper adds
Structural brain magnetic resonance imaging (MRI) at term equivalent age
predicts long-term neuromotor outcome in infants born preterm up to
11 years of age.
Volumetric brain MRI provides an additional tool for prediction of long-term
neuromotor outcome in infants born preterm.
Structured neurological examinations of neonates and infants correlate with
long-term neuromotor outcome.

the relationship between the brain pathology and the neuromotor outcome. The details about the brain MRI classification are shown in the Appendix.
Volume measurements were manually performed by one
observer (RP) who visually separated the cerebrospinal
fluid from the brain tissue image by image. The anatomical
differentiation of the brain was based both on anatomical
landmarks and signal intensity differences of the brain
structures. The volumes of the total brain tissue (total
brain volume minus ventricle volumes), the cerebrum, the
cerebellum, the frontal lobes, the brain stem (medulla
oblongata together with pons), the basal ganglia together
with the thalami, and ventricles (lateral ventricles, third
and fourth ventricles) were measured. A T1-weighted 2FE
(field echo) sequence with a 3TR (time of repetition) of
30ms, a 4TE (time of echo) of 10ms, a flip angle of 45°, a
slice thickness of 5mm, a field of view of 220 9 220mm2,
and a matrix of 256 9 256 in the coronal plane were
obtained.11

Live-born VLBW/VLGA
infants n=149
(BW 1013g, GA 28 1/7)
Excluded n=5
n=23 infants died

(BW 1021g, GA 28 6/7)

(BW 766g, GA 25 2/7)

- 1 did not fulfill the
language criteria
n=121 eligible infants
(BW 1059g, GA 28 5/7)
Drop-outs n=23

- 3 families lived outside the
catchment area of the
hospital
- 1 infant with genetic
syndrome

(BW 1064g, GA 28 4/7)
- 10 refused to
participate
- 13 withdrew during
the follow-up
Final number of infants
n=98
(BW 1058g, GA 28 5/7)

Figure 1: The flow chart of the participants, mean birthweights, and gestational ages in weeks. BW, birthweights; GA, gestational ages; VLBW, very
low birthweight; VLGA, very low gestational age.
2 Developmental Medicine & Child Neurology 2016
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Neuromotor outcome
Neurological examination at TEA was performed by an
experienced physician and physiotherapists, using a standardized proforma of the Dubowitz neurologic examination.9 Neurological development was reassessed at 2 years
of corrected age by an experienced physician and physiotherapists, using the Hammersmith Infant Neurological
Examination (HINE).12 These methods have been previously described in detail.8
Neurological examination at 11 years of age was performed by the first author (SS) using the latest version of
the Touwen examination.4 This examination included
eight domains: posture and muscle tone; reflexes; involuntary movements (athetotiform movements, choreiform
movements, and tremor); coordination and balance; fine
manipulation; associated movements; sensory function; and
cranial nerve function. Hand preference, head circumference, weight, and length were also recorded. The domains
were classified as dysfunctional according to the criteria of
the manual using computerized scoring.4 sMND was
defined as the presence of one or two dysfunctional
domains, and cMND as the presence of more than two
dysfunctional domains. The presence of an isolated dysfunctional domain in reflexes did not qualify for the classification of sMND. All the examinations were videotaped
(KA) and classified together with an experienced child neurologist (LH) in order to ensure a consensus regarding the
details of the assessments.
The diagnosis of CP, including the grading of functional
severity by the Gross Motor Function Classification
System,13 was ascertained by a child neurologist (LH)
at 2 years of corrected age after a systematic clinical
follow-up.
Statistical analysis
The negative predictive value was defined as the percentage of children with normal findings or minor brain

pathologies in the structural brain MRI at TEA resulting
in a normal neuromotor outcome (without MND) at
11 years of age. The PPV was defined as the percentage of
children with major brain pathologies in the structural
brain MRI resulting in an abnormal neuromotor outcome
with cMND or CP. Multinomial logistic regression models
were used to study the associations between brain volumes
and the results of Touwen examinations controlling for
brain pathology. As the data distribution of ventricular volume was right skewed, the variable was log transformed
before further analysis. Because the results of the neurological examinations were not normally distributed, the following bivariate analyses were done using non-parametric
methods. Associations between continuous (the Dubowitz
neurologic examination and the HINE) and ordinal variables (the Touwen examination) were studied using Spearman’s correlation coefficient. Continuous variables were
compared between study infants and drop-outs using the
Mann–Whitney U test and comparisons between two categorical variables were done using the v2 test or Fisher’s
exact test, as appropriate. Continuous variables are presented with the median (lower quartile, upper quartile).
Statistical analyses were done using SAS (Version 9.3 for
Windows; SAS Institute Inc., Cary, NC, USA), and
p-values below 0.05 were considered as statistically
significant.

RESULTS
The characteristics of the 98 infants born preterm are
shown in Table I. Of all infants, 96 (98%) were examined
by brain MRI at TEA. All the infants were examined by
the Dubowitz neurologic examination at TEA and by the
HINE at 2 years of corrected age. Of all children, 97
(99%) were examined by the Touwen examination. One
child with CP was not examined at the age of 11 years. All
the background characteristics (Table I) of the study
infants and drop-outs (Fig. 1) were compared. The only

Table I: Characteristics of the very low birthweight or very low gestational age study infants and drop-outs
Characteristics

Study infants (n=98)

Birthweight, median (lower quartile, upper quartile), g
1083 (820, 1300)
Gestational age at birth, median (lower quartile, upper quartile), wks
28 5/7 (26 4/7, 30 2/7)
Males, females, n (%)
47 (48), 51 (52)
Cesarean section, n (%)
57 (58)
Small for gestational age, n (%)
37 (38)
Bronchopulmonary dysplasia, n (%)
15 (15)
Sepsis, n (%)
23 (23)
Necrotizing enterocolitis, surgical, n (%)
4 (4)
Retinopathy of prematurity, laser treated, n (%)
2 (2)
The Dubowitz neurologic examination at term equivalent age
Median number of deviant items (lower quartile, upper quartile)
2.0 (1.0, 3.0)
No deviant items, n (%)
18 (18)
One or more deviant items, n (%)
80 (82)
The Hammersmith Infant Neurological Examination at 2y of corrected age
Median total score (lower quartile, upper quartile)
74.0 (71.0, 76.0)
Total score >70, n (%)
82 (84)
Total score ≤70, n (%)
16 (16)

Drop-outs (n=23)

p

1115
28
13
20
9
4
5
2
2

0.94
0.59
0.46
0.0098
0.91
0.80
0.86
0.36
0.11

(795, 1330)
3/7 (26 4/7, 29 6/7)
(57), 10 (43)
(87)
(39)
(17)
(22)
(9)
(9)

2.0 (1.0, 5.0)
2 (9)
21 (91)

0.46
0.36

74.0 (72.0, 76.0)
16 (76)
5 (24)

0.96
0.53

Continuous variables were compared between study infants and drop-outs using Mann–Whitney U test and comparisons between two
categorical variables were done using v2 test or Fisher’s exact test.
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Table II: The prevalence of normal neurological outcome, simple minor neurological dysfunction (sMND), complex minor neurological dysfunction
(cMND), and cerebral palsy (CP) at 11 years of age according to brain magnetic resonance imaging (MRI) categories at term equivalent age
Motor outcome
Structural brain MRI findings
(MRI for two infants)

Normal n=38 (39%)

sMND n=41 (42%)

cMND n=11 (11%)

CP n=8 (8%)

Normal findings, n=56 (58%)
Minor pathologies, n=20 (21%)
Major pathologies, n=20 (20%)

n=25 (69%)
n=10 (28%)
n=1 (3%)

n=25 (61%)
n=7 (17%)
n=9 (22%)

n=5 (45%)
n=3 (27%)
n=3 (27%)

n=1 (13%)
n=0 (0%)
n=7 (88%)

Table III: The associations between brain volumetric findings at term equivalent age, simple minor neurological dysfunction (sMND), and complex

Table IV: The results of Spearman correlations between the domains of
the Dubowitz neurologic examination at term equivalent age, the Hammer-

minor neurological dysfunction (cMND) or cerebral palsy (CP) in infants

smith Infant Neurological Examination (HINE) at 2 years of corrected age,

born preterm at 11 years of age. The analysis of the multinomial logistic

and the results of the Touwen examination at 11 years of age in all chil-

regression models were adjusted for structural brain magnetic resonance

dren born preterm and children born preterm without cerebral palsy (CP)

imaging categories

Total brain tissue
Ventricles
Cerebrum
Frontal lobes
Basal ganglia and
thalami
Cerebellum
Brain stem

sMND
OR (95% CI)
0.99
0.50
0.99
0.98
0.93

(0.98–1.00)
(0.23–1.06)
(0.98–1.01)
(0.96–1.00)
(0.84–1.02)

0.89 (0.79–0.99)
0.89 (0.75–1.05)

All preterm
children (n=98)

p

cMND or CP
OR (95% CI)

p

0.18
0.08
0.28
0.10
0.12

0.99
0.59
0.99
0.96
0.87

(0.97–1.00)
(0.23–1.50)
(0.97–1.00)
(0.93–0.99)
(0.76–0.98)

0.04
0.27
0.07
0.01
0.03

0.04
0.17

0.83 (0.71–0.96)
0.82 (0.64–1.03)

0.02
0.10

OR, odds ratio; CI, confidence interval.

statistically significant finding was that the children lost to
follow-up were more likely to have been born by caesarean
section than the study infants (p=0.01).
The results of the Dubowitz neurologic examination at
TEA and the results of the HINE at 2 years of corrected
age are shown in Table I. The median age at the time of
the Touwen examination was 11 years and 2 months
(lower quartile 11y; upper quartile 11y 9mo). Of all children, 41 (42%) had sMND, 11 (11%) had cMND, and
eight (8%) had CP. The results according to structural
brain MRI categories are shown in Table II. The negative
predictive value and PPV of brain MRI for cMND or CP
were 88% and 50%. The multinomial logistic regression
models showed that decreasing volume of cerebellum
increased the risk for sMND as shown in Table III.
Decreasing volumes of total brain tissue, frontal lobes,
basal ganglia and thalami, and cerebellum increased the
risk for cMND or CP.
The Touwen examination revealed deviant findings in
different domains as follows: posture and muscle tone
(n=16, 17%); reflexes (n=28, 29%); involuntary movements
(n=1, 1%); coordination and balance (n=93, 96%); fine
manipulation (n=73, 75%); associated movements (n=86,
89%); sensory function (n=6, 6%); and cranial nerve function (n=10, 10%). The proportions of dysfunctional
domains were respectively: posture and muscle tone (n=7,
7%); reflexes (n=24, 25%); involuntary movements (n=1,
1%); coordination and balance (n=34, 35%); fine manipula4 Developmental Medicine & Child Neurology 2016

The Dubowitz neurologic examination
Orientation and
(r=0.32, p=0.001)
behaviour
Tone and posture
(r=0.02, p=0.85)
Tone patterns
(r=0.11, p=0.30)
Reflexes
(r=0.02, p=0.86)
Spontaneous
(r=0.12, p=0.22)
movements
Abnormal signs
(r=0.11, p=0.28)
The HINE
Posture
(r=0.46, p<0.001)
Cranial nerve function
(r=0.16, p=0.11)
Movements
(r=0.42, p<0.001)
Tone
(r=0.25, p=0.01)
Reflexes and reactions
(r=0.25, p=0.01)

Preterm children
without CP (n=90)
(r=0.39, p=0.001)
(r=0.04, p=0.73)
(r=0.06, p=0.58)
(r=0.08, p=0.47)
(r=0.17, p=0.11)
(r=0.12, p=0.26)
(r=0.3, p=0.004)
(r=0.18, p=0.08)
(r=0.09, p=0.40)
(r=0.08, p=0.46)
(r=0.06, p=0.55)

tion (n=23, 24%); associated movements (n=34, 35%); sensory function (n=0, 0%); and cranial nerve function (n=10,
10%).
The median head circumference (cm), weight (kg), and
length (cm) of the children were 53.3 (lower quartile 52.1,
upper quartile 54.2), 35.3 (lower quartile 31.1, upper quartile 39.9), 143.8 (lower quartile 138.9, upper quartile
149.3) respectively. The hand preference was right in 86
(88%) children, left in eight (8%) children, and ambidextrous in three (3%) children. Females performed marginally better in the Touwen examination than males (p=0.04).
There were no statistically significant correlations between
gestational age or small for gestational status and the
results of the Touwen examination.
The results of Spearman correlations showed that the
number of deviant items in the Dubowitz neurologic
examination at TEA correlated with the results of the
Touwen examination at 11 years of age (r=0.22, p=0.03).
The total score of the HINE at 2 years of corrected age
correlated with the results of the Touwen examination at
11 years of age (r=0.39, p=0.001). The correlations
between the domains of the Dubowitz neurologic examination and the Touwen examination, and the domains of
the HINE and the Touwen examination are shown in
Table IV. The probability of having cMND increased as
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the total test score of the HINE decreased, as shown in
Figure 2.

DISCUSSION
This prospective follow-up study of a regional cohort of
infants born very preterm showed for the first time that
structural brain MRI at TEA, including volume measurements and structured neurological examination at TEA
and at 2 years of corrected age, predicts the neuromotor
outcome even at 11 years of age.
A systematic review has previously suggested that white
matter injury and intraventricular haemorrhages in addition to perinatal risk factors such as postnatal corticosteroid therapy, intrauterine growth retardation, and
chronic lung disease are frequently associated with regional
brain volume changes in infants born preterm.14 Data concerning associations between volumetric alterations at TEA
and long-term neurodevelopment are scarce. We have previously shown that a decrease in regional brain volumes
associates with poorer neurodevelopmental outcomes in
infants born preterm at 2 years and 5 years of age.10,14,15
In the present study, the decrease in volumes of total brain
tissue, frontal lobes, basal ganglia and thalami, and cerebellum at TEA is still associated with abnormal neuromotor
outcome at 11 years of age.

The domains that were most often deviant in the Touwen examination were coordination and balance, associated
movements, and fine manipulation. These abnormal findings in the neurological examination were associated with
decreased volumes of cerebellum, and basal ganglia and
thalami which have an essential role in controlling coordination and balance.4 In addition to brain MRI findings,
only sex correlated marginally with the results of the Touwen examination. This is in line with previous findings
showing that male sex is a risk factor for MND.5,6 No
effect of gestational age or small for gestational age status
on the long-term neuromotor performance was found in
the present study. This is consistent with our previous
results showing that small for gestational age infants have
similar developmental outcomes compared to other infants
born preterm in this study population.10,16,17
To our knowledge, general movements assessment is the
only clinical method evaluated for its predictive value for
later neurodevelopmental outcomes up to 11 years of age.
General movements assessment has been shown to have
high sensitivity and specificity in high-risk neonates. Sensitivity and specificity for adverse neurodevelopmental outcomes have ranged from 38% to 100% and 35% to 99%
at 12 to 24 months respectively; 54% to 100% and 23% to
73% at 2 to 3 years; and 85% to 100% and 48% to 89%

1.0

Probability of neuromotor outcome according
the Touwen examination

0.9

cMND

0.8
0.7
0.6

sMND

0.5
0.4
0.3
0.2
Normal
0.1
0.0
67

68
69
70
71
72
73
74
75
76
77
Total score of the Hammersmith Infant Neurological Examination

78

Figure 2: The association according to the logistic regression between the total score of the Hammersmith Infant Neurological Examination (HINE) at
2 years of corrected age and the outcome according to the Touwen examination at 11 years of age. For example, with a total score of 70 according to
the HINE, the probability of normal neurological outcome is 28% (0.28), the probability of simple minor neurological dysfunction (sMND) (solid line) is
50% (0.78–0.28), and the probability of complex minor neurological dysfunction (cMND) (dashed line) is 22% (1–0.78).
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at 4 to 11 years.18 The quality of fidgety movements in
early infancy has been shown to predict neuromotor development up to later school-age.19,20 Based on the available
evidence, this noninvasive though time-consuming method
is the best single method in predicting CP. Combining
general movements with brain MRI findings at TEA has
been shown to increase the prediction of CP up to
100%.21 The integrated use of a scorable neurological
examination and general movements has also been shown
to improve prediction of neurodevelopmental outcome in
infants born preterm at 2 years of corrected age.22
The Dubowitz neurologic examination has been found
to identify infants with significant MRI abnormalities with
good negative predictive value (92%) but low PPV
(34%).23 The predictive value of the Dubowitz neurologic
examination at TEA for neuromotor and neurosensory
development at 2 years of corrected age has been previously studied using the number of abnormal items.8 Combining this structured neurological examination with brain
imaging has been found to significantly improve the PPV
up to 79%.8 This is the first time when the predictive
value of the Dubowitz neurologic examination for the neuromotor outcome is evaluated in school-age children. Even
though many abnormalities in neonatal neurological examination are known to resolve, the correlation between the
results of the Dubowitz neurologic examination at TEA
and Touwen examination at 11 years of age was 0.2. The
domain that best predicted the neurological status at
11 years of age was orientation and behaviour (eye appearances, auditory orientation, visual orientation, alertness,
irritability, consolability, and cry). Interestingly, visual
behaviour in human newborns has recently been proposed
to reflect the maturation of white matter networks.24
It is known that the HINE can give additional information about neuromotor development in children with
CP.25 This study showed the predictive value of the HINE
for long-term neuromotor development also in children
without CP. The correlation between the results of the
HINE at 2 years of corrected age and Touwen examination at 11 years of age was 0.4. The domains which best
predicted the neurological status at 11 years of age were
posture, movements, tone, and reflexes and reactions.
When excluding children with CP, the best predictive
domain was posture.
Our study is consistent with previous findings showing
that a high proportion of children born very preterm had
sMND at the age of 5 years.6 However, we found a significantly higher prevalence of cMND using the complete
protocol of the Touwen examination. cMND was found in
11% of our study participants compared to 3% in the EPIPAGE cohort using the short version of the Touwen
examination. The use of different versions can partly
explain this discrepancy. The modified short form of the
Touwen examination is not validated and may inaccurately
indicate sMND and cMND.4 Despite these differences,
children born preterm continue to have significantly more

6 Developmental Medicine & Child Neurology 2016

difficulties in motor performance compared to children
born full term. Therefore, it is of clinical importance to
focus on prevention and prediction of cMND and its negative consequences on daily activities.
The strengths of this study included examinations at
several age-points and a low attrition. The complete
protocol of the Touwen examination was performed to
obtain detailed and reliable information. The examination was video-recorded and re-evaluated together with
an experienced child neurologist to ensure the reliability
of the ratings. The children lost to follow-up did not
significantly differ from the study population as only
statistically significant difference was the mode of
delivery.
This study shows the additional benefit of volume measurements for prediction of long-term neurodevelopment.
The limitation is, however, that there is no normative data
available for different regional brain volumes at TEA. Validation of volumetric brain MRI is needed to translate this
knowledge into a practical clinical tool. Another limitation
is the MRI equipment of the study period. More advanced
and accurate imaging techniques including diffusionweighted data and automated segmentation, different imaging classification systems, and combinations of neurological
examinations and imaging techniques are plausible in
improving the prediction for abnormal outcome. However,
long-term follow-up data considering these methods are
still needed.
In conclusion, our study showed that volumetric and
structural brain MRI at TEA and structured neurological
examination at TEA and at 2 years of corrected age are
valuable in predicting the neuromotor outcome of infants
born preterm up to later school-age. Especially, normal
findings strongly predict normal outcome.
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APPENDIX
The Classification of the Brain Magnetic Resonance
Imaging Findings
1 Normal findings: normal brain anatomy (cortex, basal
ganglia and thalami, posterior limb of internal capsule,
white matter, germinal matrix, corpus callosum, and
posterior fossa structures), width of extracerebral
space <5mm, ventricular/brain ratio <0.35, and no
ventriculitis.

Infant Neurological Examination during the first year of
age. Eur J Paediatr Neurol 2008; 12: 24–31.

2 Minor pathologies: consequences of intraventricular
haemorrhages grade 1 and 2, caudothalamic cysts, width
of the extracerebral space of 5mm, and ventricular/brain
ratio of 0.35.
3 Major pathologies: consequences of intraventricular haemorrhages grade 3 and 4, injury in cortex, basal ganglia, thalamus, or internal capsule, with injury of corpus callosum,
cerebellar injury, white matter injury, increased width of
extracerebral space >5mm, ventricular/brain ratio >0.35,
ventriculitis or other major brain pathology (infarcts).
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The motor profile of preterm infants at 11 years of age
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ABSTRACT
Background: Preterm infants are at a higher risk for poor motor outcome than term infants. This study aimed to
describe the long-term motor profile in very preterm born children.
Methods: A total of 98 very preterm infants were included. Volumetric brain MRI was performed at term age,
and the Movement Assessment Battery for Children – Second Edition (The Movement ABC-2) was employed at
11 years of age. The diagnosis of Developmental Coordination Disorder (DCD) was determined at 11 years of age
according to International Classification of Diseases.
Results: Eighty-two of 98 (84%) very preterm infants had normal motor development at 11 years of age. In these
children, the mean percentile for the total test score in the Movement ABC-2 examinations was 42 (SD 20). Eight
(8%) children had DCD. The mean percentile in these children was 4 (SD 2). Eight (8%) children had CP. Their
mean percentile was 6 (SD 14). Decreased volumes in all brain regions associated with lower Movement ABC-2
total scores.
Conclusions: The majority of the very preterm infants had normal motor development at 11 years of age. Volumetric brain MRI at term age provides a potential tool to identify risk groups for later neuromotor impairment.

INTRODUCTION
Preterm infants are at a higher risk for poor motor
outcome than term infants (1-5). While the incidence
of CP has slightly decreased due to vast advances in
perinatal and neonatal care over the past decades
(6), the rate of milder motor problems is reported to
be significantly high in prematurely born children
(7). Furthermore, these problems seem to continue
when entering adulthood (8). The Developmental

Coordination Disorder (DCD) is defined as a motor
impairment that appears in the absence of any obvious
neurological and structural abnormality or intellectual
disability that would interfere with activities of daily
living or academic performance (9). The prevalence
of DCD in school-aged children is 5-6%, the reported
prevalence being higher in children born at very
low birth weight or very preterm, from 9.5% to 51%
(4,7,9,10).
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Table 1. Neonatal characteristics of the very preterm infants (n=98).
Characteristics

Children with normal Children with DCD
motor outcome (n=82) (n=8)

Children with CP (n=8)

Birth weight, mean (SD)
[minimum, maximum], g

1087 (258) [580, 1500]

792 (338) [400, 1490]

1031 (306) [560,1500]

Gestational age at birth, mean (SD)
[minimum, maximum], wk

29 0/7 (2 5/7) [24 0/7,
35 6/7]

26 3/7 (2 1/7) [23 0/7,
30 1/7]

28 0/7 (3 1/7) [25 5/7,
35 1/7]

Males, n (%)

34 (41)

8 (100)

5 (63)

Cesarean section, n (%)

48 (59)

4 (50)

5 (63)

Small for gestational age, n (%)

32 (39)

3 (38)

2 (25)

Bronchopulmonary dysplasia, n (%)

9 (11)

3 (38)

3 (38)

Sepsis, n (%)

17 (21)

3 (38)

3 (38)

Necrotizing enterocolitis, surgical, n (%)

1 (1)

1 (13)

2 (25)

Retinopathy of prematurity, laser treated, n (%)

1 (1)

1 (13)

0 (0)

Normal findings

52 (65)

3 (38)

1 (13)

Minor pathologies

18 (23)

2 (25)

0 (0)

Major pathologies

10 (13)

3 (38)

7 (88)

Structural brain MRI findings at term age
(data missing for 2 infants)

The Movement Assessment Battery for Children
is the most commonly used and best validated tool
for detecting DCD (9), also in a high-risk population
of very preterm infants (11). The structural validity
of its revised version (The Movement Assessment
Battery for Children – Second Edition, The Movement
ABC-2) has recently been established (12). The
Developmental Coordination Disorder Questionnaire
2007 (DCDQ’07) is a parent report developed to assist
in the identification of DCD. The sensitivity and the
specificity of this revised questionnaire are 89% and
76%, respectively, in the age group of 10 to 15 years
(13).
Even though the predictive value of MRI for shortterm outcome is established (14), there is little data on
the predictive value of MRI on long-term outcome. The
existing data suggest that motor impairment in children
with perinatal adversities is especially related to white
matter abnormalities MRI (15). We have previously
shown the predictive value of structural brain MRI at
term age for neurosensory, cognitive and neurological
outcome in very preterm born children at 2, 5 and
11 years of age (16-18). A recent study did not find
correlations between brain volumes at term age and
the Movement ABC-2 scores at age 5.5 years (19). We
have recently published the associations between brain
volumes at term age and neurological performance at
11 years of age in very preterm born children (18).
The objective of this study was to describe the
long-term motor profile of very preterm infants at 11
years of age. The motor assessment was completed by
using the Movement ABC-2 to identify children with
movement difficulties. An additional aim was to study
the associations between volumetric neonatal brain MRI
and long-term motor outcome in very preterm infants.

RESULTS
The neonatal characteristics of the 98 very preterm
infants are shown in Table 1. Of all infants, 96 (98%)
were examined by brain MRI at term age. The mean
age at the time of MRI examination was 400/7 (SD 2.6
days, [minimum 391/7, maximum 413/7]). All the children
without CP (n=90) were examined using the Movement
ABC-2 at 11 years of age, and all their parents were
interviewed according to the DCDQ’07. Seven (88%)
of the eight children with CP could be examined. The
mean age at the time of examination was 11 years and 2
months (SD 4 months, [10 years and 6 months, 11 years
and 9 months]). All the neonatal characteristics (Table 1)
of the study infants and drop-outs (n=23) (Fig. 1) were
compared. The only statistically significant finding was
that children lost to follow-up were more often born by
cesarean section than the study children (p=0.01).
The number of children with normal motor
outcome was 82 (84%). Of these children, 79 (96%) had
a total test score >67 (>15th percentile), and 3 (4%) had
a total test score of 57-67 (>5th-15th percentile) in the
Movement ABC-2. The mean total score of the parental
questionnaire DCDQ’07 for these children was 67 (SD
7, [46, 75]), and 7 (9%) children had a total score ≤57
indicating risk for DCD. Fifty-two (63%) of the children
with normal motor outcome participated regularly in
after-school sporting activities. Eight (8%) children had
scores ≤56 (≤5th percentile) in the Movement ABC-2
and were diagnosed with DCD. The mean total score
of the DCDQ’07 for these children was 52 (SD 14, [35,
74]), and 4 (50%) had a total score ≤57, indicating
risk for DCD. Two (25%) of the children with DCD
participated regularly in after-school sporting activities.
There were 8 (8%) children with CP. The mean total
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Live -born VLBW/VLGA
infants N=149
( BW 1013g, GA 28 1/7)
Excluded N=5

(BW 1021g, GA 28 6/7 )

N= 23 infants died

(BW 766g, GA 25 2/7)

- 1 did not fulfill the language criteria
- 3 families lived outside the catchment
area of the hospital
- 1 infant with genetic syndromes

N=121 eligible infants
(BW 1059g, GA 28 5/7)

Dropouts N=23

(BW 1064g, GA 28 4/7)
- 10 refused to
participate
- 13 withdrew during the
follow-up

Final number of infants
N=98
(BW 1 058g, GA 28 5/7)

Infants without CP N=90
(BW 1061g, GA 28 5/7)

Infants with CP N=8

(BW 1031g, GA 28 0/7)

Figure 1 The flow chart of the participants, mean birth weights (BW) and gestational ages (GA) in weeks.

score of the DCDQ’07 for these children was 49 (SD 10,
[37, 68]), and 6 (86%) had a total score ≤57. One (14%)
of the children with CP participated regularly in after-

school sporting activities. The mean values of the three
domains and the total test score of the Movement ABC2 in all children are shown in Table 2. The distribution

Table 2. The mean values (SD, median, and interquartile range) of the three domains and the total test score of the Movement ABC-2
in percentiles in very preterm born children with normal motor outcome (n=82), developmental coordination disorder (DCD) (n=8),
CP (n=8), and all children (n=97).
Domain

Mean

SD

Median

Interquartile range

Children with normal motor outcome

41

22

37

25-50

Children with DCD

11

16

7

1-13

Children with CP*

13

15

5

0-25

All children*

36

23

37

16-50

Children with normal motor outcome

36

26

37

16-50

Children with DCD

10

10

5

2-21

Children with CP*

3

3

2

1-5

All children*

32

26

25

9-50

Children with normal motor outcome

59

27

50

37-91

Children with DCD

11

12

9

4-13

Children with CP*

13

34

0

0-1

All children*

52

32

50

25-91

Children with normal motor outcome

42

20

37

25-63

Children with DCD

4

2

5

4-5

Children with CP*

6

14

1

0-2

All children*
*Data missing for one child

36

23

37

16-50

Manual dexterity

Aiming and catching

Balance

Total test score
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Table 3. The associations between brain volumetric findings at
term age and the Movement ABC-2 total scores in very preterm
born children at 11 years of age. The analysis was adjusted for
gestational age, small for gestational age status, gender, and MRI
categories.

80

The Movement ABC-2

60
40
0

20

The M ovement ABCÔ2

Total brain tissue

Children
without CP

Children
with CP

Figure 2 Combined dotplot and boxplot of the percentiles for
the total test scores of the Movement ABC-2 examinations in
very preterm born children with CP (n=8) and without CP (n=90).
Horizontal dashed lines of the percentiles 5, 15, and 50 show
the cut-offs of significant movement difficulty, risk of having a
movement difficulty, and the mean of the norm population, respectively.

of the total test scores in children with and without CP
is shown in Fig.2.
Brain MRI explained 17.8% of the variation in
the Movement ABC-2 total scores (p<0.001) in all
children and 7.8% in children without CP (p=0.03).
Major brain pathologies on MRI reduced the
Movement ABC-2 total scores compared to normal
findings (b=-3.5 for minor pathologies and b=-25.2
for major pathologies in all children, and b=-3.6 for
minor pathologies and b=-17.9 for major pathologies
in children without CP). The negative predictive value
(NPV) of normal findings or minor pathologies in
brain MRI and positive predictive value (PPV) of
major pathologies for DCD was 93.3% and 23.1%.

b (95% CI)

p

0.20 (0.10-0.30)

<0.001

Ventricles

-0.23 (-6.80-6.33)

0.94

Cerebrum

0.20 (0.10-0.30)

<0.001

Frontal lobes

0.32 (0.12-0.51)

0.002

Basal ganglia and thalami

1.65 (0.85-2.45)

<0.001

Cerebellum

1.16 (0.21-2.11)

0.02

Brain stem

2.13 (0.53-3.73)

0.01

The NPV and PPV of brain MRI for CP was 98.7%
and 35.0%. Decreasing volumes in all brain regions
associated with lower Movement ABC-2 total scores
as shown in Table 3. All the associations remained
statistically significant when excluding the children
with CP. The mean values of brain volumes at term
age in very preterm born children with normal motor
outcome, DCD, and CP are shown in Table 4.
Of the other background characteristics shown in
Table 1, gestational age (r=0.26, p=0.01), birth weight
(r=0.25, p=0.01), and bronchopulmonary dysplasia
(R2=0.07, p=0.009) were significantly associated with
the Movement ABC-2 total scores. The DCDQ’07
total scores correlated with the Movement ABC-2 total
scores (r=0.43, p<0.001).

DISCUSSION
This prospective follow-up study of a regional cohort
of very preterm infants showed that the majority of
children performed within the lower range of normal
variation considering motor outcome at 11 years of
age. Decreasing regional brain volumes at term age
associated with poorer motor outcome even when
excluding children with CP.
The skills to aim and catch a tennis ball were
the most commonly impaired in very preterm born
children. Interestingly, others have found the most
prominent problems to be in balance skills (2), whereas

Table 4. The mean values (SD) of brain volumes (ml) at term age in very preterm born children with normal motor outcome (n=82),
DCD (n=8), and CP (n=8) at 11 years of age.
Total brain tissue

Normal motor outcome

DCD

CP

399.2 (44.7)

374.3 (62.7)

359.1 (36.8)

Ventricles

16.1 (9.2)

14.4 (10.4)

44.1 (48.4)

Cerebrum

366.0 (43.0)

346.8 ( 58.4)

330.5 (33.4)

Frontal lobes

136.9 (22.2)

125.5 (17.0)

113.9 (19.2)

Basal ganglia and thalami

26.7 (5.2)

23.5 (4.0)

22.4 (3.4)

Cerebellum

25.4 (4.6)

21.1 (7.0)

21.4 (2.8)

Brain stem

7.7 (2.9)

6.4 (2.2)

7.2 (2.7)
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the present study found also manual dexterity skills
to be impaired more often than balance skills. This
difference may partly be explained by the use of a
previous version of the Movement ABC examination
and the inclusion of only extremely low birth weight
or very preterm infants. In addition, it would be
interesting to know the regional brain volumes in
different populations of very preterm infants. Different
care practices may have different effects especially on
the vulnerability of the basal ganglia and cerebellum,
which modify the profile/quality of movement in
motor performance. Another difference compared to
previous literature was that no effect of gender or small
for gestational age status on the motor performance
was found (4,9,10). This is consistent with our previous
results of similar outcomes in small for gestational age
infants (20-22).
The neonatal characteristics that associated with
poorer motor outcome were gestational age, birthweight,
and bronchopulmonary dysplasia. A previous study of
perinatal and neonatal predictors for DCD in very low
birthweight children has shown that male sex, lower
gestational age, lower birthweight, postnatal steroid
exposure, longer duration of ventilation, more days of
oxygen, retinopathy of prematurity, and hyponatremia
were associated with poorer motor outcome. Of these
variables, only male sex, low birthweight and postnatal
steroid exposure remained significant with the addition
of neonatal factors (10).
Interestingly, children with DCD seemed to have
even lower gestational age and lower birthweight than
children with CP in this study. Also the structural brain
MRI findings differentiated the children with DCD and
the children with CP. The majority of children with
CP had major pathologies, whereas of the children
with DCD, fewer had major pathologies compared to
children with CP. According to volumetric findings,
children with CP had significantly larger ventricles
than children with DCD. Even though all children with
DCD in the present study were boys, the small number
of children with DCD and CP did not enable reliable
statistical analysis.
We found increased prevalence of DCD in
children born preterm as shown earlier. However, our
prevalence was lower compared to previous studies
(4,7,9,10). The possible reasons for these differences
include different patient populations with different
inclusion and exclusion criteria, and different age point
at testing, as the present study is unique in having
such a long follow-up time. There are also studies
using different cut-off levels in the Movement ABC
examination, and studies using the DCDQ as the only
diagnostic instrument, which is in disagreement with
the latest diagnostic recommendations (9).
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It is noteworthy that more than half of the very
preterm infants with normal motor development
participated regularly in organized after-school sports,
which might potentially have supported normal motor
development. Having regular after-school sporting
activities indicates sufficient motor outcome for
participating in peer-group physical activities and,
potentially, supports not only motor but also social
development. It is also known that sporting activities
are associated with higher quality of life (23). As for the
children with DCD, only a quarter of them had afterschool sport activities, which is in agreement with a
previous study showing that fewer children with motor
impairment participate in organized sporting activities
outside school compared to children with normal
motor development (24).
The present study showed that decreased volumes
in all brain regions at term age associated with poorer
Movement ABC-2 total scores at 11 years of age. In
contrast to our results, a recent study with shorter
follow-up time of 5.5 years found no correlations
between automatically segmented brain volumes at
term age and motor outcome in very preterm born
children (19). The difference might be explained by
the fact that our study included more major brain
pathologies and also more children with CP. Our study
also had higher follow-up rate. It is possible that motor
problems manifest more clearly with increasing age. In
addition, the brain volumes were measured manually
in our study. We have previously shown an association
between reduced volumes of total brain tissue, frontal
lobes, basal ganglia and thalami, and cerebellum and
poor neurological outcome at the age of 11 years
(18). The present study strengthens these previous
results suggesting that brain volumes are potentially
valuable in finding the risk groups for later neuromotor
impairment. However, clear cut-off values would
require large normative samples.
A possible technical limitation is the MRI
equipment of the study period. More advanced and
accurate imaging techniques are plausible to improve
the prediction of abnormal outcome. In addition, T2weighted images were obtained, but they were not used
for the volume measurements, since there was a gap in
the T2-weighted images between slices. Accordingly, the
continuous T1-weighted images were used. Although
the slice thickness was rather thick (5mm) on T1weighted images, this, however, allowed sufficient signal
to noise ratio for interpretation. It is possible that partial
volume effect may have caused some error on the volume
measurements; however, the error would be similar in all
infants. Another limitation is the lack of a control group.
The strengths of this study included a high coverage
of the examinations at term age and at 11 years of age.
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Furthermore, the latest versions of the Movement ABC
and the DCDQ were used. The results of the DCDQ’07
were only used to support the results of the MABC-2
as the DCDQ’07 is not designed to be used alone to
identify DCD. Instead, the diagnosis also requires
valid clinical measures (13). The presence of DCD was
defined according to International Classification of
Diseases (ICD-10), which is used in many countries.
These criteria are also comparable with Diagnostic and
Statistical Manual of Mental Disorders, Fourth Edition
(DSM-IV).
This study, showing normal motor outcome in
the majority of very preterm infants, supports recent
research on the improving outcome of preterm infants.
Brain growth seems to play a pivotal role, since
smaller regional brain volumes predict a poorer motor
outcome.

METHODS
This study is part of the multidisciplinary PIPARI
Study (The Development and Functioning of Very Low
Birth Weight Infants from Infancy to School Age), a
prospective study of very low birth weight or very low
gestational age infants born to Finnish- or Swedishspeaking families between 2001 and 2006, at Turku
University Hospital, Finland. The inclusion criteria was
a birth weight ≤1500 grams in preterm infants born
<37 gestational weeks, from 2001 to the end of 2003.
From the beginning of 2004, the inclusion criteria
were broadened to include all infants born below the
gestational age of 32 weeks, regardless of birth weight.
Only the infants born between January 2001 and April
2004 were included in this study because the MRI
equipment was upgraded thereafter. The flow chart of
the participants is shown in Fig. 1. Written informed
consent was obtained from all children and parents
for the follow-up study. The PIPARI Study protocol
was approved by the Ethics Review Committee of the
Hospital District of South-West Finland in December
2000 and in January 2012.
Magnetic resonance imaging of the brain
The brain MRI was performed at term age. One
neuroradiologist (R.P.) analyzed the images and
manually performed volume measurements blinded to
the clinical information of the infant. Axial T2-weighted
images, coronal three-dimensional T1-weighted images
and coronal T2-weighted images of the entire brain
were obtained using the MRI equipment of an open
0.23 Tesla Outlook GP (Philips Medical, INC, Vantaa,
Finland) equipped with a multipurpose flexible coil
fitting the head of the infant. All of the sequences were
optimized for the imaging of a term infant brain. To

evaluate the relationship between the brain pathology
and the motor outcome, the infants were categorized
into three groups based on the structural MRI findings:
1) Normal findings consisted of normal brain anatomy
(cortex, basal ganglia and thalami, posterior limb
of internal capsule, white matter, germinal matrix,
corpus callosum and posterior fossa structures),
width of extracerebral space <5 mm, ventricular/brain
(V/B) ratio <0.35, 2) Minor pathologies consisted
of consequences of intraventricular hemorrhages
grade 1 and 2, caudothalamic cysts, width of the
extracerebral space of 5 mm and V/B ratio of 0.35,
and 3) major pathologies consisted of consequences
of intraventricular hemorrhages grade 3 and 4, injury
in cortex, basal ganglia, thalamus or internal capsule,
with injury of corpus callosum, cerebellar injury, white
matter injury, increased width of extracerebral space >5
mm, V/B ratio >0.35, ventriculitis or other major brain
pathology (infarcts).
Volume measurement was performed on
T1-weighted images by visually separating the
cerebrospinal fluid from the brain tissue image by
image. The anatomical differentiation of the brain
was based both on anatomical landmarks and
signal intensity differences of the brain structures.
The volumes of the total brain tissue (total brain
volume minus ventricle volumes), the cerebrum,
the cerebellum, the frontal lobes, the brain stem
(medulla oblongata together with pons), the basal
ganglia together with the thalami, and ventricles
(lateral ventricles, third and fourth ventricles) were
measured. The reproducibility of these measurements
was assessed by repeated volume measurement of 20
children, performed by another neuroradiologist, who
was blinded for the results of the first measurement.
These methods have been previously described in
detail (16-18,20,25).
Outcome classification
For this study, normal motor outcome was defined as
a total test score ≥57 (>5th percentile). The diagnosis
of DCD was defined as a total test score ≤56 (≤5th
percentile) according to ICD-10. A further requirement
was that the diagnosis was not solely explicable in
terms of general intellectual disability or of any specific
congenital or acquired neurological disorder (9). The
diagnosis of CP, including the grading of functional
severity by Gross Motor Function Classification System
(GMFCS) (26), was ascertained by a child neurologist
(L.H.) at 2 years of corrected age after a systematic
clinical follow-up. Data concerning the children’s
regular participation in after-school sporting activities
was acquired during the follow-up visit at 11 years of
age.
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The Movement Assessment Battery for Children - 2
The motor assessment was completed at 11 years of age
by using the Movement ABC-2 to identify children with
movement difficulties (27). The clinical examination
was performed by the author (S.S.). The Movement
ABC-2 included 3 domains: manual dexterity (3
items), aiming and catching (3 items), and balance
(3 items). All the items were scored according to best
attempt to receive raw scores. These were then further
calculated to standard scores equating to percentiles of
each domain and total test score, accordingly. A total
test score ≤56 (≤5th percentile) denoted a significant
movement difficulty. A total test score of 57-67 (>5th to
15th percentile) suggested the child was at risk of having
a movement difficulty (monitoring required). Any total
test score >67 (>15th percentile) indicated that there
was no movement difficulty. The age band 3 (11 to 16
years) was used and the test was scored according to
the norms for 11-year-old children as we wanted to use
identical test tasks and references for all children even
if some children had not yet turned 11 years at the time
of the examination.
The Developmental Coordination Disorder
Questionnaire 2007
Parents were asked to compare their child’s motor
performance to that of his/her peers to support the
diagnosis of the DCD concerning the interference of
motor difficulties in everyday functional activities.
The DCDQ’07 consisted of 15 items, which were
further grouped into 3 distinct factors: control during
movement, fine motor and handwriting, and general
coordination (13). The questionnaire was completed by
interview (author S.S). All the items were scored using
a 5-point Likert scale. Total scores were calculated by
summing up item scores. The total score varied from 15
to 75. Scores from 15 to 57 indicated DCD.
Data analysis
Pearson’s correlation was used to study the univariate
associations between two continuous variables.
Univariate associations between continuous Movement
ABC-2 percentile and categorical predictor variables
were studied using regression analysis. Associations
between brain volumes and continuous Movement
ABC-2 percentile were studied using regression
analysis controlling for brain pathology, gender, small
for gestational age status and gestational age. The
regression equation for the associations between the
total scores of the Movement ABC-2 and background
characteristics was 3.88+0.19*gestational age in days22.36*major pathologies in brain MRI-2.27*minor
pathologies in MRI-0.19*small for gestational age
status-2.52*male gender. All the results of regression
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analyses remained the same when controlling for
the age at the time of brain MRI examination.
Continuous variables are presented with mean (SD)
[minimum, maximum]. Main results were analyzed
both in all children and excluding children with CP.
Continuous variables were compared between study
infants and drop-outs using the Mann–Whitney U test
and comparisons between two categorical variables
were done using the v2 test or Fisher’s exact test, as
appropriate. Statistical analyses were performed using
SAS for Windows version 9.3. and p-values below 0.05
were considered as statistically significant.
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