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LANGTIDSKONSEKVENSER AV FOR TIDLIG FODSEL

Motoriske ferdigheter, psykisk helse, livskvalitet og integritet av hjernens hvite
substans hos unge voksne fodt for tidlig med veldig lav fodselsvekt

Barn som er fodt for tidlig har umodne organer som er mer utsatt for skade enn barn fedt til
termin. Hjernen er spesielt sarbar, og diffus skade av hvit substans forekommer hyppig.
Risikoen for ded og sykelighet oker med lavere fodselsvekt og gestasjonsalder. Barn fodt med
veldig lav fadselsvekt (VLBW;<1500g) har gkt forekomst av vansker med motorikk, kognisjon,
atferd, oppmerksomhet og laring. Flere har sosiale utfordringer, og psykiske symptomer og
plager blir mer fremtredende i tendrene. I voksen alder er det faerre som tar hoyere utdanning,
har fast partner og lever et selvstendig liv. Det er tidkrevende og kostbart & studere
langtidseffektene av VLBW, og fa studier har fulgt denne gruppen inn i voksen alder.

Dette doktorgradsarbeidet er en del av et storre hovedprosjekt, Lav fodselsvekt i et
livstidsperspektiv, ved Senter for tidlig hjerneutvikling (CEBRA). I dette prosjektet har vi fulgt
for tidlig fedte barn med VLBW og terminfedte barn med fodselsvekt >10-persentilen fra fodsel
og inn i voksen alder. Disse gruppene har blitt undersekt pé flere tidspunkt med mange ulike
tester, sporreskjema og MR av hjernen. I denne avhandlingen undersekte vi motoriske
ferdigheter, psykisk helse, livskvalitet og integritet av hjernens hvite substans ved 23 ars alder.
Vi undersokte ogsa utviklingen av motoriske ferdigheter fra 14 til 23 &r og studerte potensielle
endringer i psykisk helse og livskvalitet i overgangen til selvstendig voksenliv fra 20 til 23 ars
alder. Dessuten undersekte vi om motoriske ferdigheter kunne vaere relatert til psykisk helse og
livskvalitet, og om motoriske problemer kunne henge sammen med endringer i hvit substans.

Vi fant at VLBW-gruppen hadde dérligere fin- og grovmotoriske ferdigheter ved 23 ar
sammenlignet med kontrollgruppen, s&rlig pd oppgaver som krevde motorisk hurtighet. Det
var ingen forbedring av motoriske ferdigheter fra 14 til 23 &r. Hovedforskjellene bestod da vi
ekskluderte deltakere med cerebral parese. VLBW-gruppen rapporterte darligere psykisk helse
enn kontrollgruppen ved 23 ar i form av mer oppmerksomhets- og internaliserende problemer,
samt en tendens til flere symptomer pa angst heller enn depresjon. Det var en ekning i psykiske
plager fra 20 til 23 ar i VLBW-gruppen. Ved 23 ar hadde de ogsa en tendens til & rapportere
feerre og svakere sosiale relasjoner, men et lavere alkoholforbruk enn kontrollgruppen. Videre
rapporterte VLBW-gruppen lavere fysisk og psykisk livskvalitet enn kontrollgruppen, inkludert
redusert fysisk og sosial fungering som pavirket deres hverdagsroller, samt mer kroppslig
smerte. Bade fysisk og psykisk livskvalitet ble svekket fra 20 til 23 ar i VLBW-gruppen.
Reduserte motoriske ferdigheter var relatert til darligere psykisk helse, mer internaliserende
problemer og lavere fysisk og psykisk livskvalitet. Gruppeforskjellene for psykisk helse og
livskvalitet ble mindre da vi ekskluderte deltakere med cerebral parese og lav IQ, men
hovedforskjellene bestod og det var fremdeles en sammenheng mellom reduserte motoriske
ferdigheter og lavere fysisk livskvalitet. I forhold til kontrollgruppen fant vi endringer i hvit
substans i alle hjernens sentrale nervebaner hos VLBW-gruppen ved 23 ar, og disse
gruppeforskjellene syntes & gke i omfang fra 20 til 23 ar. Reduserte motoriske ferdigheter var
assosiert med endringer i hvit substans i motoriske nervebaner hos VLBW-gruppen ved 23 ar.

Vi konkluderte med at unge voksne fodt med VLBW ikke vokser av seg motoriske problemer
og at de rapporterer darligere og synkende psykisk helse og livskvalitet inn i ung voksen alder
sammenlignet med kontrollgruppen. De har fortsatt synlige og mulig ekende endringer i hvit
substans, og disse endringene var assosiert med reduserte motoriske ferdigheter. Disse funnene
indikerer at endringer i hvit substans kan pavirke funksjonen hos unge voksne fodt med VLBW
og at overgangen til voksenlivet synes & vere spesielt utfordrende for denne gruppen.



Kandidat: Ingrid Marie Husby Hollund

Institutt: Institutt for klinisk og molekylaer medisin

Veiledere: Kari Anne Indredavik Evensen, Jon Skranes, Live Eikenes
Finansieringskilde: Norges forskningsrad og Norges teknisk-naturvitenskapelige universitet

Ovennevnte avhandling er funnet verdig til & forsvares offentlig
for graden ph.d. i klinisk medisin
Disputasen finner sted i auditoriet @HA11, @ya Helsehus
Torsdag 24.august 2017 kl. 12.15



Acknowledgements

First, I would like to thank the young adults participating in this study for their patience and interest
in the project and joining even one more data collection, thereby expanding the knowledge on long-

term outcome of preterm birth.

Kari Anne Indredavik Evensen, my main supervisor: This thesis would not have been possible
without you. Thank you for all your patience and valuable time listening, reading, rereading,
supervising and guiding me through the jungle of research, making the path walkable and safe.
Thank you for sharing of your knowledge in research and life, frustrations and joys. We’re a great

team and it’s been wonderful working with you!

Ann-Mari Brubakk, co-author and mother of the main project “Low birth weight in a life time
perspective”: Thank you for introducing me to Kari Anne and the project in 2012. Without you
being so fast minded and efficient, I would probably not have had the pleasure of spending these
years in your research group. Thank you for your energy, wisdom, laughter and never-ending

interest and competence in the research field.

Jon Skranes, co-supervisor: Thank you for always listening and quickly replying on my many
questions and drafts. Thank you for your humour and for sharing of your broad knowledge in

research and medicine.

Live Eikenes, co-supervisor: Thank you for introducing me to MRI and DTI, and for invaluable
support with my third paper and thesis. Your knowledge and energy inspire me, working with you

is a pleasure.

A great thank you to the rest of my co-authors: Alexander Olsen, for your efforts in the design of
the study and revising my manuscripts. Marit Saebe Indredavik, for thorough feedback and
profound knowledge on mental health. Stian Lydersen, for guidance through statistical methods,
numbers and figures. Kaia Stray, for preparing data, revising manuscripts and uplifting e-mails.

Asta Haberg, for vast knowledge on MRI, the brain, the whole picture and intricate details.

I would also like to thank all members of the Centre for Early Brain Development and all my
co-workers in the 6" floor —thank you for the positive working environment, talks around the

coffee machine, help when needed, encouragements, smiles in the corridors, uplifting lunch breaks



and meetings, and wonderful journeys around the world. Thank you for sharing of your experience

and being so friendly.

Geir Jacobsen: Thank you for the opportunity to attend the Medical Student Research Program,
for guidance, support and enthusiasm the whole way from the very beginning to the end of my
PhD. To all my fellow students at Forskerlinjekull 12, thank you for knowing how it feels, walking

together, sharing ideas and laughing together.

Ingrid Ingeborg Riphagen: Thank you for guidance through searching the literature and reference

styling, sharing of ideas, reflections and chocolate. I enjoyed working with you.

Nancy Eik-Nes: Thank you for teaching me about academic writing and communication, for proof

reading my thesis and being encouraging and enthusiastic. You have the eye of an eagle.

Lastly, I would like to thank my family and friends for your interest in what I do, but mainly in
who I am. Thanks to my father, Tom, for inspiration, encouragement and wisdom in medicine,
research and life. Thanks to my mother, Lillian, for backing me up and putting things in
perspective. Thanks to my siblings Andreas, Martin and Hilde for actually reading my manuscripts,

feedback and computer support. My dear Raymond, thank you for being strong when I am weak.

“My grace is sufficient for you, for power is made perfect in weakness”. 2 Corinthians 12:9



Table of contents

ADDICVIATIONS ...veeuveeiieeeieeteeett et et e e et e st e ete e bt e sebeesbeesseesseeessaesse e saessseesseenseessseesseenseesssensseenses I
LISt OF PAPCTS ...ttt ettt ettt ettt e ne et ne s e enas I
SUIMIMATY ...ttt ettt sttt ettt et e st e e e e bt es e et e et e enteeseemeenbeeseenteeneenseeneenes v
INErOAUCTION ..ottt 1
PRISPECLIVE ..ttt ettt et e st e et et e et et e eeenteaesneenaeneeneeneene 1
TOPIC OF thiS tRESIS 1..eeueiiiieieciieieiee ettt ettt esse e esesseeneese e 2
Preterm birth and very low birth Weight ...........coocooiiiiiiii e 2
The PIrEterM DIAIN ...c.eeeieiieii ittt ettt sttt e et e st bt et et e eneenne e 4
IMOEOT SKILLS ..ttt ettt sttt ene 5
Motor cortex and mOotor PAtNWAYS .......oeuiiieriiieieiieieeee e 7
Mental REATtN ......cc.ooiiiie e e 7
Health-related quality Of T .......cveiiiiieieiiciceeeeee e 9
Magnetic reSONANCE TMAZING.......c.verveerieeerrierieieeteeeesteeeesaeeseessesseeseesesseessessessaesesseessensenses 10
Long-term consequences Of Prematurity ........cccveeverreeierieeeeriesiesieeesreeeesseereeaesseesnessesseens 13
What this thesis @dds .........coiiiiiiiiii e 17
AIIIS .ottt h e sttt et h ettt e bt e e h e et b e e e ht e et e b e b e naee s 18
HYPOTRESES ...ttt sttt 19
Material and Methods ...........c.cooiiiiiiiiii s 21
STUAY AESTGI ..ottt ettt sttt b e bttt et see et e bt snee e nneene 21
SHUAY POPULALION ..ottt ettt ettt sbe et ebesteesbesbeesee s e eseessesseessesseesnans 21
StUAY METNOAS ...ttt sttt et esseensesbeesnenseeneens 24
ERICS ettt bttt 32
StAtISTICAL ANALYSES......veiuieieiiieieitieeiete et ete ettt ettt et ete et e sse st esesseesaesseeseensesseensessesssensenseans 32
RESUILS ...ttt et et ettt sttt at e st e be et naee s 35
ClNICAL ChATACLETISTICS ..vevvieiieiiesiieetierteeetee et esteeetee et e esteesteesebe e beesseeseseeseesseeseseensaenseensseas 35
PAPET oottt et be e s aa e e be e ae e tteenbeeseennee s 36
PaPET IL ..ottt sttt et 37
PaAPET TIL...oeieee ettt ettt sttt et e et e et e st e enbe e te e naeenbeenaennee s 38
DESCUSSTON ...ttt ettt ettt e sae e 39
MaAIN FINAINES ©ovvivieiieie ettt et et e et e et e ene e seeseenbenbeensenseeneenneenee 39
Validity 0f the STUAY ...cveeiiiiieieiiccee ettt ene 39
GENEIAlISADIIILY .....ieviiiieiieie ettt et ne e ene 44
CAUSALILY .ttt sttt ettt b bttt b e bttt et e ees 45
Clinical IMPLICATIONS ...evieuiiiieiieie ettt ettt ettt ettt ee et sbe et e b eneeneeene 53
FULUIE TESCATCI ...ttt e et e st e s b e ebeeeaeeseseesbeesaenaeeas 53
(07035 1o] 1015 1) 1 1RSSR 55
REFEIEIICES ...ttt et ettt se e 57
ADPDCIAIX ...ttt ettt b et e et e b e e st e b e etaenb e seenteeaeensenbeeteeneeneenes 75






Abbreviations

AD
ASR
BDI

CC

CP

CST
DCD
DOHaD
DOBHaD
DTI
DWI
ELBW
FA
GMFCS
HiMAT
HPA
HRQoL
1Qest
IVH
MD
Movement ABC-2
MRI
NICU
NTNU
QoL
RD

RF

ROI

SD

SES
SF-36
TMT-5
VLBW
WISC-1II
WHO

Axial diffusivity

Adult Self-Report

Beck Depression Inventory

Corpus callosum

Cerebral palsy

Corticospinal tract

Developmental coordination disorder
Developmental origins of health and disease
Developmental origins of behaviour, health and disease
Diffusion tensor imaging

Diffusion weighted imaging

Extremely low birth weight

Fractional anisotropy

Gross Motor Function Classification System
High-level Mobility Assessment Tool
Hypothalamic-pituitary-adrenal
Health-related quality of life

Estimated intelligence quotient
Intraventricular haemorrhage

Mean diffusivity

Movement Assessment Battery for Children-2
Magnetic resonance imaging

Neonatal intensive care unit

Norwegian University of Science and Technology
Quality of life

Radial diffusivity

Radio-frequency

Region-of-interest

Standard deviation

Socioeconomic status

Short Form 36 Health Survey

Trail Making Test-5

Very low birth weight

Wechsler Intelligence Scale for Children -Third Edition
World Health Organization







List of Papers

Paper I

Paper 11

Paper 111

Husby IM, Skranes J, Olsen A, Brubakk AM, Evensen KAI
Motor skills at 23 years of age in young adults born preterm with very low
birth weight. Early Human Development 2013,;89:747-754

Husby IM, Stray K, Olsen A, Lydersen S, Indredavik MS, Brubakk AM, Skranes
J, Evensen KAI

Long-term follow-up of mental health, health-related quality of life and
associations with motor skills in the transition to adulthood for young adults
born preterm with very low birth weight. Health and Quality of Life
Outcomes 2016,14:56

Hollund IMH, Olsen A, Skranes J, Brubakk AM, Eikenes L, Evensen KAI
White matter alterations and their associations with motor function in very

low birth weight young adults. Submitted.

III






Summary

Infants born very preterm have immature organs, vulnerable to damage. The brain is especially
vulnerable, and diffuse white matter injury is common. Mortality and morbidity increases with
decreasing birth weight and gestational age. Children born with a very low birth weight
(VLBW; <1500g) have an increased prevalence of motor problems, cognitive impairments,
behavioural and attentional problems, and learning difficulties. As VLBW children grow older,
social problems and mental health problems emerge. Fewer take higher education, have a
partner and live independent lives as grown-ups. It is costly and time-consuming to study long-
term effects of being born with a VLBW, and few studies have followed this group into
adulthood.

This thesis is part of the main project Low birth weight in a lifetime perspective at the Centre
for Early Brain Development (CEBRA). In this project, we have followed preterm VLBW
children and term-born children with birth weight >10™ percentile from birth and into adult age.
These two groups have been assessed with various test batteries, questionnaires and cerebral
MRI at several time-points. In this thesis, we examined motor skills, mental health, health-
related quality of life (HRQoL) and white matter microstructure at 23 years of age. We also
examined longitudinal changes in motor skills from 14 to 23 years and the development of
mental health and HRQoL in the transition to adulthood from 20 to 23 years of age.
Furthermore, we investigated potential associations of motor skills with mental health and

HRQoL, and if motor problems were related to changes in white matter microstructure.

We found that the VLBW group had poorer fine and gross motor skills at 23 years compared
with the control group, especially for tasks involving motor speed. There were no improvements
in motor skills from 14 to 23 years. Main differences between groups persisted when we
excluded participants with cerebral palsy. The VLBW group reported more mental health
problems than controls at 23 years, in terms of more attentional and internalizing problems and
a tendency of more symptoms of anxiety rather than depression. There was an increase in
mental health problems from 20 to 23 years in the VLBW group. At 23 years, they also reported
a tendency of fewer and poorer social relations, but a lower alcohol consume than the control
group. Furthermore, the VLBW group reported lower physical and mental HRQoL than the
control group at 23 years, including poorer physical and social functioning, role limitations due

to physical and emotional problems, and more bodily pain. Physical and mental HRQoL



VI

decreased from 20 to 23 years in the VLBW group. Poorer motor skills were associated with
more mental health problems and internalizing problems, as well as lower physical and mental
HRQoL. When we excluded participants with cerebral palsy and low 1Q, group differences
were somewhat reduced, but the main results persisted and poorer motor skills were still

associated with physical HRQoL.

The VLBW group showed white matter alterations in all major white matter tracts compared
with the control group at 23 years, and these group differences seemed to have increased in
extent from 20 to 23 years. Poor motor function was associated with white matter alterations in

motor pathways within the VLBW group at 23 years.

In conclusion, VLBW young adults have not outgrown their motor problems and they reported
poorer and declining mental health and HRQoL into adulthood compared with young adults
born at term with birth weight >10" percentile. Furthermore, VLBW young adults showed
persisting and possibly increasing white matter alterations compared with the control group,
and these alterations were associated with poorer motor function. These findings indicate that
white matter alterations have an impact on outcome in VLBW young adults and that the

transition to adulthood seems to be especially challenging for VLBW individuals.



Introduction

Perspective

Globally, about 15 million children are born preterm each year, representing a preterm birth
rate of 11.1%!. In Norway, 5-6% of all live births are preterm, and 561 children (~1%) were
born with a very low birth weight (VLBW: <1500g) in 2015'¢’. Preterm birth is now the second
most common cause of death after pneumonia in children under five years worldwide and the

leading cause of child death in almost all high- and middle-income countries'®!

. During the last
decades, however, mortality rates have been decreasing along with the great improvements of
neonatal medicine®®?!°. Neonatal mortality in Norway fell from 67% in 1967 to 25% in 1987,
and further to 10% in 2015 for live born VLBW infants'®’. At St. Olavs Hospital, formerly
Regional Hospital in Trondheim, Norway, the VLBW neonatal mortality rate was 22.5% in
1987/1988%%°. A large Norwegian registry study identified interventions that together explained

about 50% of this decline in mortality: ventilators, antenatal steroids and surfactant®.

As more and more immature and vulnerable children survived, concerns about morbidity and
long-term consequences increased®®. Forsdahl” and Barker'® were two of the pioneers who
linked foetal and early life milieu with an increased risk of later disease. These hypotheses were
the beginning of the foetal programming hypothesis'*® and a new research area called the
“Developmental origins of health and disease” (DOHaD)3. Large epidemiological studies have
found an association between low birth weight and later metabolic risk factors and disease®®?%.
Early in life, VLBW survivors are at an increased risk of brain injury and reduced cerebral
growth, likely to be related to later adverse outcomes'®>??*. Major motor deficits, such as
cerebral palsy (CP), are present in 5-10% of VLBW children'!*?!°, More than half of VLBW
survivors show significant cognitive, behavioural, or sensory deficits later in life?!’. Learning

1,49

difficulties and social problems manifest in school age*”, and mental health problems emerge

140

in adolescence . While studies have shown that preterm infants experience many physical,

mental health and social difficulties later in life, studies of their quality of life remain sparse.

Already during childhood, preterm birth has public health implications related to paediatric
healthcare resources, family support, and school education'®. If problems emerging in school
age persist into adulthood, the need for societal assistance may also be increased later in
life!%!2 To study long-term consequences of prematurity is costly, time-consuming and prone

to bias from loss to follow-up. Studies following preterm infants into adulthood, and especially



true longitudinal studies, are therefore few. Nevertheless, in order to alleviate or possibly
prevent future challenges, it is of clinical importance to know the prospects of these immature
and vulnerable children. The preterm brain is central in the understanding of the origin of later
adverse outcome, and inter-relationships of various long-term outcomes might give clues to

common causes.

Topic of this thesis

This thesis examines long-term outcomes for young adults born preterm with a VLBW
regarding motor skills, mental health, health-related quality of life (HRQoL) and white matter
microstructure, compared with a control group born at term with normal birth weight. Outcome
at 23 years of age was the main focus of this thesis, but longitudinal data from 14 and 20 years
were also included. Furthermore, motor skills were investigated in relation to mental health,

HRQoL and white matter microstructure.

Preterm birth and very low birth weight

Definitions and concepts

The World Health Organization (WHO) defines “preterm” as live birth before 37 weeks of
pregnancy are completed, with sub-categories based on gestational age: moderate to late
preterm (32 to <37 weeks), very preterm (28 to <32 weeks) and extremely preterm (<28
weeks)?84. There are great individual differences in birth weight at the different gestational ages,
and being born with a low birth weight is found to be associated with an increased risk of
mortality’>!. WHO defines low birth weight as a birth weight <2500g, which can be further
divided into VLBW (<1500g) and extremely low birth weight (ELBW: <1000g). In this thesis,
VLBW was defined as a birth weight <1500g. Low birth weight is either caused by preterm
birth, the infant being small for gestational age or a combination of both. In practice, all VLBW
infants are born preterm. Studies of preterm populations use birth weight and/or gestational age
as cut-off. The use of gestational age is likely to yield a more homogenous group in terms of
maturity. For studies initiated before the introduction of routine ultrasound, birth weight is more
precise as a proxy measure of prematurity. However, growth restricted infants with more

advanced gestational ages are probably over-represented in such studies.



Risk factors for preterm birth

The causes of preterm birth are multifactorial and numerous risk factors have been
established'®2. Most preterm births occur spontaneously, but some are provider-initiated, like
early induction of labour and elective caesarean birth on obstetric or foetal indication. Risk
factors associated with spontaneous preterm birth include maternal and antenatal factors, such
as chronic diseases, low body mass index, smoking, psychosocial stress, multiple gestations,
uterine dysfunction and infections®>2°>233, Premature activation of the maternal or foetal
hypothalamic-pituitary-adrenal (HPA) axis is a possible pathogenic process leading to preterm
birth®"1%, and a dysfunctional immunological defence within the tissues of the uterus is
suggested as the root cause of preterm birth'8!. However, the cause of spontaneous preterm birth
remains unknown in up to half of all cases'®®. Provider-initiated preterm birth is increasing in
some countries, partly due to more aggressive policies for caesarean section for poor foetal
growth!3”. This is contributing to the overall increase in preterm birth rate and the decline in

perinatal mortality in the United States®.

Neonatal complications due to preterm birth

Neonatal complications of prematurity are contributing factors to the higher rate of mortality
and morbidity in preterm infants compared with full-term infants, and problems are increasing
with decreasing gestational age and birth weight>'°. The immature brain, lungs, sensory organs
and intestines are especially vulnerable to damage®!°. External factors from intensive neonatal
care, such as mechanical ventilation, medications, pain, stress and sensory exposure, may

increase the risk of injury to these immature organs'*2.

The most common complication in VLBW infants is respiratory distress syndrome due to
surfactant deficiency?’’, and some develop the more chronic bronchopulmonary dysplasia'’.
Closure of the ductus arteriosus is delayed in some VLBW infants”’, and the failure of closure
is associated with a higher incidence of brain haemorrhage®® and chronic lung disease'®. The
most severe, but luckily rare intestinal complication is necrotizing enterocolitis with high
mortality and long-term morbidity!!”-?!7. Retinopathy of prematurity may lead to visual
impairments and blindness in very preterm born children®?. The degree of prematurity, the
severity of respiratory disease and episodes of infection largely determine the neonatal course

d236,237

and outcome in early childhoo and are factors associated with diffuse white matter injury

of the brain*'.



The preterm brain

VLBW infants are born around week 24 to 32, a critical phase of brain development. This is a
phase of maximal brain growth, with the late migration of neurons, formation of axons,
dendrites and synapses, and the process of myelination?*!. The germinal matrix and subplate
are temporary structures which are active in this phase, and they are sites of neuronal and glial
cell proliferation®*!. The developing brain is especially sensitive to hypoxia-ischaemia and
infection/inflammation, which are more prevalent in preterm infants due to their immature
lungs, poor autoregulation of cerebral perfusion, underdeveloped immune system and increased
risk of externally imposed infections. It is therefore not surprising that very premature delivery,
followed by prolonged intensive care, may lead to pervasive and wide-ranging disturbances of
cortical and white matter development and organisation'?>’. In the next section, the most
common preterm brain injuries and disturbances of brain development will be outlined, with

focus on cerebral white matter.

Cerebral haemorrhage and white matter injury

A frequent injury of the preterm brain is intraventricular haemorrhage (IVH), most commonly
associated with germinal matrix haemorrhages'®. This is specific for preterm infants as the
germinal matrix is a temporary structure, involuting around week 34 of gestation®*!. The
germinal matrix is especially vulnerable to haemorrhage due to its rich and immature
microvascular network in combination with episodes of cerebral hyper perfusion due to the
impaired auto-regulation of blood flow in the preterm brain'®. A germinal matrix haemorrhage
may influence neuronal and glial cell proliferation, disturbing further brain development!’->’.
A subependymal bleeding (grade I bleeding) can easily rupture into the lateral ventricular
system (grade II bleeding). Blood in the ventricular system may hinder resorption of
cerebrospinal fluid causing increased intraventricular pressure, hydrocephalus and dilated
ventricles (grade III bleeding). The most serious complication of IVH is haemorrhagic
infarction within the parenchyma of the periventricular white matter (grade IV), usually
resulting in destruction of motor fibres causing unilateral spastic CP. This is fortunately a rare

complication today along with the great improvements in neonatal medicine!%.

Periventricular white matter injury may also occur in the absence of haemorrhages, and is the
most common preterm brain injury with an incidence ranging from 50% to 70%'%°2?%. The
white matter adjacent to the posterior part of the lateral ventricles in the so-called watershed

area is especially vulnerable to hypoxic-ischaemic episodes. These regions are in close relation



to the corticospinal motor tracts, and consequently the classical presentation of a severe
periventricular white matter injury with focal cysts is bilateral spastic CP. This severe injury
with focal cysts is also relatively unusual today with an incidence <5% in VLBW infants'%%124,
However, the much more common diffuse white matter injury affects a larger area of the total
cerebral white matter and is associated with a high risk of neurodevelopmental
impairments*®!9°2%¢ These white matter abnormalities are likely to be related to a disturbance
in myelination and axonal development. Premyelinating oligodendrocytes are in a phase of
active development during 23 to 32 weeks of gestation'?, and are especially vulnerable to
microglia and free radical attack activated by cerebral ischaemia and intrauterine or neonatal
infection and inflammation'">*8. There is a subsequent increase in oligodendroglial progenitors
to compensate for the loss of premyelinating oligodendrocytes. However, these cells do not
have the capacity for full differentiation to mature myelin-producing cells, resulting in hypo-
and dysmyelination'">>, Furthermore, oligodendrocytes are critical for axon survival'*®, and
abnormalities of cerebral white matter are frequently accompanied by volumetric and

microstructural changes in the overlying cortex'?!.

The term “Encephalopathy of prematurity” has been proposed by Volpe for the combination of
myelin and axonal disease®®’, and he describes preterm brain injury as a “complex amalgam of
primary destructive disease and secondary maturational and trophic disturbances”. Indeed,

static lesions may interact with the dynamic processes of brain development and plasticity'®*

165 but developmental disturbances may also occur in the absence of localised injury'®?

. Hence,
the preterm brain seems to be especially vulnerable to hypoxia-ischaemia and
infection/inflammation, and preterm brain injury seems to be a combination of dysmaturation
and direct injury. The relative contribution of these two mechanisms remains a major area of
debate and further investigation'??. The result is often reduced cerebral growth, involving both

grey and white matter, and an altered brain development'?,

Motor skills

Definitions and concepts

Motor skills are an important part of daily life and can be defined as tasks that “require voluntary
body and/or limb movement to achieve a specific goal”!®!. Fine motor skills include the use of
fingers to grasp and manipulate objects. Gross motor skills include the movement of large limbs
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or the whole body, as in walking and jumping'®'. Movements provide infants and children with



new opportunities for learning, facilitating development in other domains such as language,

cognition and mental health?.

Motor development can be defined as “changes in children’s ability to control their body’s
movements, from infants’ first spontancous waving and kicking movements to the adaptive
control of reaching, locomotion, and complex sport skills”*. It is closely related to motor
learning: “a set of processes associated with practice or experience leading to relatively
permanent changes in the ability to perform motor skills”?!*. There are different theories
concerning the basis of motor development. Around 1950, motor development was generally
regarded as a gradual unfolding of predetermined patterns in the central nervous system'?*. This
is called the “neural-maturationist theory”, a concept leaving little place for the interaction with
the environment®?. In the “systems theory” introduced in the late 1990s, the central nervous
system is only one part of all subsystems within and outside the body, cooperating and
interacting in the complex and dynamic process of motor development®*-**3, These two theories

962,232

are combined in the “neuronal group selection theory , proposing that practice in a given

task increases connections within specific areas of the brain, thereby causing selection of the

dynamic and variable neuronal groups'®!

. According to this theory, normal motor development
follows phases of primary and secondary variability®®. During foetal life and until four months
post term, motor activity is characterized by general movements with great variability and
complexity involving all parts of the body'°*'%®, These general movements are gradually
replaced by more goal-directed movements during secondary variability, which is required for
the development of motor skills during later preschool age and school age!**¢, However, the
motor repertoire is not fully mature until adolescence, with the ability to adapt movements
exactly and efficiently to task-specific conditions”. Motor learning continues throughout life;

however, only modest changes in motor skills and motor speed are reported after puberty>'-81:144,

The concept of motor problems, or “clumsiness”, has been described in various ways through
the years. Terms like “minimal brain dysfunction” and “deficits in attention, motor control and
perception” have been used, showing that motor problems can be part of a more complex
picture®!*3, However, “clumsiness” has generally included individuals who are delayed and
have difficulty in learning motor skills, but are cognitively competent and have no known
neuromuscular involvement®!. Motor problems have the diagnostic label of “developmental

coordination disorder” (DCD) today>®. This is a problematic label for preterm born individuals,



as they have an excess of cognitive delay and behavioural difficulties®®. In this thesis, the term

“motor problems” is confined to low scores on motor tests.

Prevalence and aetiology in the general population
About 6-10% of all children have motor problems corresponding to DCD?!°, consistent with

studies in Norway!'’®

. Motor problems may affect the child’s total function and are often
associated with poor academic, emotional and social problems'3. Adults with a history of DCD
are shown to retain motor difficulties, which can exclude them from important activities of daily
living*”. Motor, cognitive and sensory systems all play a role in the execution of motor skills*,
so the aetiology of motor problems is likely to be multifactorial. Motor problems are suggested
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to be caused by an immature CNS, cerebral lesions*’, cerebellar dysfunction'?®, and/or as a

result of problems with sensory processing?'’.

Motor cortex and motor pathways

There are many brain structures which are important for motor function, like the motor, sensory
and visual cortices, basal ganglia, cerebellum and numerous white matter tracts. I will focus on
the motor cortex and some related motor pathways. The primary motor cortex is responsible for
the execution of motor movements, while the premotor and supplementary motor cortices are
involved in the planning of movements. The supplementary motor cortex is also likely to be

involved in bimanual coordination'?!

. The corticospinal tract (CST) is the main descending tract
leading signals from the motor cortex to the body, while other projection tracts are important
for the communication between the motor cortex and other brain structures. The corpus
callosum (CC) is also involved in motor function by facilitating interhemispheric

communication and bimanual coordination®®!3!

. The CC is topographically organised and
fibres running to the primary motor and premotor cortices are located in the body and genu,
respectively''>. Both the CST and the CC are especially vulnerable to periventricular white

matter injury because of their close relation to the lateral ventricles'””.

Mental health

Definitions and concepts

Mental health is defined by WHO as “a state of well-being in which every individual realizes
his or her own potential, can cope with the normal stresses of life, can work productively and

fruitfully, and is able to make a contribution to her or his community”?**. When this state is



disturbed, a psychiatric disorder may develop. There is a continuum of psychiatric symptoms
ranging from none to a large burden of symptoms, and it might be difficult to make a distinction
between normality and disorder. The assumption that psychological normality is free of
pathology is questioned in the book of Offer and Sabshin'®3:

“A person who labels himself “normal” and is also labelled “normal” by others is far

from being free from psychopathology, and indeed may be quite neurotic” (p.33)
Normality in the aspect of mental health is therefore not easily defined, and is dependent on
situation, changes throughout history and often involves value judgements. Psychiatric
symptoms affect thoughts, feelings, behaviour and interactions with others, and psychiatric
disorders range from simple phobias, mild anxiety and depressive disorders to severe illnesses
such as schizophrenia. One can also use the term “psychological distress” for psychiatric
symptoms that are strenuous, but not characterised as a diagnosis?’2. Psychiatric symptoms and
disorders can be viewed either categorically or dimensionally'’®. In the categorical approach, a
disorder is classified by the pattern of criteria required for a specific diagnostic label. This
approach is used in the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV)*.
The dimensional approach emphasises the degree of symptoms, and classifies clinical
presentations based on quantification of attributes®. This can be provided by questionnaires,
and has statistical benefits since the burden of symptoms are measured as a continuity between
normality and disorder 2. However, in contrast to the categorical approach, the dimensional

approach yields no diagnosis.

Prevalence and aetiology in the general population

In a study from Oslo, the lifetime prevalence of any psychiatric disorder was 52.4%, and the
12-month prevalence was 32.8%!4>. Many psychiatric disorders manifest in adolescence, and
about 75% have debuted by the age of 24'%, It is estimated that every third 16-year-old in
Norway will fulfil the criteria of a psychiatric disorder during childhood and adolescence, and
that around 10% of the adult population report psychological distress within the last 14 days'”.
These are very high numbers and exemplify the challenge in cut-offs for psychiatric disorders
and distress. The most common psychiatric disorders in Norway are anxiety and depressive

disorders, and alcohol dependence/abuse, the former dominated by women, the latter by men'”>.

The development of a psychiatric disorder is often a combination of the presence of risk factors
and the lack of resilience and other protective factors, with great individual differences.

Environmental factors may trigger an existing vulnerability to psychiatric disorders, while



others have a genetic heredity*®. Low socioeconomic status (SES) is associated with a higher
risk of psychiatric disorders'’®. Hence, there are genetic and epigenetic factors in the
development of psychiatric disorders. It has been proposed that the DOHaD hypothesis be
expanded to the “Developmental origins of behaviour, health and disease” (DOBHaD), as clear
evidence has been found that prenatal and early postnatal adversity may have a negative impact
on brain architecture and circuits, and affect lifelong behaviour and both mental and physical

health??.

Associations with motor skills
In the general population, poorer motor skills in childhood are associated with anxiety in

2!

adolescence??’, and psychiatric disorders seem to be more common in children with deficits in
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attention, motor control and perception'””. Adults previously diagnosed with DCD report more
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symptoms of anxiety and depression than peers' °. Hence, there seems to be an association

between mental health and motor skills.

Health-related quality of life

Definitions and concepts

WHO has a well-known definition of health as “a state of complete physical, mental, and social
well-being and not merely the absence of disease or infirmity”**. Quality of life (QoL) is about
well-being and functioning in life, about experiencing joy and meaning, vitality and
satisfaction, safety and belonging, about using personal strengths and experiencing mastering,
interest and engagement. Eiser and Morse® have identified three key elements regarding QoL:
1) QoL is subjective and based on the perception of the individual; 2) QoL is a multidimensional
construct; and 3) QoL can include objective information and the individual’s subjective
appraisal of their QoL. The term HRQoL is more restrictive (parameters such as environment,
freedom and income are not included), and refers to the impact of health conditions on the
person’s total well-being, including his or her psychological, social, and physical health status.
This brings us back to the definition of health by WHO, where the aspects of physical, mental
and social well-being are emphasised. Physical and mental health, social network and support
are positively associated with HRQoL. A good HRQoL strengthens the power of resistance

towards negative life events and strains.
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Among adolescents from 13 to 17 years, HRQoL is found to deteriorate over a three-year period

and becoming more stable after puberty'®’

. However, for half the adult population, people’s
evaluations of their general health seem to be dynamic and changing within a two-year period'*.
Research into HRQoL focuses on well-being rather than on ill-being and examines important

supplemental dimensions of health, and might therefore be a useful instrument in research.

Associations with motor skills
The QoL in children with DCD remains largely unknown as there are few studies using QoL as

an outcome measure®®’.

Studies have reported significantly poorer results in physical,
psychological and social functioning in children with DCD compared with peers?®’, and one
study showed that children with DCD and comorbid attention deficit hyperactivity disorder
have significantly lower HRQoL than typically developing children’®. Young adults with DCD

L** and satisfaction''!

and borderline motor problems have been found to report lower Qo
compared with controls. Poorer motor skills are therefore likely to be associated with lower

HRQoL.

Magnetic resonance imaging

Magnetic resonance imaging (MRI) is a well-established imaging modality in the evaluation
and assessment of normal and abnormal conditions of the brain. MRI is based on magnetic
moment and spin of the hydrogen nuclei in a magnetic field?*®, and as the body contains much
water, soft tissue may be well visualised by MRI. This is possible because the spins of hydrogen
nuclei are %2 and are therefore inherently magnetic and will align with a surrounding magnetic
field. After the hydrogen nuclei are aligned with the external magnetic field, a radio-frequency
(RF) pulse is added to the body part of interest, thereby exciting the nuclei and disturbing the
orientation of the spins. When the RF pulse is turned off, the hydrogen nuclei de-excite and
return to their original energy level, a process called relaxation. During the relaxation process,
the orientations of the spins are again disturbed, and this introduces an electromagnetic signal,

which is the basis of the MRI signal?®%.

Depending on intrinsic properties of the tissue and image acquisition conditions (extrinsic
contrast mechanisms), images with a variety of contrasts can be obtained. Two of the most
common forms of contrasts in MRI are based on the intrinsic relaxation rates of protons in the

different tissue types, the longitudinal relaxation time T1 and transversal relaxation time T2%%5,



MRI can also be obtained by using diffusion of the water molecules, namely diffusion weighted

imaging (DWI), and an advanced application of DWI; diffusion tensor imaging (DTI).

Diffusion tensor imaging

Diffusion tensor imaging®' is a sensitive method for detecting subtle alterations in white matter
microstructure by measuring the 3D diffusion of water molecules (Brownian motion). Motion
perpendicular to axons entails passing through or around axons, layers of myelin and cellular
membranes, whereas motion parallel to axons has fewer obstacles. Thus, water diffusion in
white matter is highly anisotropic, and this information can be used to acquire information

regarding the white matter microstructure and architecture.

In order to describe the 3D diffusion of the water molecules, we need to measure the diffusion
in many directions (minimum 6, normally 30-60). A diffusion tensor can be calculated from the
DTT acquisition, describing this 3D diffusion pattern using a Gaussian model. The tensor can
also be represented as an ellipsoid, described by three orthogonal eigenvectors and their
corresponding eigenvalues (A1, A2 and A3), describing the diffusion in the three main directions.
From the three eigenvalues, we can calculate various metrics describing the white matter
microstructure. The most commonly used DTI metrics and their biological correlates are

summarised in Table 1.

In normal brain development, fractional anisotropy (FA) increases and mean diffusivity (MD)
decreases as white matter pathways mature and myelinate through childhood and until early
adulthood'®. The first wave of FA increase occurs before the start of myelination, and may
reflect changes in axonal membranes and axonal diameter?’®. The second wave, which lasts at
least until early adulthood, is associated with the appearance and subsequent consolidation of
myelin, which is required to allow increased axonal conduction speed'?!. Hence, a reduction of
FA and an increase of MD may be indicators of poorer white matter “integrity”, and possibly
lower conduction speed”'>. Based on mouse models, diffusion parallel to the axons (axial
diffusivity; AD) has been associated with axonal injury and dysfunction, whereas diffusion
perpendicular to the axons (radial diffusivity; RD) has been associated with deficits in
myelination®>?*°, However, it is important to bear in mind that DTI metrics are only measures
of diffusion, and their relations with tissue microstructure remain hypothetical until autopsy,

and will be dependent on both technical parameters (such as magnetic strength on MRI scanner
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and DWI sequence parameters), and biological factors (such as fibre coherence, axonal density

and number, cell membranes and myelination in nervous fibre tissue)**!36-27°,

Table 1. Description of the most commonly used DTI metrics

Fractional Mean Axial Radial
anisotropy diffusivity diffusivity diffusivity
A scalar value A measure of Diffusion along | Diffusion along
(0-1) indicating | overall mean the principal the second and
the degree of diffusion, eigenvector, third eigenvector,
diffusional independent of | parallel to the perpendicular to
restriction directionality axons (A1) the axons
(M + 22 +A3)/3) (A2 +23)/2)
Grey matter @ - @ t
White matter t - t @
Cerebrospinal
fluid g L) L) 1
High -
myelination t @ @
Demyelination @ t - t
White matter
maturation t @ t @
Axonal
degeneration @ t @ t
Dense axonal -
packing t @ @
Methods of DTI analysis

There are two main methods for analysing DTI: tractography and voxel-based analyses.

Tractography is a method that traces the main eigenvector in each voxel to form streamlines
leading to a visualisation of anatomical white matter tracts’’. There are many tractography
algorithms, which can be performed manually, semi-automatically or fully automatically®®.
The simplest and most common approach is called deterministic tractography. With this
method, tracing is performed by starting in one or several predefined regions-of-interest (ROI)
or seed points, and following the main eigenvector from voxel to voxel. The algorithm normally
uses FA value, length of streamline and angle between eigenvectors in neighbouring voxels as
stopping criteria. This algorithm has several limitations, particularly related to crossing fibres,

which often lead to a termination in the tracking®’. This is, however, somewhat improved with



another tractography approach, called probabilistic tractography. With this method, one can
estimate the most likely fibre orientations in every voxel and trace the connections (thousands
of times) from seed ROIs to target ROIs, each time using slightly different orientations
according to their likelihood. The set of all these different paths is then a collective measure of
the connection likelihood or probability between two or more predefined ROIs?’. In all the
tractography methods, DTI parameters such as mean FA and MD can be calculated for each
tract and be used for group comparisons to investigate structural connectivity, or to seek

associations between DTI and neurological, cognitive, or behavioural outcome.

Voxel-based analyses using automated image processing software are specifically suited for
whole brain analyses to statistically compare local diffusion metrics within and across groups.
There are also many approaches to voxel-based analyses, but tract-based spatial statistics
(TBSS)*?’ is one of the most commonly used approaches. One of the main advantages with
TBSS is the step of skeletonising the white matter, where a mean FA image of all the
participants’ images is created and then thinned to create a skeletonised mean FA image. This
white matter skeleton represents the centres of all white matter tracts common to the participants

in the study, and defines the areas where all statistical comparisons are performed®?’.

Long-term consequences of prematurity

There is an important transitional phase from adolescence to adulthood involving increasing
demands on independency, education and adult roles, which may stress the underlying
neuroimpairments in VLBW individuals. Indeed, preterm birth is shown to have an adverse

93,172

effect on educational level, income and establishment of family , and the risks of medical

and social disabilities in adulthood increase with decreasing gestational age at birth!”?.

Motor skills

Motor problems are the most common neurodevelopmental disorder in preterm children®?, and
range from mild motor delay to severe CP?*!. Cerebral palsy is defined as “a group of permanent
disorders of the development of movement and posture, causing activity limitation, that are
attributed to non-progressive disturbances that occurred in the developing foetal or infant
brain”, and is often accompanied by disturbances of sensation, perception, cognition,
communication, and behaviour?®’. The prevalence of CP in Europe has fallen from 8% in 1980

to 3.6% in 2003 among VLBW children!'**!8  in contrast to a relatively stable prevalence at
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0.1% among normal birth weight children’'®. Both including and excluding participants with
CP, there are consistent findings of motor delay in VLBW populations from infancy to
adolescence’111292% There seems to be a catch-up in reaching important milestones, while
more subtle motor problems are likely to increase by the time these children enter school and
experience greater demands in various areas. In school age and adolescence, motor problems
are evident in fine and gross motor development, balance, ball skills and manual dexterity>>"2.
VLBW children are found to be six times more likely to have motor problems than peers®, and
25-35% of VLBW adolescents had motor problems according to the Movement Assessment
Battery for Children (Movement ABC)’>!°7. No studies previous to Paper I in this thesis have
assessed motor function in preterm born young adults. However, a recent study investigating
self-reported motor coordination difficulties in ELBW young adults at 22-26 and 29-36 years
of age compared with normal birth weight controls, found that motor coordination remained

poorer in ELBW survivors into adulthood'?.

Mental health
Psychiatric symptoms and disorders are frequent among VLBW children and adolescents, and
seem to persist into young adulthood. In childhood and adolescence, the increased risk of

inattention, anxiety and social problems, including autism spectrum disorders, is most

2132

prevalent!2%36:66.127.133.250  qo0esting a “Preterm behavioural phenotype In young

t93’1 12,157,]58,199,262’ and some

adulthood, anxiety and internalizing problems are still prominen
studies report increased risk of depression’>2%22% bipolar disorders'®* and psychiatric disorders
requiring hospitalisation'#*!8¢. A newly published meta-analysis representing data from six
longitudinal birth cohorts concluded that VLBW young adults reported more internalizing and
avoidant personality problems and fewer externalizing, rule-breaking, intrusive and antisocial
personality problems than term controls'®. However, there are also studies indicating no
increased risk of psychiatric morbidity in VLBW young adults, or only in females*7-2%,
Cognitive function and SES has been found to modify the risk of mental health problems in

preterm populations®”13%147

, while a positive family history of mental disorders may increase
the psychiatric risk among very preterm young adults?®>. Both Norwegian'’? and Swedish'*°
registry studies have reported an increased risk of medical disability among adults born preterm.
In the Norwegian study, emotional and behavioural problems as well as an increased risk of

autism spectrum disorders were among the causes of disability!'’2.



Health-related quality of life

Despite increasing evidence of the risk of mental health problems, medical disability and lower
educational level among VLBW young adults, most studies of HRQoL and well-being show
similar outcomes for this group and controls®23-30-50:91.255.286 " However, a recent study found
lower HRQoL in very preterm and VLBW young adults compared with term controls as
reported by participants and parents®?. Furthermore, poorer physical functioning as part of
HRQoL has been reported?*, and one study reported poorer objective QoL based on societal
standards for VLBW individuals without disabilities at 18 years®”. VLBW children and
adolescents also report similar HRQoL to their normal birth weight peers; however, parent-
reports are typically lower?*%6, Both positive and negative changes in HRQoL have been
reported from 14 to 19 years in a very preterm and/or VLBW cohort?>*, while no important
changes were reported in HRQoL between 19 and 28 years in the same cohort’2. The
psychological attributes, especially emotion and cognition, were less stable than the physical

attributes®>?

. A recent study found that adolescents born very preterm or VLBW reported little
changes in HRQoL from 13 to 26 years of age, whereas their parents perceived a deterioration
at this time of transition into adult roles??. In the latter study, both participant- and parent-
reported HRQoL were related to economic and social functioning outcomes. Hence, there is
evidence of decreased, stable and improved HRQoL as VLBW individuals enter young

adulthood.

White matter microstructure

The normal maturation of white matter is disrupted in the preterm brain, and this is normally
seen on DTI as lower FA and higher MD in preterm populations compared with term-born
controls'*®!8 There is a variation in affected brain areas between different studies, possibly
due to the variability in methodology, age at assessment and selection of preterm populations.
There are, however, some general traits: In preterm infants, lower FA is seen mainly in white
matter tracts in frontal and central brain regions (corpus callosum, fornix, corticospinal tract,
optic radiation)!%!21:191:206 In preterm children and adolescents, association tracts also show
reduced FA*?%*, The relatively few studies of FA in preterm young adults show that central
white matter is still affected, and that a greater number of association tracts are affected in
young adults than in adolescents®*'#!. Due to the rapid technical advances in MRI and DTI
acquisition and analysis techniques, there are few true longitudinal DTI studies. However, white

matter regions (number of voxels) with lower FA in the VLBW group compared with controls
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seem to increase from adolescence to young adulthood®, possibly indicating that the extent of

disrupted brain development increases over the years.

Diffusion measures of white matter tracts, especially reduced FA, are found to correlate with
numerous outcomes in VLBW populations. The majority of such studies have examined the
association between FA across the whole brain and cognitive functions”¢*173212, while the
minority of the studies have investigated the association between FA and motor function. In
very preterm infants, a positive correlation has been reported between FA throughout the white

matter and fine motor scores>>!

. Another study found no relationship between FA values and a
motor sub-scale in very preterm individuals without major motor problems or focal lesions at
two years*®. In school-age children, reduced FA values have been found to strongly underpin
motor impairment and DCD in very preterm children>*. Also in adolescence, lower FA has been
found to correlate with poorer fine motor function in a VLBW population®?*. In adults, however,
no correlation between white matter microstructure at 26 years and motor function at eight years
in a very preterm and VLBW population has been found'*. Hence, the few studies investigating

the relationship between white matter microstructure and motor function in preterm populations

yield mixed findings.

Possible aetiology of long-term consequences of prematurity

Early insults to the preterm brain are likely to be related to later motor and mental health
problems, either through specific injuries or widespread changes throughout the brain!83224,
Motor pathways like the CST and CC are in close relation to the periventricular white matter
and may be particularly vulnerable to long-term injury®**¥. Consistent with the DOBHaD
hypothesis, the immune system and the HPA stress-regulating system are found to be especially
vulnerable to long-term alteration in former preterm children®®. VLBW infants may have been
exposed to intrauterine stress, psychosocial stress and infection during pregnancy and early life
that may lead to changes in both neurodevelopment and the set point of neuroendocrine systems
(including the HPA axis). This may have long-lasting effects on behaviour and mental
health?!'3249266 The increased risk of later neurodevelopmental problems in preterm populations
is likely to have an impact on HRQoL, especially when they leave home and enter adult roles

and independent living.



What this thesis adds

This study is one of few multidisciplinary longitudinal studies that have followed VLBW
children into adulthood. It is the first study to assess motor skills in adulthood using well-known
and new motor tests and examine whether motor skills are associated with mental health,
HRQoL and/or white matter microstructure in VLBW young adults. Furthermore, this thesis
adds to the limited knowledge on white matter abnormalities in VLBW young adults and
longitudinal changes in motor skills from adolescence to young adulthood, as well as changes
in mental health and HRQoL in the transition to adulthood within a VLBW population.
Hopefully, this thesis may provide a small piece in the large puzzle of prematurity.
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Aims

The overall aim was to investigate long-term clinical outcome in young adults born preterm
with VLBW, focusing on motor skills, mental health, HRQoL and white matter microstructure
compared with term-born controls with normal birth weight. Specifically, the objective of each

paper was to address the following research questions:

Paper I:
1) How do fine and gross motor skills differ between VLBW and control young adults?

2) Are there longitudinal changes in motor skills from adolescence to young adulthood?

Paper I1:
3) Do VLBW young adults have more mental health problems and/or lower HRQoL than
controls?
4) Are there longitudinal changes in mental health and HRQoL from 20 to 23 years of age?
5) Are mental health and HRQoL associated with motor skills?

Paper I11:
6) Are there differences in white matter microstructure between VLBW and control young
adults?
7) Are there longitudinal changes in the extent of group differences regarding white matter
microstructure from 20 to 23 years of age?
8) Is motor function related to white matter microstructure of motor pathways in VLBW

young adults?



Hypotheses

Based on previous research, we expected to find:

Paper I:
1) Poorer fine and gross motor skills in VLBW young adults compared with controls

2) That motor skills do not improve from adolescence to young adulthood

Paper II:
3) More mental health problems and lower HRQoL for VLBW young adults compared
with controls
4) A decrease in mental health and HRQoL from 20 to 23 years in the VLBW group
5) That poorer motor skills are associated with more mental health problems and lower

physical HRQoL in the VLBW group

Paper I1I:
6) Lower fractional anisotropy and higher mean diffusivity in all major white matter tracts
in VLBW young adults compared with controls
7) Persisting group differences in white matter microstructure from 20 to 23 years of age
8) An association between poorer motor function and lower fractional anisotropy in motor

pathways in VLBW young adults
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Material and methods

Study design

This is a geographically-based follow-up study of 23-year-old young adults born preterm with
VLBW and a term-born control group with normal birth weight. The VLBW young adults were
born in 1986 — 1988 and admitted to the Neonatal Intensive Care Unit (NICU) at St. Olavs
Hospital, Trondheim University Hospital, Norway (formerly Regional Hospital in Trondheim).
The control young adults were born in the same period to mothers living in the Trondheim
region, recruited from a 10% random sample of women selected for follow-up during pregnancy
in a multicentre study on causes and consequences of intrauterine growth restriction'>. The
current study is part of a longitudinal follow-up study on long-term consequences of VLBW,
and both groups have previously participated in evaluations at 1, 5, 14 and 20 years of
age’>157:223.226229.256 e aimed to include all VLBW participants at 23 years of age who had
participated in the 14-year follow-up and control participants matched by age and sex in order
to compare motor skills longitudinally. Assessments of motor skills and self-evaluating
questionnaires on mental health and HRQoL were included as part of a large assessment battery
and all participants underwent cerebral MRI. This thesis also includes data on motor skills at

14 years’” and data on mental health, HRQoL and MRI at 20 years®*!>’.

Study population
Flow chart of the study population is presented in Figure 1.
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Total population
n=241

VLBW group

n=121

33 dead

1 trisomy 21

7 moved (14y)

17 no consent (14y)
7 no contact (23y)
2 not testable (23y)

54 invited
at 23 years

VLBW participants
n=36

22

Paper II: 35 participants
1 missing questionnaire

Paper III: 31 participants

1 image artefact
4 cerebral palsy

Figure 1 Flow chart of the study population
Abbreviations: VLBW, very low birth weight

Control group

n=120
2 congenital malformations
9 moved (14y)
1 no contact (14y)
27 no consent (14y)
35 not invited (23y)
2 included from earlier follow-up
48 invited
at 23 years

2 not testable
5 moved
4 no consent

Control participants

n =37

L Paper I11: 31 participants
6 image artefacts




VLBW group

The VLBW group comprised 36 young adults (15 males and 21 females) born preterm with a
birth weight <1500g. At birth, 121 VLBW infants were included in the study. Of these, 33
children died in the neonatal period and one child with trisomy 21 was excluded. At 14 years,
seven children had moved out of the region and 17 did not consent to participation, leaving 63
adolescents for examination. At 23 years, seven of these young adults were not contactable and
two were excluded due to severe bilateral spastic CP of Gross Motor Function Classification
System (GMFCS) level V!®, Thus, we contacted 54 VLBW young adults at 23 years, of whom
18 (33%) did not consent. Four (11%) participants had CP; one female had unilateral spastic
CP of GMFCS level I and three males had bilateral spastic CP of GMFCS level I, IT and IV.
Eight (23%) VLBW participants had low estimated intelligence quotient (IQest), of whom two
had CP. For Paper II, one participant did not fill out the questionnaires regarding mental health
and HRQoL. For Paper III, we excluded one participant with image artefacts on MRI and all
four participants with CP because of their obvious motor difficulties and large impact on DTI

metrics.

At the 14-year examination, two VLBW participants with bilateral spastic CP did not perform
the Movement ABC, and one of these did not perform the Grooved Pegboard Test. Data for
longitudinal analyses in Paper I was therefore available for 34 and 35 participants, respectively.
At 20 years, mental health and HRQoL had been assessed for 52 VLBW participants, of whom
nine were excluded due to missing [Qes at 14 years. Hence, the longitudinal analyses in Paper
IT included 43 VLBW participants at 20 years and 35 participants at 23 years, of whom 29 were

examined at both time-points.

Control group

The control group comprised 37 young adults (15 males and 22 females) born with a birth
weight >10" percentile for gestational age. At birth, 120 control participants were included in
the study. Of these, two with congenital malformations were excluded. At 14 years, nine
participants had moved, one was not contactable and 27 did not consent to participation, leaving
81 adolescents for examination. At 23 years, we contacted 48 control participants matched to
the VLBW participants by age and sex, of whom 46 had participated at the 14-year examination
and two were included from an earlier follow-up. Two of the contacted controls were not

testable due to pregnancy, five had moved too far away and four (9%) did not consent. One
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control participant had low IQes. For Paper III, six control participants were excluded due to

image artefacts on MRI.

At the 14-year examination, data on Movement ABC and Grooved Pegboard Test were
available for 35 controls for longitudinal analyses. At 20 years, mental health and HRQoL had
been assessed for 77 controls and were included in longitudinal analyses in Paper II together

with 37 control participants at 23 years, of whom 31 were examined at both time-points.

Non-participants

There were no significant differences between those who participated and those who did not
consent to participation in the VLBW group in neither of the papers regarding perinatal data
(data not shown). In Paper II, parental SES at 14 years was significantly higher among
participants than non-participants. In the control group, there were no significant differences
between those who participated and those who did not consent to participation or were not
invited from previous follow-up in neither of the papers. In Paper I, VLBW non-participants
comprised those who were not testable (two participants), not contactable (seven participants)
and the 18 who did not consent to participation. However, the control non-participants
comprised only those who did not consent to participation or were not invited. Therefore, only
the 18 VLBW young adults who did not consent to participation comprised VLBW non-
participants in Papers II and III, consistent with the control non-participants in all three papers.
Importantly, there were still no significant differences between VLBW participants and non-
participants when we included those who were not testable and not contactable as non-

participants.

Study methods
Assessments used in this thesis are summarised in Table 2, and a detailed description of the

assessments follows in this section.



Table 2 Overview of assessments used in this thesis

Age Qutcome Assessment tool Examiner
Birth
BW, GA, head circumference, Medical records Paediatrician
Apgar scores, days at NICU and
ventilator, [VH-status, maternal age
14 years
Neurological status, including CP Neurological examination Paediatrician
Cognitive abilities WISC-IIT Psychologist
Parental SES Hollingshead’s two factor index  Self-report
of social position
Motor skills Movement ABC Physiotherapist
Grooved Pegboard Test Psychologist
20 years
Mental health ASEBA, ASR Self-report
Health-related quality of life SF-36 Self-report
TBSS 1.5T Siemens Magnetom MRI physicist
Symphony
23 years

Weight, height, head circumference

Electronic scale, tape measure

Physiotherapist

Injury, illness, medication usage, Questionnaires Self-report

exercise, education

Pain Visual analogue scale (0-10) Self-report

Handedness Edinburgh Handedness Self-report
Inventory

Motor skills Grooved Pegboard Test Physiotherapists/
Trail Making Test-5 master student in
Movement ABC-2 movement
HiMAT science

Mental health ASEBA, ASR Self-report
BDI

Health-related quality of life SF-36 Self-report

Probabilistic tractography, TBSS 3T Siemens Trio MRI physicist

Abbreviations: BW, birth weight;, GA, gestational age; NICU, neonatal intensive care unit; IVH, intraventricular
haemorrhage; CP, cerebral palsy; WISC-III, Wechsler Intelligence Scales for Children -Third Edition; SES,
socioeconomic status;, Movement ABC, Movement Assessment Battery for Children; ASEBA, Achenbach System
of Empirically Based Assessment; ASR, adult self-report; SF-36, Short Form 36 Health Survey; TBSS, tract-based
spatial statistics, MRI, magnetic resonance imaging; HiMAT, High-level Mobility Assessment Tool; BDI, Beck
Depression Inventory

Background assessments

Clinical characteristics

Perinatal data included birth weight, gestational age, head circumference, Apgar scores, days
in NICU, days on mechanical ventilator, IVH-status and maternal age. At 23 years of age,
weight was measured on an electronic scale (to nearest 10 grams). Height was self-reported or
measured. Body mass index was calculated from these two measures (kg/m?). Head

circumference (occipital-frontal) was measured to the nearest 0.1 cm.
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Handedness was assessed by the Edinburgh Handedness Inventory!'®®, which gives a laterality
index determined by the dominance of a person’s right or left hand in 12 everyday activities.
The laterality index ranges from -100 for complete left-handedness, to +100 for complete right-
handedness. For Paper III, the dominant hand was defined as the writing hand and the dominant
foot was self-reported or defined as the preferred foot for one leg stand. The participants
answered questionnaires regarding recent injury, recent illness, current medication usage, pain,
exercise and education. Pain was reported through a visual analogue scale by indicating a
position along a continuous line between 0 and 10. The participants recorded their weekly
frequency and duration of exercise and number of exercise activities performed regularly (if
any). Education was dichotomized into “high school completion plus higher education

admissions” and “incomplete high school plus vocational training”.

Socioeconomic status
Parental SES was calculated according to Hollingshead’s two factor index of social position!!®
at 14 years of age, based on a combination of parents’ education and occupation, rated from 1

(lowest) to 5 (highest).

Neurological examination

A clinical neurological examination was performed at age 14 by project paediatricians. Cerebral
palsy was classified as spastic hemiplegia (unilateral), diplegia (bilateral, most involvement in
lower extremities) or quadriplegia (involvement of all extremities). Functional level was

assessed according to the GMFCS!'®8.

Cognitive abilities
IQest was calculated at 14 years using two subscales of Wechsler Intelligence Scales for
Children, third edition (WISC-III); vocabulary and block design®®’. “Low IQes” was defined as

a score more than two standard deviations below the mean in the control group (IQes <69).

Assessment of motor skills

Fine and gross motor skills in young adulthood were assessed by two physiotherapists and one
master student in movement science. Each participant was tested by one examiner. All
examiners were blinded to neonatal history, clinical characteristics and results from previous

follow-up.



Grooved Pegboard Test

The Grooved Pegboard Test® is a manipulative dexterity test which requires complex visual-
motor coordination and measures how quickly the participants can insert pegs into 25 keyhole-
shaped holes with various orientations in a 5 x 5 matrix. Time (in seconds) and number of drops
are registered for each hand individually. Poor performance was defined as scores >2SD of the
mean in the control group in this thesis. One VLBW participant with bilateral spastic CP was
not able to perform the Grooved Pegboard Test.

Trail Making Test-5 (TMT-5)

The TMT-5°° measures motor speed and consists of 32 circles linked with a dotted line on a
paper. The task is to draw a line from the first to the last circle following the dotted line as fast
as possible, touching all the circles. Time (in seconds) and errors (number of circles missed)
are noted. The TMT-5 is one of five subtests of the TMT in the standardised Delis-Kaplan
Executive Function System®®. The other TMT subtests assess executive functions, such as
attention, working memory and mental flexibility, which we considered less relevant for the
aim of this thesis. The TMT-5 is a basic test for motor speed with less involvement of executive
functioning to quantify the influence of motor function on the other subtests. One VLBW

participant with bilateral spastic CP was not able to perform the TMT-5.

Movement Assessment Battery for Children-2 (Movement ABC-2)

The Movement ABC-2!'"7 is the revised version of the widely used and well-validated
Movement ABC!%0228233 \which identifies and evaluates children’s motor development. There
are only minor changes to the original items in the revised version'’’, and the Movement ABC-
2 is also found to be reliable and valid®’->!6-260:285 The test is divided into three age bands, where
the highest age band (up to 16 years and 11 months) was used in this study. The test consists of
eight items grouped into three subscales of “manual dexterity” (three items), “aiming and
catching” (two items) and “balance” (three items). The raw scores (for instance number of
seconds to complete a task) are converted into item standard scores, which add up to a
component score for each subscale. The total test score of maximum 108 points is the sum of
the three component scores, where a higher score indicates better motor skills. Motor problems
were defined as scores <5™ percentile in the control group in this thesis. One wheelchair-
dependent VLBW participant with bilateral spastic CP was not able to perform the balance

items, thus total score could not be calculated for this participant.
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High-level Mobility Assessment Tool (HiMAT)

The HIMAT??? is a new test specifically developed to examine high-level mobility following
traumatic brain injury, although the authors claim that the test may also be applicable to other
neurological conditions?’"?73. It is one of few motor tests developed for adults and has high

validity and responsiveness?’!27>277

. High-level mobility refers to motor performance
necessary for many leisure, sporting and social activities, among others. The test assesses 13
items (walk, walk backwards, walk on toes, walk over obstacle, run, skip, hop forward, bound
each leg, and walk up/down stairs). The participants are asked to complete the task at their
fastest safe speed over a distance of 20 m, whereof the middle 10 m is timed in all items except
for the bound item (distance in cm) and stair items (normal walking speed). The raw score (time
in seconds and distance in cm) is converted to a score from 0 to 4 for most items, and 0 to 5 for
the stair items. The higher score the better performance. The stair items are classified as
“dependent” or “independent” based on the use of railings for support and reciprocal walking.
A 12-step staircase was used in the current study, and the scoring corrected thereafter (seconds
x 14/12) in accordance with the manual®”®. Failure, refusal or inability to perform a test item is
given an item score of zero. The maximum total score is 54 points. The Norwegian translation
of the test was used in this thesis'”".

The authors of the test have also published a revised version of the HIMAT?"

, consisting of
eight of the original 13 items, where bound on affected leg and the stair items have been
removed with a total 8-item HiMAT score of 32 points. For Paper I, we calculated both the total
original HIMAT score and the revised 8-item HIMAT score. One wheelchair-dependent VLBW
participant with bilateral spastic CP was not able to perform the HiMAT. One control

participant had an ankle sprain during skipping, thus was not testable on the remaining tasks.

Intra- and inter-tester reliability

We performed inter- and intra-tester reliability by scoring video recordings of the Grooved
Pegboard Test, TMT-5 and the Movement ABC-2 (except the drawing task which was not
possible to score from video recordings). We chose not to include the HIMAT in the reliability-
testing due to poor video quality. The author of this thesis scored the video recordings for inter-
tester reliability on 51 (70%) participants (27 VLBW, 24 control) and was blinded to group
adherence, clinical characteristics and outcome from previous and current follow-up. One of
the examiners scored the video recordings for intra-tester reliability on 44 (60%) of the

participants (26 VLBW, 18 control). The two-way mixed intra-class correlation (ICC 3.1) is a



measure of inter-rater reliability from 0 to 1 where a value between 0.6 —0.74 is good and 0.75
— 1 is excellent*. ICC (3.1) for inter-tester reliability ranged from 0.913 to 1.000 for 84% of
the rated tasks. For the remaining rated tasks, ICC (3.1) was 0.708 and 0.781 for right and left
foot zig-zag hopping, and 0.814 for Grooved Pegboard drops with non-dominant hand. ICC
(3.1) for intra-tester reliability ranged from 0.952 to 1.000 for 79% of the rated tasks. For the
remaining tasks, ICC (3.1) was 0.789 and 0.591 for right and left foot zig-zag hopping, 0.897

for throwing and 0.851 for Grooved Pegboard drops with non-dominant hand.

Assessment of mental health
Two questionnaires were used to assess self-reported mental health: Adult Self-Report (ASR)

and Beck Depression Inventory (BDI).

Adult Self-Report

Self-reported mental health was obtained by the ASR?, which is part of the Achenbach System
of Empirically Based Assessment. An authorised Norwegian translation of the ASR was used.
The ASR (age range 18-59) comprises 120 problem items (scored 0-2), yielding eight syndrome
scales: anxious/depressed, withdrawn, somatic complaints, thought problems, attention
problems, aggressive behavior, rule-breaking behavior and intrusive. The first three scales
comprise the composite scale for internalizing problems, whereas the last three scales comprise
the composite scale for externalizing problems. The total problems score is the sum of all
problem items. A score for critical items is made by summing scores on 19 problem items
evaluated to be the most clinically relevant psychiatric symptoms. Raw scores were used, and
higher scores indicate more problems. In addition, the ASR includes items on adaptive
functioning, of which we used the scales for friends, family and substance use in this thesis.
Questions on friends include number of close friends, frequency of contact with friends, getting
along with friends and visits from friends, rated 0-3, with a maximum sum score of 12.
Information on family relations include self-perceived quality of relation with parents and/or
siblings compared with others, rated 0-2. Higher scores indicate better adaptive functioning.
The substance use scales include tobacco, alcohol and drugs, and scores reflect number of
cigarettes smoked daily, days being drunk and number of days using drugs during the last six
months. T-scores for substance use were used to calculate a mean substance use scale, which is
recommended when dealing with outliers. One VLBW participant did not complete the ASR

questionnaire.
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Beck Depression Inventory

The BDI? is among the most used self-rating scales world-wide for measuring depression, and
has high validity in differentiating between depressed and non-depressed individuals®’.
Version [A was used in this thesis. The BDI (age range >13) consists of 21 questions measuring
symptoms and severity of depression during the past week®®. The scores range from 0-3, with
a total score of 63. For the general population, a total score of >21 represents depression. One

VLBW and two control participants did not complete the BDI.

Assessment of health-related quality of life

Short Form 36 Health Survey (SF-36)

The SF-36 examines self-reported HRQoL. It is a generic measure with high reliability and it
has been widely validated for use across a range of health care professions, settings and

264 also for the Norwegian translation used in this study'**2¢*2 Version 1.0 was used

patients
in this thesis. The questionnaire comprises 36 items across eight domains: physical functioning,
role limitations due to physical problems (role-physical), bodily pain, general health, vitality,
social functioning, role limitations due to emotional problems (role-emotional) and mental
health. Raw scores are transformed into an aggregate percentage score for each domain ranging
from 0-100%, where higher percentages indicate favourable health outcomes and higher level
of functioning. Three of the domains (physical functioning, role limitations due to physical
problems and bodily pain) contribute mainly to a physical component summary, while three
other domains (social functioning, role limitations due to emotional problems and mental
health), contribute mainly to a mental component summary?**. Three of the domains (general
health, vitality and social functioning) have noteworthy correlations with both component

summaries>*

. We used the recommended oblique model for calculating the component
summaries, found to provide a more universal factor structure without loss of predictive power
or reliability’*!%*. We used the Certified Scoring Software 4.0™ to score the questionnaire and
calculate component summary scores based on Norwegian normative data'>®. Two control
participants did not complete the SF-36. One control had missing scores for vitality and mental

health and we could therefore not calculate component summaries for this participant.



Assessment of diffusion tensor imaging
Details of the DTI and MRI acquisition and analyses have been outlined in Paper 111, and will

be summarised here.

Image acquisition

At 23 years, DTI and T1 weighted MRI were acquired on a 3T Siemens Trio with Quantum
gradients (30 mT/m) and a 12-channel head matrix coil (Siemens AG, Erlangen, Germany).
DTI was acquired with a single-shot balanced-echo EPI sequence with b = 1000 s/mm? in 30
non-collinear directions. A 3D T1 weighted magnetisation prepared rapid acquisition gradient
echo (MPRAGE) volume was also acquired. At 20 years, DTI was acquired on a 1.5T Siemens
Magnetom Symphony with Quantum gradients (30 mT/m) and a quadrature head coil. Details

regarding the DTI acquisition at 20 years are given elsewhere®*.

Image analyses
The DTI analyses were performed with the tools of the FMRIB Software Library (FSL: Oxford
Centre for Functional MRI of the Brain, UK: www.fmrib.ox.ac.uk/fsl). The brain was extracted

using Brain Extraction Tool (BET, part of FSL). FMRIB’s Diffusion Toolbox (FDT) was used

to fit a diffusion tensor model to the raw diffusion data in each voxel. Voxel-wise maps of FA,
MD, AD and RD were calculated for the VLBW and control group. FreeSurfer (version 5.3.0,

http://surfer.nmr.mgh.harvard.edu) was used to calculate intracranial volume based on

subcortical volumetric analysis of the T1 MPRAGE volume.

Probabilistic tractography

Fibre tractography of the CST and CC was performed using BedpostX, a probabilistic
tractography routine implemented in FSL based on a multifibre model®®. A ROI approach was
used to track the CST and CC pathways. The CST was tracked from a seed ROI in the cerebral
peduncles to target ROIs in the hand and foot areas in the primary motor cortices (CSThand,
CSTroot) and premotor cortices (CSTpremotor). The CCrotor and CCpremotor Were tracked from seed
ROIs in the CC including motor and premotor fibres'! to target ROIs in the primary motor and
premotor cortices. The thresholded fibre pathways were used to calculate mean FA, MD, AD,
RD and volume for the tractography results in all VLBW and control individuals. Relative
volume was calculated as mean volume of the tract divided by intracranial volume for each
individual. All seed ROIs were manually drawn by the same researcher, blinded to neonatal

history, clinical characteristics and results from previous follow-up.
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Tract-based spatial statistics (TBSS)

Voxel-wise statistical analysis was performed using TBSS (part of FSL)?*?’

at 20 years in our
cohort® and at 23 years in the current study. A detailed description is given elsewhere®. Voxel-
wise statistics of the skeletonised FA, MD, AD and RD were carried out on the white matter
skeleton using Randomise (part of FSL) to test for group differences between the VLBW and
control group. Randomise performs non-parametric permutation-based testing and inference

using Threshold-Free Cluster Enhancement'®® with a correction for multiple comparisons

(p<0.05, corrected for sex and age at MRI).

Ethics

The project complies with the principles of the Declaration of Helsinki and was approved by
the Regional Committee for Medical and Health Research Ethics in Central Norway (REK
number 4.2005.2605). Written informed consent was obtained from all participants through
written invitation letters and verbal information upon attendance. Methods used in the study
were non-invasive and did not inflict pain. Participants received financial compensation (NOK

1000) for attendance and were referred to medical specialists if indicated.

Statistical analyses

Student’s t-test was used for approximately normally distributed data; else the Mann-Whitney
U test was applied. Descriptive statistics are reported as mean (SD) where relevant. Normality
was judged by visual inspection of Q-Q plots of the residuals. Correlation analyses (Spearman’s
rho) were performed to investigate relationships between clinical characteristics and outcome
variables, in order to identify possible confounding factors. Chi-square test was used to analyse
differences in proportions between groups. For Paper I, a two-way mixed ANOVA was
performed to calculate intra-class correlation (ICC 3.1) for inter- and intra-tester reliability, and
STATA Version 12.1 software was used for analysis of the longitudinal data with the
asymptotic McNemar’s test. In Paper II, linear mixed models were used to analyse changes in
ASR and SF-36 scores from 20 to 23 years. Dependent variables were entered separately for
ASR and SF-36 scores, whereas age, group and age x group were entered as independent
variables. Analyses were performed both including and excluding participants with CP in Paper
I, and CP and/or low IQes in Paper II. Linear regression was used in Paper II and III to explore
associations of mental health, HRQoL and DTI metrics with motor skills. In Paper 11, dependent
variables were entered separately for critical items, internalizing, externalizing and total

problems for ASR, and physical and mental component summaries for SF-36, whereas motor



test scores, group and the interaction motor test scores x group were entered as independent
variables. In Paper III, motor test scores were entered separately as dependent variables,
whereas FA, group, sex, age and the interaction FA x group were entered as independent
variables. The interaction terms were added to test if the effect of motor test scores or FA were
different in VLBW and control participants. For motor tests performed with one hand, we
performed the association analyses in Paper III with only the contralateral CST in the brain to
reduce the number of analyses. Percentage of voxels in the white matter skeleton (from TBSS)
with significantly different FA and MD in the VLBW group compared with the control group
at 20 at 23 years was calculated to examine whether the extent of FA and MD group differences
changed from 20 to 23 years. IBM SPSS Statistics for Windows version 19.0 and 22.0 were

used for data analyses and two-sided p-values <0.05 were considered statistically significant.
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Results

Clinical characteristics
Clinical characteristics were similar for all three papers despite a small variation in the number

of participants (Table 3).

Table 3 Clinical characteristics of study participants
VLBW (n=36) Control (n=37)

Background characteristics Mean (SD) Mean (SD) p-value
Birth weight (g) 1197 (250) 3608 (361) <0.001
Gestational age (weeks) 29.1 (2.7) 394 (1.1) <0.001
Birth head circumference (cm)® 27.0 (2.4) 352 (1.2) <0.001
Apgar score after 1 min® 6.8 (1.9) 8.9 (0.5 <0.001
Apgar score after 5 min® 84 (1.6) 9.7 (1.5) <0.001
Maternal age at birth 28.7 (5.7) 30.1 (4.5) 0.251
Parental SES at 14 years® 34 (1.2) 3.7 (1.1) 0.575
n (%) n (%)

Intraventricular haemorrhage 309 NA NA

Grade I-IT 2

Grade IV 1
Cerebral palsy 4 (1D 0

GMFCS level I-II 3

GMFCS level IV 1
Low IQes* 8 (23) I 3

Median (Range) Median (Range)

Stay in NICU (days)¢ 61 (25-386) NA NA
Mechanical ventilation (days)¢ 1 (0-63) NA NA
Characteristics at 23 years Mean (SD) Mean (SD) p-value
Age at assessment (years) 22.5 (0.7) 22.7 (0.6) 0.236
Body mass index 233 (4.2) 244 (3.8) 0.271
Weight (kg) 66.6 (14.0) 73.5 (15.7) 0.053
Height (cm) 168.8 (9.4) 1732 (10.7) 0.066
Head circumference (cm) 56.0 (1.8) 574 (1.7) 0.001

2 Data missing for seven VLBW and two control participants

b Data missing for three control participants

¢ Data missing for two control participants

4 Data missing for two VLBW participants

Mann-Whitney U test was used to analyse Apgar scores and parental SES, else the Student’s t-test was applied.

Abbreviations: VLBW, very low birth weight, SES, socioeconomic status;, GMFCS, Gross Motor Function
Classification System; [Q.q, estimated intelligence quotient; NICU, neonatal intensive care unit; NA, not
applicable.
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Paper I

Motor skills at 23 years of age in young adults born preterm with very low birth weight
In Paper 1, we used various motor tests to examine motor skills in VLBW and control young
adults. We found that the VLBW group had overall poorer motor skills compared with the
control group. This was seen in all tests performed. The VLBW group were slower than controls
on Grooved Pegboard Test (p=0.026) and TMT-5 (p<0.001). Mean total score of the Movement
ABC-2 was 69.7 (20.2) in the VLBW group compared with 74.1 (14.4) in the control group
(p=0.017). Group differences were also seen in the sub-scores of manual dexterity and balance.
Additionally, results on HIMAT showed significantly lower total score and lower scores for
items involving balance and speed in the VLBW group compared with the control group.
Longitudinal analyses indicated that motor skills did not improve from adolescence into early
adulthood in the VLBW group, and the proportion of participants with motor problems did not
change from 14 to 23 years. After exclusion of participants with CP, group differences were
generally slightly reduced, but still significant for TMT-5 and HiMAT, and borderline
significant for Grooved Pegboard Test and Movement ABC-2.



Paper 11

Long-term follow-up of mental health, health-related quality of life and associations with
motor skills in young adults born preterm with very low birth weight

In Paper II, we assessed mental health by the ASR and BDI; HRQoL was assessed by the SF-
36. The VLBW young adults reported more mental health problems and lower HRQoL
compared with controls at 23 years of age. On the ASR, the VLBW young adults reported more
total problems, internalizing problems and attention problems, and scored higher on critical
items of clinically relevant psychiatric symptoms compared with controls. They also seemed to
be less social and reported to drink half as much alcohol as their peers. There was also a
tendency of more anxious/depressed symptoms in the VLBW group, while there were no group
differences in symptoms or severity of depression according to the BDI. On the SF-36, the
physical and mental component summaries were lower in the VLBW group than in the control
group, in addition to the domains physical and social functioning, role limitation due to physical
and emotional problems, and bodily pain. As hypothesised, mental health and HRQoL
decreased from 20 to 23 years in the VLBW group. Poorer results on motor tests at 23 years
were associated with both poorer physical and mental HRQoL in VLBW young adults. In
addition, a poorer result on TMT-5 was associated with more internalizing problems and total
problems on the ASR in the VLBW group. Overall, when we excluded participants with CP
and/or low IQ.s, many of the group differences were no longer significant. However, mean
values in the VLBW group were essentially the same on the ASR and somewhat higher on the
SF-36, especially for the physical component summary. Longitudinal changes and associations
with motor skills were similar when we excluded participants with CP and/or low 1Qest, except

mental HRQoL only being associated with TMT-5.
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Paper 111

White matter alterations and their associations with motor function in young adults born

preterm with very low birth weight

In Paper III, cerebral white matter was examined with DTI. Motor pathways of the CST and
CC in the VLBW and control group were analysed with probabilistic tractography; whole brain
white matter was analysed with TBSS. Association analyses were performed between specific
motor tests and FA in CST and CC. Tractography of the CST and CC showed that the VLBW
group had higher diffusion (MD, AD and RD) and lower CC volume than the control group,
but FA did not differ significantly. In the VLBW group, poorer performance on TMT-5 and
Movement ABC-2 Triangle was significantly associated with higher FA in CST and CC
(p<0.005). Poorer performance on Grooved Pegboard Test was associated with higher FA in
CST (p<0.02), and poorer performance on HIMAT was associated with higher FA in CC
(p<0.03). There were no associations between motor function and FA in the control group. In
the TBSS analysis, the VLBW group had lower FA and higher MD compared with controls in
all major white matter tracts, and these group differences were more widespread at 23 years

than at 20 years of age.



Discussion

Main findings

In this thesis, we found that at 23 years of age, VLBW young adults had poorer fine and gross
motor skills and reported more mental health problems and lower HRQoL compared with term-
born controls. Furthermore, the VLBW group showed white matter alterations in all major
white matter tracts compared with the control group. Longitudinal findings indicated that motor
skills did not improve from adolescence into adulthood, and that mental health and HRQoL
worsened from 20 to 23 years in the VLBW group. Group differences in white matter alterations
seemed to increase in extent from 20 to 23 years. Poorer motor function was associated with
white matter alterations in motor pathways of the CST and CC. Poorer motor skills were also
associated with more mental health problems and lower physical and mental HRQoL. The effect
of VLBW on motor skills, mental health and physical HRQoL seemed to be weaker when we
excluded participants with CP and/or low 1Qes:.

Validity of the study

Several issues should be addressed when considering the validity of a study. In the following,
I will first address the internal validity of the study in terms of methodological considerations,
chance, bias and confounding. I will then address the external validity of the study in terms of

generalisability.

Methodological considerations

Motor assessments

The Grooved Pegboard Test® and the TMT-5% are valid and reliable tests, developed for use
on children and adults. We chose to use the Movement ABC-2'"7 a revised version of the
widely used Movement ABC!%, because of its improvements and extended age range up to 16
years and 11 months. The participants in our study groups were older than the test was designed
for, which can yield ceiling effects, and true differences between groups may not be revealed.
However, there are not many motor tests for adults and only modest changes in motor skills are
reported after puberty’"'**. Moreover, we used raw scores instead of the age converted scores,

and the VLBW group was compared with our control group instead of the normative sample.

The HiMAT has high validity and responsiveness in the examination of high-level gross

mobility primarily in patients with traumatic brain injury?’>?’’. The HIMAT was used for the
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first time in a preterm population in this thesis. Despite different injury mechanisms (perinatal
brain injury versus later acquired traumatic brain injury), both populations show diffuse white

64,122

matter injury’ and a range of motor difficulties’>*!>, Moreover, the test developers state

that the HIMAT is applicable to other neurological conditions, especially in young adults?’"?73,
This may be supported by the analyses of the raw scores in our study, which gave essentially
the same results as the converted item scores. The HIMAT involves items such as running and
jumping, similar to other tests used in VLBW populations®**>?42, The items reflect gross motor
activities in daily life better than items of the Movement ABC-2, and the HIMAT may therefore

be useful as a supplementary test in adults born preterm.

Mental health and HRQoL

We used well-known, valid and reliable self-report questionnaires to examine mental health
and HRQoL, simplifying comparisons of findings with other studies of VLBW young adults.
Self-reports give the participants an opportunity to describe their own perspective of life. The
inclusion of data from multiple informants is generally recommended. However, most clinical
evaluations in this age group are based on reports by the young adults themselves, and one
could argue that their own reports are more important for their well-being than are the parent
reports. Questionnaires like the ASR enable the assessment of mental health as a continuum,
emphasising the degree of symptoms (dimensional approach). Diagnostic interviews would
have been useful for diagnosis setting (categorical approach) and are objective complements to
self-reports, but are very time- and resource-consuming. We were not able to identify rare
conditions or detect small differences between groups, to which registry studies would have

been advantageous.

As for SF-36, it is important to note that the role scales have displayed substantial floor and
ceiling effects in the general population'>. In our study, the control group had mean scores
above 94 out of 100 for physical functioning, role-physical, social functioning and role-
emotional, possibly introducing a ceiling effect that may have caused an underestimation rather

than an overestimation of group differences.

Diffusion tensor imaging
Diffusion tensor imaging is a widely used technique in clinic and research due to its simplicity
in terms of sequencing and analyses. However, there are limitations to the diffusion tensor

model, especially considering the tracking of non-dominant fibres through crossing fibre



regions**

. This may be improved with the use of other models and sequences, like high-angular
resolution diffusion imaging?*’ and constrained spherical deconvolution?**. However, these
techniques put more demand on MRI sequences and analyses. The quality of the DTI measures
depends on acquisition parameters, sequencing and methods of analysis, which might affect the
final results'3>2%_ It is not within the scope of this thesis to address all these; however, some

comments about the specific analysing methods used in this thesis are warranted.

For our DTT analyses, we applied a whole-brain voxel-based approach (TBSS) and a ROI-based
probabilistic tractography approach. These are complementary approaches that may yield
somewhat different results. As TBSS yields voxel-based results, differences in parts of a tract
may be detected, as compared to our tractography method that relies on average measures
within the whole tract. Furthermore, tractography traces the whole width of the selected tract,
including more peripheral parts with more spurious and less dense tracts, likely to result in a
lower FA than TBSS, tracing the inner core of tracts where axons are more coherent and dense.
Hence, analysing a tract’s entire width and length may even out the typical finding of reduced
FA by TBSS in VLBW populations compared with controls, thereby yielding no group
differences in FA for the whole tract by tractography, as seen in this thesis. It should be noted
that FA values from TBSS and in the resulting streamlines of the probabilistic tractography are
thresholded to include only relevant tissue, i.e. white matter. However, this might also lead to
deviations from the actual underlying anatomy. Although only large tracts like the CST and CC
were tracked in our study, FA will nevertheless be influenced by voxels containing crossing

fibres, which is important to bear in mind when interpreting the results.

Chance

The role of chance may occur any time a sample of a population is examined'®. The p-value is
defined as the probability that the effect observed in the study could have occurred by chance
alone, given that there is no relationship between the exposure and disease. The p-value is a
composite measure reflecting both the magnitude of the difference between the groups, and the
sample size. Therefore, a large effect may not achieve statistical significance if the sample size
is insufficient, which should be considered in this thesis, especially when interpreting results
when participants with CP and/or low 1Qcs are excluded. When interpreting the role of chance,
group differences and confidence intervals or standard deviations should also be considered. A
wide confidence interval or large standard deviations may be compatible with a true effect even

if the sample size was not adequate to yield sufficient statistical power!.
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Our main findings are not likely to be due to chance because of p-values <0.05 and consistent
findings. The VLBW group had significantly poorer motor skills than controls for all tests
performed, and scores were still lower when we excluded participants with CP, although some
findings were borderline significant (p<0.1). This may be caused by a combination of the
obvious motor problems in participants with CP and the reduction in sample size. The findings
of more mental health problems were shown in several scales of the ASR, and lower HRQoL
were found in almost all domains of the SF-36. The DTI findings were also consistent. Lower
FA and higher MD in the VLBW group compared with the control group were seen in all major
white matter tracts. The associations between motor function and FA were all in the same
direction and found in the VLBW group only, reducing the risk of these findings being caused

by chance alone.

Bias
If some aspect of the design or the conduct of a study has introduced a systematic error into the
results, this is called bias. There are many sources of bias in a study, and I will discuss the two

most relevant types of bias in this thesis more closely: information bias and selection bias.

Information bias

Information bias may arise either from the investigators eliciting or interpreting the information
differentially, or from the study participants themselves reporting events in a non-comparable
manner. In Papers I and III, examiners were unfortunately not blinded to group adherence.
However, examiners were blinded to neonatal history and previous test-result. In Paper I, inter-
tester reliability assessed by a blinded independent tester from video recordings showed
generally high intra-class correlation, indicating minimal variation in the measurements
between examiners. Thus, information bias in the motor assessments are unlikely. In Paper III,
some operator bias may have been introduced in the manual drawing of ROIs, but this method
is generally more precise than automatically placed ROIs. The self-report questionnaires used
in Paper II are prone to social desirability bias, meaning that participants tend to give socially
acceptable answers rather than being completely accurate. In addition, recall bias may be
introduced since the participants were to answer questions based on the last six months for the
ASR, the last four weeks for the SF-36 and the last week for the BDI. Since IQ may affect the
ability of self-perception and understanding a questionnaire, we also performed analyses

excluding VLBW participants with low 1Qest in Paper II.



Selection bias

If study participants are not randomly enrolled, selection bias may occur. This study was
geographically based and prospective, which minimises selection bias. All VLBW infants born
at St. Olavs Hospital in 1986-88 were enrolled in the study. Control participants were recruited
from a 10% random sample of women selected for follow-up during pregnancy in another
study, investigating causes and consequences of intrauterine growth restriction'’. Hence, the
control group does not include infants small-for-gestational-age (birth weight <10™ percentile)
and may therefore represent a group with better long-term outcome than the general
population®**. The use of birth weight as a proxy for prematurity introduces a risk of including
children with advanced gestational ages and severe growth restriction. This is important to bear
in mind when interpreting the results as growth restriction and prematurity are likely to pose

different risks for long-term outcome'%.

At long-term follow-up, cohort studies are prone to selection bias due to loss to follow-up. Due
to limited resources, we aimed at including the VLBW participants who were examined at 14
years and an equal number of controls, matched by age and sex. This is likely to have reduced
the potential sample size from the initial birth cohort, thereby reducing study power, and
possibly introducing selection bias. The sample size for longitudinal analyses in Paper II was
less affected since the statistical method allowed for inclusion of all available data at each time-

point. Participants with poorer outcome may have a stronger tendency to drop out'®?

, resulting
in a greater risk of underestimation of problems rather than an overestimation in the VLBW
group. VLBW non-participants in Paper II had lower parental SES than participants, which may
have underestimated mental health problems in this group since lower SES is associated with
more mental health problems®’. Except from this, there were no significant differences in
clinical characteristics between participants and non-participants in either of the study groups,
indicating that we included a representative sample of our initial cohort. Rates of 50-80%
participation have been suggested to be acceptable in cohort studies’’. Of the VLBW young
adults we invited to the study, 67% participated. Of the invited controls, 89% consented to
participation. Our rate of participation is comparable to other studies of similar length of follow-

up23,50,94'

Confounding
Confounding provides an alternative explanation for an association between exposure (VLBW)

and outcome (results of this study). The confounder must be related to both the exposure and
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the outcome without being affected by them (Figure 2). Controls were matched to the VLBW
participants by age and sex to minimise confounding by these factors. However, we adjusted
for age and sex in DTI analyses in Paper III since even small variations within and between
groups in these variables may influence DTI metrics. Furthermore, we adjusted for intracranial
volume when comparing tract volumes between groups. The higher prevalence of CP and low
IQest in the VLBW group affects the results. However, when studying preterm populations, CP
and low IQest could be considered as mediators rather than confounders, since they are likely to

represent factors in the causal chain between exposure (VLBW) and outcome (Figure 2).

Confounder Mediator

SN N

Exposure Outcome Exposure Outcome

Figure 2 Directed acyclic graph showing the effect of a confounder (left) and a mediator
(right) on exposure and outcome

Nonetheless, analyses were performed both including and excluding participants with CP in
Paper I, and CP and/or low 1Qcst in Paper 11, since this distinction may be of clinical relevance.
The main results persisted when we excluded participants with CP and/or low 1Qest. In Paper
M1, participants with CP were excluded due to the large impact CP has on the white matter
microstructure. In sum, known confounders or mediators are not likely to have affected the
main findings in this thesis. However, we cannot exclude that we have overlooked other

possibly important factors which may have influenced our results.

Generalisability

In sum, the internal validity of the study is likely to be acceptable because chance, bias and
confounding were not likely to explain the association between VLBW and poorer motor skills,
more mental health problems, lower HRQoL and white matter alterations. However, for this
study to be applicable to other similar populations, the external validity should also be
acceptable. Generalisation of our results to younger VLBW cohorts may be inappropriate

because the quality of intensive care in neonates has improved during the latest decades.



Survival of VLBW infants has increased, but neonatal and short-term morbidity among VLBW
children has remained relatively unchanged’®. In sum, this reflects an increase in the number of
VLBW survivors at risk of later adverse outcomes. Our findings provide the best estimate of
long-term outcome of VLBW survivors today until more contemporary data is available. As
VLBW infants were at the limit of viability in the late 1980s, and ELBW infants are at the limit
of viability today, the long-term outcomes found in this thesis may be especially relevant to

today’s ELBW survivors.

Causality

In this thesis, our aim was to investigate the association between being born with a VLBW and
later motor skills, mental health, HRQoL and white matter microstructure. The primary
objective in epidemiological studies is to judge whether an association between exposure and
outcome is causal'®®. However, the presence of an association does not in any way imply
causality. The result of any single study is only one component in the totality of evidence
leading towards a judgment of the existence of cause and effects. Hence, judging whether the
associations in this thesis are causal extends beyond the validity of the results, and includes
considerations of strength of the association, biological credibility of the findings and

consistency with other studies'®®. These three issues will be discussed in the following.

Strength of the association

We found a strong association between VLBW and motor problems. At 23 years, 29.4% of the
VLBW participants had motor problems according to the Movement ABC-2; this is a
prevalence around three to four times higher than in the general population!’®. Group
differences were highly significant for motor speed measured by TMT-5, also when we
excluded participants with CP (p<0.001). Reduced balance was found on two different tests
(Movement ABC-2 and HiMAT), strengthening the association between VLBW and poor
balance in young adulthood. Clinically important changes are found to be 1.21 points on the
Movement ABC-2 total score®®’ and 2.66 points on the HIMAT total score?’>. The VLBW group
scored 10.5 points lower than the control group on the Movement ABC-2 total score (6.1 points
when participants with CP were excluded) and 4.7 points lower than the control group on the
HiMAT total score (3.0 points when participants with CP were excluded). Thus, these findings
indicate large differences of clinical importance, strengthening the association between VLBW

and motor problems.
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Group differences in mental health by ASR were generally not highly significant. However,
this may be explained by the small sample size and high SD in both groups, indicating a large
variability in scores. For the ASR total problems score, the VLBW group scored 9.6 points
higher than the control group (p=0.048), reflecting an increase of 33% or 0.5SD from the mean
score in the control group. The higher total problems score was mainly due to more internalizing
problems, where the VLBW group scored 4.3 points higher than the control group (p=0.042),
reflecting an increase of 50% or 0.6 SD from the mean score in the control group. These
differences are likely to be of clinical importance. Longitudinal analyses of mental health
problems from 20 to 23 years showed a highly significant increase in the VLBW group for
internalizing problems (p=0.001) and total problems (p=0.002), showing a strong association
between VLBW and declining mental health into young adulthood, likely to be of clinical

importance.

The physical and mental component summaries of HRQoL in the VLBW group were more than
0.5 SD lower than the mean score in the control group (3.4 points, p=0.009 and 4.5 points,
p=0.013) respectively), a difference likely to be of clinical significance’. The statistical
significant change in HRQoL from 20 to 23 years was seen in the VLBW only, supporting an
association between VLBW and poor HRQoL.

For DTI metrics, group differences were seen by TBSS in all major white matter tracts, after
adjusting for multiple comparisons. These adjustments are strict, strengthening the association
between VLBW and white matter alterations. We also found strong associations between FA
and fine motor function in the VLBW group with p-values ranging from 0.001 to 0.01 for most
of the analyses. The associations between FA and gross motor function were weaker and less

likely to be of clinical importance.

Biological credibility

Poorer motor skills and mental health in addition to widespread white matter alterations in
VLBW young adults compared with controls suggest a comprehensive and general deficit. The
preterm brain is susceptible to a cascade of adverse events, often referred to as the

“Encephalopathy of prematurity”25 o

, which is likely to affect both white matter microstructure,
motor function and mental health. Indeed, both motor and mental health problems were
associated with white matter alterations in the VLBW group in our cohort at age 15'2¢??*, In

this thesis, poorer motor skills were associated with mental health problems in Paper II, and an



association between poorer fine motor function and white matter alterations was confirmed in
VLBW young adults in Paper III. The association was found in motor pathways close to the
lateral ventricles, the CST and CC. Due to an increased risk of germinal matrix haemorrhages'®
and injury to and loss of periventricular white matter in the preterm brain??*2%°, these pathways
may be especially vulnerable to alterations. Structural-functional associations may be caused
directly or indirectly by focal brain lesions, a reduced or aberrant myelination and/or axonal
abnormalities in the preterm brain, reducing connectivity. Further explanations may be that the
plastic changes that allow function to be broadly spared in very preterm individuals are
incomplete, or that the altered brain architecture that results from plasticity is less efficient!®3.
The negative association we found between motor function and FA was somewhat contra
intuitive, as higher FA often is interpreted as improved white matter integrity. However, this is
not always true as FA is only an indirect measure of white matter integrity. An example of this
is FA in crossing fibre regions. Since crossing fibres in general reduce the apparent AD and
thereby reduce the FA value in a voxel, and healthy controls are likely to have more crossing
fibres with higher FA than VLBW individuals, voxels in regions of crossing fibres are likely to
show lower FA in controls than VLBW individuals. This has been seen in the corona radiata'*
and centrum semiovale®®, where the CST, CC and association fibres are crossing. VLBW
individuals with poor motor function are likely to have a more widespread and severe injury of
white matter, and thereby fewer crossing fibres and seemingly higher FA in crossing fibre

regions, which might explain the association between poorer motor function and higher FA in

the VLBW group found in this thesis.

Potential underlying mechanisms for the increased risk of internalizing problems and the
characteristic preterm behavioural phenotype are naturally multi-actiological. As the
development of a psychiatric disorder is often a combination of the presence of risk factors and
the lack of resilience and other protective factors, I will discuss this specifically for preterm
individuals. The altered brain development is found to be associated with behavioural, mental

and social problems!3%182:190.224

, constituting a biological risk factor. These associations may
also be mediated by problems with cognition and executive functioning?®!. Poor executive
functioning with difficulties holding information in mind and switching between mental sets is
related to behavioural functioning!, and might also partly explain the social difficulties of
VLBW individuals. Furthermore, the functioning of the HPA axis may be altered by

intrauterine stress, early distress at the NICU, infections or through parental separation and

distress***%27%_ Alterations of the HPA axis may have long-lasting effects on behaviour and
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mental health in VLBW individuals?'*?**. These biological risk factors may also cause lack of
resilience and other biological protective factors, and show that biological and environmental
risk factors are closely related. Other environmental risk factors for adverse mental health may

87,282

be the increased risk of bullying in preterm children , and not succeeding in life as peers in

terms of education and family life!>%!7%!177

. Parental psychological well-being may be
negatively affected by a preterm birth??!, and may further have an impact on later mental health
problems in the preterm individual'?’. Resilience factors preventing development of later
adverse mental health have also been documented. As an example, maternal sensitivity may be
a long-term resilience factor preventing the development of internalizing problems in very

preterm born adolescents’®.

We speculate that the lower HRQoL in VLBW young adults in our study could be partly due
to the transition to independent living. To move away from home, start to study or work, finding
a partner and live more independent and social lives are challenges that may stress the
underlying physical, mental, cognitive and social difficulties of VLBW individuals. This
speculation is supported by a recent study demonstrating that the lower HRQoL in very preterm
and VLBW young adults compared with controls could be partly explained by economic and

social functioning problems??.

Consistency with other studies

Motor skills

To our knowledge, there are no other studies assessing motor skills in young adults born with
VLBW. However, our findings of poorer motor skills among VLBW young adults compared
with controls in Paper I are consistent with the existing knowledge of poorer motor skills in
VLBW children and adolescents®>224242_ A recent study investigating self-reported motor
coordination difficulties in ELBW young adults at 22-26 and 29-36 years of age compared with
normal birth weight controls, found that motor coordination remained poorer in ELBW
survivors into adulthood'*®. A meta-analysis®® found that motor problems in VLBW children
and adolescents were evident in balance skills, ball skills, manual dexterity, and fine and gross
motor skills. We found poorer balance and manual dexterity according to the Movement ABC-
2, but no differences in ball skills. Poorer manual dexterity persisting into young adulthood was
also confirmed by the Grooved Pegboard Test and the TMT-5 in our study. When we excluded
participants with CP, mean values for the Movement ABC-2 were still poorer than for controls

on most of the items, however no longer statistically significant. We found that 29.4% in the



VLBW group had motor problems at both 14 and 23 years, defined as a score <5 percentile
on the Movement ABC-2. This is comparable to a study finding that 34% in the preterm group
with a birth weight <1250g had scores <5™ percentile on the Movement ABC at 12-13 years of
age!’. No other studies have examined motor skills in VLBW populations using the HIMAT.
The poorer total score of the HIMAT indicates poorer gross motor function in the VLBW group,
both including and excluding participants with CP. Furthermore, most of the significantly
poorer item scores on the HIMAT involved balance, such as “hop forward” (hopping on one
leg) and “bound” both legs (jumping once from one leg to the other). This supports the finding

of poorer balance by Movement ABC-2. Hence, our findings of poorer motor skills in young

adulthood are well in accordance with other studies in adolescence.

Mental health
Our findings of more internalizing and attention problems, and the tendency of more anxious
symptoms and poorer social relations in VLBW young adults in Paper II are consistent with the

1,5,93,112,157,199

literature These findings support the suggested “Preterm behavioural

132 characterised by anxiety, inattention and social difficulties. This is in accordance

phenotype
with the personality type reported among young adults born VLBW or very preterm (<33
weeks’ gestation), including less sensation seeking, extraversion and openness to experience,
and higher conscientiousness, neuroticism and shyness>®!**. A newly published meta-analysis
including data from six cohorts of VLBW young adults support these findings'®. They
concluded that VLBW young adults have more internalizing and avoidant personality problems
and fewer externalizing, rule-breaking, intrusive, and antisocial personality problems than term
controls'”’. Lower alcohol consumption among VLBW young adults as found in our study and

95,238

other studies , may be explained by this personality type or the fact that they are less

social''>157, Other studies have also found that cognitive function modifies the risk of mental

health problems in preterm born populations®’-132157,

There are few studies reporting on longitudinal changes in mental health in VLBW populations.
In VLBW females, internalizing problems at eight years of age was found to predict the same
problems in young adulthood”®. We have previously reported a trend towards an increase of
mental health problems from 14 to 20 years of age in this cohort!*’, and the further increase
from 20 to 23 years found in the current study is worrying. This increase in mental health
problems seemed to persist to 26 years in our recent follow-up, as the probability of psychiatric

disorders based on diagnostic interviews increased from 28% at 20 years to 36% at 26 years in
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the VLBW group vs 8% to 13% in the control group'®. These findings are disturbing, and call

for further examination.

Associations between mental health and motor skills

Adults previously diagnosed with DCD have reported more symptoms of anxiety and
depression!!*!"!, Both in adults with normal birth weight and ELBW, self-reported childhood
coordination problems were associated with elevated levels of inattention and symptoms of

195

anxiety and depression’ . These studies indicate that the association between mental health and

motor skills is independent of birth weight.

Health-related quality of life

Findings on HRQoL in VLBW populations are conflicting. In Paper II, we found lower HRQoL
in VLBW young adults, in accordance with other VLBW studies****%° and ELBW studies>*?!!.
In contrast to our findings, two systematic reviews>?%¢ concluded that VLBW young adults
were as satisfied with their HRQoL as their peers, and that differences seen in their younger
years seemed to diminish over time. This conclusion was supported by two more recent studies
examining HRQoL using SF-36 among young adults born with a VLBW?* or with a birth
weight <1250g%. There are possibly considerable cultural differences in factors influencing
HRQoL, complicating comparison between countries. Furthermore, as some subscales of the
SF-36 are prone to floor and ceiling effects, this may reduce the chance of capturing group

differences'™>.

There are few longitudinal studies investigating changes in HRQoL into adulthood in preterm
populations. One study found a worsening in HRQoL from 13 to 26 years of age as reported by
parents of very preterm and VLBW young adults, whereas the participants themselves reported
no change??. Both positive and negative changes in HRQoL have been reported from 14 to 19
years in a very preterm and/or VLBW cohort>>, while no important changes were reported in
HRQoL between 19 and 28 years in the same cohort??. A recent study of HRQoL trajectories
of ELBW survivors into adulthood (age 12 to 36 years) found modest nonsignificant declines
in HRQoL scores over time in ELBW and control individuals, with differences among
trajectories becoming most prominent in adulthood?!!. Our findings showed a decline in self-
reported physical and mental HRQoL in the VLBW group in the transition to adulthood (20 to
23 years) that may not have been captured by the other studies with larger intervals of

assessment.



Associations between health-related quality of life and motor skills

Results in Paper II showed that poorer motor skills were associated with lower physical and
mental HRQoL, which remained significant for fine motor speed when we excluded
participants with CP and/or low IQest. A distinct low trajectory of HRQoL has been found in

211

ELBW individuals with neurosensory impairments~'" and a strong association has been found

255 However,

between physical impairments and HRQoL in a group of VLBW young adults
even mild motor difficulties are shown to impact on children’s ability to perform daily self-
care, social, academic and leisure tasks'’”®. Adults previously diagnosed with DCD have
reported lower QoL satisfaction compared with peers''**’. An association between motor
skills and HRQoL is therefore likely to exist, but more studies are needed to examine this

association in VLBW populations, especially in participants without neurosensory

impairments.

White matter microstructure
Lower FA and higher MD are common findings in major white matter tracts throughout the

148,189

preterm brain , supporting our TBSS findings. These changes are already evident in

10,191,206 d43,46

infancy , and persist in childhood***, adolescence”** and young adulthood”**!*!, To our
knowledge, there are no true longitudinal DTI studies due to the rapid development of MRI
techniques. We were not able to analyse within-group longitudinal changes, due to different
MRI scanner type and strength. However, we found that the group differences in white matter
diffusion seemed to increase in extent (number of voxels) from 20 to 23 years. A similar
increase was seen between 14 to 19 years in our cohort®®. The finding of equal FA between the
VLBW and control group in motor pathways by tractography was somewhat surprising, but
may be explained by methodological differences. However, the tractography results showed
group differences in axial, radial and mean diffusion, supporting white matter alterations in
motor pathways as seen in other studies®*!#!. A similar discrepancy in results by TBSS and

tractography in CST has also been found in another study of VLBW young adults'3%.

Associations between white matter microstructure and motor function

The negative association we found between motor function and FA was opposite from what we
expected based on earlier findings. A positive association between motor function and FA in
VLBW populations has been found in infancy®!, childhood®*, adolescence’?* and young
adulthood??. There are also studies that do not indicate any association between motor function

and FA*138 However, these studies included only VLBW infants without major motor
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4, or they assessed motor function in childhood and DTI in

problems or focal brain lesions
adulthood'®, possibly reducing the likelihood of finding an association. Furthermore, it is
difficult to compare results between studies due to large differences in age at examination,
motor assessments, DTI sequencing and analyses. The negative association we found may be
explained by regional group differences in crossing fibres, but further research is needed to

explore these associations and crossing fibre regions more closely.



Clinical implications

Poor manual dexterity combined with reduced motor speed may have a negative influence on
writing skills and computer-typing, which again can interfere with academic achievement, work
and independent living. Reduced balance and gross motor function may interfere with sports
and various leisure activities and reduce the chances of an active life with friends. The
continuation of motor problems into adulthood strengthens the importance of early intervention
or helping parents choose alternative activities and sports more adapted to the child's motor
skills to ensure an active lifestyle. Motor problems in VLBW young adults are likely to be
related to the “Encephalopathy of prematurity”, emphasising the importance of continuation in

efforts to enhance normal brain development.

As motor problems were associated with mental health problems and low physical and mental
HRQoL, awareness of the coexistence of problems is needed, and special attention should be
given to individuals with multiple risks. Poor motor skills, mental health and HRQoL may
influence self-esteem, increase risk of bullying and lead to social isolation, which may further

worsen the problems >87:282

. An increased focus on resilience factors preventing the
development of adverse mental health and HRQoL in preterm individuals is warranted.
Assessments of mental health should include a cognitive examination since mental health
problems were modified by 1Q. As mental health and HRQoL declined in the transition to
adulthood, there is reason to be observant of problems that might become more visible as the

VLBW young adults enter independent living and encounter the demands of adulthood.

Future research

As it may seem that the transition to adulthood is especially challenging for VLBW individuals,
we encourage more research into adulthood, including association analyses of possible
coexisting factors to identify especially vulnerable individuals. Further follow-up is needed to
see how motor and mental health problems, HRQoL and white matter alterations change further
into adulthood. It will be equally important to identify early risk factors for adverse outcome in
order to possibly prevent problems in adulthood by environmental adaptation. A new follow-
up at 26 years in our cohort was completed recently, assessing HRQoL and mental health,
including self-report questionnaires and psychiatric diagnostic interviews. MRI was also

performed, and one aim is to investigate possible mental health correlates in the brain.
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Further research on the brain and inflammation is important to detect possible biological
correlates and early biomarkers to later neurodevelopmental difficulties. More advanced MRI
techniques such as hybrid/simultaneous PET/MRI and fMRI, as well as quantitative EEG may
be increasingly important in future research on brain connectivity. Higher field-strength
magnets in MRI scanners and an integration of DTI and fMRI may improve the accuracy of
anatomical localisation of microstructural changes. There is also a lack of genuinely
longitudinal studies of brain development in preterm populations, using DTI and other imaging

modalities.

Early interventions may be effective as the brain is highly plastic early in life'**. Early
interventions have been found to improve short-term motor function''*?*®  but long-term
follow-up is lacking. Interventions continuing after hospital discharge and including parents
seem to be most beneficial for motor and cognitive function''®. Motor practice in childhood and
adulthood has been found to improve white matter integrity in musicians®®, possibly because
electrical activity by axons can stimulate myelination®’. It would be of great interest to
investigate if this may apply to preterm populations and have positive effects for other domains
than motor function. The study of genetic and environmental influences on brain and white
matter may be more relevant in the future to examine the interactions between perinatal brain

injury, genetics and white matter structure in preterm individuals.

To advance the knowledge on long-term outcomes after preterm birth, our research group is a
member of “Adults Born Preterm International Collaboration” (APIC), that includes several
research groups around the world, and which enables us to share data and perform pooled
analyses for joint publications. Two papers have already been published as a result of this

collaboration!'$1%°

, with more to come. Furthermore, NTNU is a partner through our research
group in an EU project: Research on European Children and Adults born Preterm (RECAP).
This project aims at harmonising and combining European follow-up data to promote health
and well-being for children and adults born preterm and to study underlying factors of risk and

resilience.



Conclusions

In conclusion, VLBW young adults had poorer fine and gross motor skills compared with a
term-born control group at 23 years, and they did not show any improvements in motor skills
from adolescence into young adulthood. At 23 years of age, the VLBW group reported more
mental health problems and lower health-related quality of life (HRQoL) than the control group.
They seemed to have a cautious lifestyle with a tendency of less alcohol use and restricted social
network, and more internalizing problems. Longitudinal findings indicated that mental health
and HRQoL worsened from 20 to 23 years in the VLBW group. Poorer motor skills were
associated with more mental health problems and especially lower physical HRQoL, the cause
of which is likely to be of shared aetiology. The VLBW young adults showed white matter
alterations in all major white matter tracts compared with controls; these group differences
seemed to increase in extent from 20 to 23 years. White matter alterations in motor pathways
of the corticospinal tract and the corpus callosum were associated with poorer motor function
in the VLBW group only. These findings indicate that white matter alterations have an impact
on outcome in VLBW young adults and that the transition to adulthood seems to be especially

challenging for VLBW individuals.
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Background: Motor skills have previously not been reported in young adults born with very low birth weight
(VLBW), although they are commonly reported in children and adolescents.
Aim: To compare fine and gross motor skills in VLBW young adults with matched term-born controls, and to
study longitudinal changes in the VLBW group.
Study design: A geographically based follow-up study of a VLBW group and a control group.
Subjects: Thirty-six VLBW (birth weight < 1500 g) young adults, including four participants with cerebral
palsy (CP), and 37 matched controls (birth weight > 10th centile) were examined at 14 and 23 years of age.
Outcome measures: Fine and gross motor skills were assessed using Grooved Pegboard test (GP), Trail Making
Test-5 (TMT-5), Movement Assessment Battery for Children-2 (Movement ABC-2) and High-level Mobility
Assessment Tool (HIMAT).
Results: VLBW young adults were slower than controls on GP (p = 0.026) and TMT-5 (p < 0.001). Mean total
Movement ABC-2 score was 69.7 + 20.2 in the VLBW group compared with 74.1 4+ 14.4 in the control group
(p = 0.017). Differences were also seen in manual dexterity and balance. Additionally, HIMAT showed re-
duced balance and speed in gross motor skills in the VLBW group. The proportion of participants with
motor problems did not change between age 14 and 23. After exclusion of participants with CP, scores
were essentially the same.
Conclusion: VLBW young adults had overall poorer fine and gross motor skills compared with controls. Re-
duced speed seemed to be an underlying problem. Longitudinal findings indicate that VLBW children have
not outgrown their motor problems when entering adulthood.

© 2013 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

in VLBW children and adolescents [11-15]. Myelination deficits also af-
fect connectivity, and may lead to slower signalling in the brain. A

Long-term disability as a consequence of prematurity has been in-
creasing during the last decades, as more of these infants survive [1-3].
In very low birth weight children (VLBW; birth weight < 1500 g), the
rate of brain injury is high [4], and cognitive, neurosensory and
neuromotor disabilities, including cerebral palsy (CP), are common
[1,5-7]. Signs of perinatal white matter injury that influences white mat-
ter development and maturation are seen on magnetic resonance imag-
ing of the brain in VLBW populations from birth to young adulthood
[8-10], which also have been shown to correlate with motor problems
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meta-analysis of 41 studies on motor outcome, have documented poorer
fine and gross motor skills in very preterm and VLBW children from
childhood to adolescence [16]. This was most pronounced for balance
skills, then manual dexterity and to some extent, ball skills [16]. To our
knowledge, none have yet reported on motor skills in adulthood. Both
fine and gross motor skills influence leisure and social activities, daily
tasks, work and academic achievement, which may be increasingly im-
portant as young adults enter independent living.

The aim of this study was to compare fine and gross motor skills in
VLBW young adults with matched term-born controls, using well
known motor tests and a new assessment tool measuring gross
motor skills. Additionally, we wanted to study longitudinal changes
from adolescence to adulthood. Based on previous research, we hy-
pothesized that young adults born preterm with VLBW have poorer
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fine and gross motor skills than controls, especially regarding balance,
manual dexterity and timed performances, and that performance
does not improve with time.

2. Methods
2.1. Study design

This is a matched case control study of 23-year-old adults born pre-
term with very low birth weight (VLBW) and a control group born at
term with normal birth weight. The VLBW children had been admitted
to the Neonatal Intensive Care Unit (NICU) at St. Olavs Hospital, Trond-
heim University Hospital, Norway, in 1986 88. These same VLBW chil-
dren have previously participated in a longitudinal follow-up study at
the Norwegian University of Science and Technology, Trondheim with
evaluations at 1, 5 and 14 years of age [17 19]. The controls were
from the same geographical area as the VLBW children, born in the
same period at the same hospital, and were originally recruited through
a multicenter study on causes and consequences of intrauterine growth
restriction. This group has served as controls in the follow-up study at
all time points. At 23 years of age, fine and gross motor skills were
assessed as part of a larger assessment battery, also including MRI and
mental health questionnaires.

2.2. Study groups

2.2.1. VLBW group

The VLBW group comprised 36 young adults (15 males and 21
females) born preterm (before 37th week of gestation) with birth
weight <1500 g. At 14 years of age, 63 adolescents met for examina-
tion. At 23 years, seven of these young adults were non-traceable and
two were not testable due to severe quadriplegic CP. Thus, we contacted
54 VLBW young adults, thereof 18 (33%) did not consent, leaving 36
(67%) young adults for examination. Four (11%) of these had CP; one fe-
male had spastic hemiplegia with functional level I and three males had
spastic diplegia with functional levels [, Il and IV according to the Gross
Motor Function Classification System (GMFCS) [20].

2.2.2. Control group

The control group comprised 37 young adults (15 males and 22
females) born with a birth weight >10th centile for gestational age.
We contacted 48 controls matched to the VLBW participants by age
and sex. Of these, 46 had met at the 14 year examination. Two of the
contacted controls were not testable due to pregnancy, five had
moved too far away and four did not consent.

2.2.3. Non-participants

There were no significant differences regarding data collected
around birth; birth weight, gestational age, head circumference, Apgar
scores, days in NICU, days on mechanical ventilator, proportion of
infants with intraventricular haemorrhage (IVH) and maternal age, or
parental socioeconomic status (SES) and motor skills at 14 years of
age between those who participated at follow-up at 23 years of age
and those who did not give their consent to participate in the VLBW
group. In the control group, we did not find any differences between
those who participated at 23 years of age and those who did not con-
sent or were not contacted from previous follow-up (Table 1).

2.3. Methods

2.3.1. Clinical characteristics

Data collected around birth included birth weight, gestational age,
head circumference, Apgar scores, days in NICU, days on mechanical
ventilator, [IVH and maternal age. Parental SES was calculated according
to Hollingshead's Two factor index of social position [21] at 14 years of
age, based on a combination of parents' education and occupation. CP

was diagnosed in childhood, and classified as spastic hemiplegia (uni-
lateral), diplegia (bilateral, most involvement in lower extremities) or
quadriplegia (involvement of all extremities). Functional level was
assessed according to the GMFCS [20].

At 23 years of age, weight was measured on an electronic scale (to
nearest 10 g). Height was self-reported or measured if the participant
did not know. Body mass index (BMI) was calculated from these two
measures (kg/m?). Head circumference (occipital frontal circumfer-
ence) was measured to the nearest 0.1 cm. Handedness was assessed
by the Edinburgh Handedness Inventory [22], which gives a laterality
index determined by the dominance of a person's right or left hand in
12 everyday activities. The laterality index ranges from —100 for
complete left-handedness, to 4100 for complete right-handedness.
The participants answered questionnaires regarding recent injury, re-
cent illness, current medication usage, pain, exercise and education.
Pain was reported with VAS (Visual Analogue Scale). The participants
recorded their weekly frequency and duration of exercise (if any) and
number of exercise activities performed regularly. Education was di-
chotomized into high school completion plus higher education ad-
missions and incomplete high school plus vocational training .

2.3.2. Motor examination

Fine and gross motor skills in young adults were assessed by three
examiners; two physiotherapists and one master student in movement
science. All testers were blinded to neonatal history, clinical character-
istics and results from previous follow-up, but not to group adherence.

2.3.3. Grooved Pegboard test (GP)

The GP [23] is a manipulative dexterity test which requires com-
plex visual motor coordination and measures how quickly the partic-
ipants can insert pegs into 25 keyhole-shaped holes with various
orientations in a 5 x 5 matrix. Time (in seconds) and number of
drops are registered for each hand individually. In the current study,
one VLBW participant with spastic diplegic CP was not able to per-
form this test due to attention problems. Poor performance was de-
fined as scores >2SD of the mean in the control group.

2.3.4. Trail Making Test-5 (TMT-5)

The TMT-5 measures motor speed and consists of 32 circles linked
with a dotted line on a paper. The task is to draw a line between the
circles in the order directed as fast as possible, touching all the circles.
Time (in seconds) and errors (number of circles missed) are mea-
sured. The TMT-5 is one of five TMT subtests in the standardized
Delis Kaplan Executive Function System (D KEFS) [24]. The other
TMT subtests measure visual scanning, attention, working memory
and number letter sequencing, which we considered less relevant
for the aim of this study because they are more related to executive
functions than to motor skills.

2.3.5. Movement Assessment Battery for Children-2 (Movement ABC-2)

The Movement ABC-2 [25] is the revised version of the standardized
Movement ABC which identifies and evaluates children's motor devel-
opment. The test is divided into three age bands, where the highest
age band (up to 16 years and 11 months) was used in this study. The
test consists of eight items grouped into three subscales of manual dex-
terity (three items), aiming and catching (two items), and balance
(three items). The raw scores (for instance number of seconds to com-
plete a task) are converted into item standard scores, which add up to a
component score for the three subscales. The total test score of maxi-
mum 108 points is the sum of the three component scores, where a
higher score indicates better motor skills. Motor problems were defined
as scores <5th centile in the control group.

2.3.6. High-level Mobility Assessment Tool (HiMAT)
The HiMAT [26] is a new test specifically developed to examine
high-level mobility following traumatic brain injury (TBI), although
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Table 1
Clinical characteristics for participants met versus not met in the VLBW group and the control group.
VLBW Control
Met (n = 36) Not met (n = 27) Met (n = 37) Not met (n = 39)
Mean (SD) Mean (SD) p-value Mean (SD) Mean (SD) p-value
Clinical characteristics
Birth weight (g) 1197 (250) 1167 (217) 0.441 3608 (361) 3714 (491) 0.290
Gestational age (weeks) 29.1 (2.7) 29.0 (2.5) 0.955 394 (1.1) 39.8 (1.3) 0.185
Head circumference at birth (cm)?® 27.0 (2.4) 27.3 (2.4) 0.671 35.2 (1.2) 354 (1.0) 0.429
Apgar score after 1 min® 6.8 (1.9) 6.7 (2.8) 0.689 8.9 (0.5) 9.0 (0.0) 0.067
Apgar score after 5 min© 8.4 (1.6) 8.6 (1.6) 0.519 9.7 (1.5) 9.9 (0.3) 0916
Days in NICU? 80.7 (63.2) 61.1 (31.4) 0.253 0.2 (1.5) 0.1 (0.3) 0.955
Days on ventilator? 54 (12.9) 3.6 (7.7) 0.662
Maternal age at birth (years) 28.7 (5.7) 26.8 3.7) 0.216 30.1 (4.5) 29.7 (44) 0.713
Parental SES at 14 years® 34 (1.2) 29 (1.3) 0.087 37 (1.1) 38 (1.2) 0.559
Total Movement-ABC score at 14 years' 11.9 (8.1) 10.6 (8.5) 0.449 6.1 (4.6) 6.4 (3.9) 0.765

VLBW = Very Low Birth Weight.

SD = Standard Deviation.

NICU = Neonatal Intensive Care Unit.

SES = Socioeconomic Status.

Movement-ABC = Movement Assessment Battery for Children.

Mann Whitney U test was used to analyse non-parametric data and Student's t-test was used to analyse parametric data.
@ Data for head circumference was missing for eight VLBW met, six VLBW not met, three controls met and two controls not met.
b Apgar scores after 1 min were missing for one VLBW not met, three controls met and two controls not met.
€ Apgar scores after 5 min were missing for two VLBW not met, two controls met and two controls not met.

4 Data from the NICU including days on ventilator was missing for one VLBW met.
¢ Parental SES was missing for two controls met.

f Total score Movement-ABC at 14 years was missing for two VLBW met, four VLBW not met, two controls met and one control not met.

the authors claim that the test may also be applicable to other neurolog-
ical conditions [27]. High-level mobility refers to motor performance
necessary for many leisure, sporting and social activities, among others.
The test assesses 13 items (walk, walk backwards, walk on toes, walk
over obstacle, run, skip, hop forward, bound, and walk up/down stairs).
The participants are asked to complete the task at their fastest safe
speed over a distance of 20 m, whereof the middle 10 m is timed in
all items except for the bound item (distance in cm) and stair items
(normal walking speed). The raw score (time in seconds and distance
in cm) is converted to a score from O to 4, except the stair items,
which yield 0 to 5 points each, the higher the better. Failure, refusal or
inability to perform a test item is given an item score of zero, and the
maximum total score is 54 points. The stair items are classified as
dependent or independent based on the use of railings for support
and reciprocal walking. A 12-steps staircase was used in the current
study, and the scoring corrected thereafter (seconds x 14 /12) in
accordance to the manual [27]. The Norwegian translation of the test
was used in the current study [28].

The authors of the test have also published a revised version of the
HiMAT [29], consisting of eight of the original 13 items, where bound
on affected leg and the stair items have been removed with a total
8-item HiMAT score of 32 points. In the present study, we calculated
both the total original HIMAT score and the revised 8-item HiMAT
score. One wheelchair-dependent VLBW participant with CP was
not able to perform any of the HiMAT items in our study.

2.3.7. Inter- and intra-tester reliability

We assessed inter- and intra-tester reliability by scoring video-
recordings of the GP, TMT-5 and the Movement ABC-2 (except the
drawing task which is not possible to score from video recordings).
We chose not to include the HIMAT in the reliability-testing due to
poor video quality. An independent tester (IMH), blinded to group
adherence in addition to clinical characteristics and outcome from
previous and current follow-up, scored the video-recordings for
inter-tester reliability on 51 (70%) participants (27 VLBW, 24 con-
trols). One of the examiners scored the video-recordings for
intra-tester reliability on 44 (60%) of the participants (26 VLBW, 18
controls).

2.3.8. Longitudinal data

Longitudinal data from 14 years of age were available for the GP
and for the previous version of the Movement ABC [30]. Poor perfor-
mance on the GP was defined as scores >2SD of the mean in the con-
trol group. Motor problems on the Movement ABC were defined as
scores <5th centile in the control group.

2.4. Ethical considerations

The project complies with the principles laid down in the Declara-
tion of Helsinki and was approved by the Ethical Committee for Med-
ical Research in Mid-Norway. Written informed consent was achieved
through written invitation letters and verbal information upon atten-
dance. Methods used in the study were non-invasive and did not in-
flict pain. Participants received financial compensation (NOK 1000)
for attendance.

2.5. Statistical analyses

IBM SPSS Statistics for Windows version 19.0 was used for data
analysis, and two-sided p-values less than 0.05 were considered sta-
tistically significant. Mann Whitney U test was used to analyse differ-
ences in ordinal variables and non-parametric data. Student's t-test
was used for normally distributed data. Chi-square test was used to
analyse differences in proportions between groups. Correlation analy-
ses (Spearman's rho) were performed to investigate relationships be-
tween clinical characteristics and outcome variables, in order to
identify possible confounding factors. A two-way mixed ANOVA was
performed to calculate intra-class correlation (ICC (3.1)) for inter-
and intra-tester reliability. STATA Version 12.1 software was used for
analysis of the longitudinal data with the asymptotic McNemar's test.

3. Results
3.1. Clinical characteristics

Clinical characteristics are described in Table 2. By definition,
there were significant differences in data from birth such as birth
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Table 2

Clinical characteristics from previous and current follow-up for the VLBW group, the non-CP VLBW group and the control group.

VLBW (n = 36) Non-CP VLBW (n = 32) Control (n = 37)
Mean (SD) p-value Mean (SD) p-value Mean (SD)
(vs controls) (vs controls)
Previous follow-up
Birth weight (g) 1197 (250) <0.001 1237 (216) <0.001 3608 (361)
Gestational age (weeks) 29.1 (2.7) <0.001 293 (2.6) <0.001 394 (1.1)
Head circumference at birth (cm)?® 27.0 (2.4) <0.001 27.3 (2.3) <0.001 35.2 (1.2)
Apgar score after 1 min” 6.8 (1.9) <0.001 6.8 (1.9) <0.001 8.9 (0.5)
Apgar score after 5 min” 8.4 (1.6) <0.001 8.4 (1.7) <0.001 9.7 (1.5)
Maternal age (years) 28.7 (5.7) 0.251 29.2 (5.5) 0.455 30.1 (4.5)
Parental SES (14 years)* 34 (1.2) 0.575 34 (1.2) 0.503 3.7 (1.1)
Current follow-up (23 years)
Age 225 (0.7) 0.236 225 (0.7) 0.201 227 (0.6)
BMI 233 (42) 0.271 234 (4.1) 0.336 24.4 (38)
Weight (kg) 66.6 (14.0) 0.053 67.4 (14.2) 0.095 735 (15.7)
Height (cm) 168.8 (9.4) 0.066 169.2 (9.5) 0.108 1732 (10.7)
Head circumference (cm) 56.0 (1.8) 0.001 56.1 (1.8) 0.003 57.4 (1.7)
Laterality index 58.6 (66.4) 0.466 66.3 (59.5) 0.803 86.2 (15.8)

VLBW = Very Low Birth Weight.

CP = Cerebral Palsy.

SD = Standard Deviation.

NICU = Neonatal Intensive Care Unit.
SES = Socioeconomic Status.

BMI = Body Mass Index.

Mann Whitney U test was used to analyse non-parametric data and Student's t-test was used to analyse parametric data.
¢ Data for head circumference were missing for eight VLBW participants and three controls.

b Apgar scores after 1 and 5 min were missing for three and two controls, respectively.

¢ Parental SES was missing for two controls.

weight, gestational age and head circumference between the groups.
Median stay in the NICU was 61 days (range: 25 386 days). The
VLBW group had a median of one day on mechanical ventilator
(range: 0 63 days) and three (9%) developed IVH (one of these was
later diagnosed with CP). At 23 years of age, the VLBW group had
smaller mean head circumference and was borderline lighter and
shorter than the control group, whereas BMI did not differ between
the groups. There was no significant difference in laterality index be-
tween the groups.

The median number of physical activities of the VLBW group was
1.0 (range: 1.0 2.0) compared to 3.0 (range: 0.0 3.0) in the control
group (p < 0.001). However, there was no association between the
number of physical activities and outcome of any of the tests.

There were no statistical differences in other clinical characteris-
tics, such as recent injury, recent illness, medication, pain, exercise
(yes/no and duration of exercise) or education, where 20 (56%) in
the VLBW group and 27 (73%) in the control group had general uni-
versity and college admissions certification. There were no associa-
tions between any of the other clinical characteristics and the
outcomes.

3.2. Grooved Pegboard test (GP)

The VLBW group was significantly slower than the control group
on the GP, with both dominant hand and non-dominant hand at
23 years of age (Table 3). However, there was no difference in num-
ber of drops. When excluding participants with CP, mean time in sec-
onds was slightly reduced for the dominant hand (p = 0.064), and
for the non-dominant hand (p = 0.061). There were no differences
in the number of drops or errors after exclusion of the young adults
with CP.

When comparing with the results at 14 years of age, the VLBW
group improved their scores with 5.5 4+ 22.3 s for the dominant
hand compared with an improvement of 4.0 4 11.1 s in the control
group (p = 0.727). For the non-dominant hand, the difference was
10.2 £ 25.6 s for the VLBW group compared with 6.4 + 12.4 s in
the control group (p = 0.434). At 14 years of age, seven (20.0%)

VLBW participants had poor performance (>2SD) with the dominant
hand, compared with five (14.3%) at 23 years of age (p = 0.414). The
proportion of VLBW participants with poor performance with the
non-dominant hand increased from four (11.8%) at 14 years of age
to ten (29.4%) at 23 years of age (p = 0.034). The results were
unchanged when participants with CP were excluded.

3.3. Trail Making Test-5 (TMT-5)

The VLBW group was significantly slower on the TMT-5, but there
was no difference between the groups in terms of number of errors
(Table 3). When we excluded the young adults with CP, the mean
time in seconds to complete the TMT-5 barely changed, and the
group difference remained highly significant (p < 0.001).

3.4. Movement Assessment Battery for Children-2 (Movement ABC-2)

Table 4 shows the results of the Movement ABC-2. The VLBW
group had significantly lower total Movement ABC-2 score (indicat-
ing poorer performance) than the control group. They also had signif-
icantly poorer score for manual dexterity and balance, while the score
for aiming and catching was borderline different between the groups.
When the four participants with CP were excluded, the difference in
total Movement ABC-2 score between the groups was borderline sig-
nificant, whereas the component scores were no longer significantly
different from the control group.

We also analysed the raw scores for the individual items which
gave similar results as the item scores, yielding significant results
for turning pegs, catching with one hand , walking toe-to-heel
backwards and zig-zag hopping .

At 14 and 23 years of age, ten (29.4%) VLBW participants had motor
problems, defined as <5th centile, whereof seven (20.6%) VLBW partic-
ipants had motor problems at both time points (p = 1.000). There
were no differences in proportion of participants with problems on
the subscores or when the participants with CP were excluded.
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Table 3

Results of the Grooved Pegboard test and the Trail Making Test-5 at age 23 in the VLBW group, the non-CP VLBW group and the control group.

VLBW (n = 35) Non-CP VLBW (n = 32) Control (n = 37)
Mean (SD) p-value Mean (SD) p-value Mean (SD)
(vs controls) (vs controls)
Grooved Pegboard test
Dominant hand
Time (s) 70.7 (19.0) 0.025 68.5 (16.9) 0.064 62.2 (9.5)
Drops (no) 03 (0.8) 0.169 0.3 (0.8) 0.205 0.1 (0.4)
Non-dominant hand
Time (s) 80.6 (35.1) 0.026 739 (13.4) 0.061 68.3 (10.6)
Drops (no) 03 (0.5) 0.450 0.3 (0.5) 0.517 0.2 (0.4)
Trail Making Test-5
Time (s) 28.6 (10.8) <0.001 282 (11.1) <0.001 19.9 (5.6)
Errors (no) 0.1 (0.4) 0.791 0.1 (0.4) 0.603 0.3 (1.2)

VLBW = Very Low Birth Weight.

CP = Cerebral Palsy.

SD = Standard Deviation.

Mann Whitney U test was used to analyse all data.

3.5. High-level Mobility Assessment Tool (HiMAT)

The total HIMAT score and the 8-item HiMAT score were signifi-
cantly lower in the VLBW group compared with the control group
(Table 5). In the non-CP VLBW group, the total HiMAT score was
still significantly lower, while the 8-item HiMAT score was no longer
significantly lower than in the control group. Both including and ex-
cluding participants with CP, differences were seen in the items

walk backwards , hop forward and bound (both legs).

Analyses of the raw scores for the VLBW group showed essentially
the same results, the only change was that the items skip and run
were borderline significant in these analyses (data not shown). In the
non-CP VLBW group, the raw score for the item bound less affected
leg was significantly lower than in the control group (data not shown).

3.6. Inter- and intra-tester reliability

Inter-tester reliability was examined in 51 (70%) participants. The
two-way mixed intra-class correlation (ICC (3.1)), ranged from 0.913

Table 4

to 1.000 for 84% of the rated tasks. The result for the remaining rated
tasks deviated from these results with an ICC (3.1) of 0.708 and 0.781
for right and left foot zig-zag hopping and 0.814 for GP drops non-
dominant hand. Intra-tester reliability was examined in 44 (60%) par-
ticipants. ICC (3.1) ranged from 0.952 to 1.000 for 79% of the rated
tasks. For the remaining tasks, ICC (3.1) was 0.789 and 0.591 for right
and left foot zig-zag hopping, 0.851 for GP drops non-dominant hand
and 0.897 for throwing.

4. Discussion

This is the first study to report on motor skills in young adulthood.
Our longitudinal data indicate that the poorer motor skills documented
in VLBW adolescents do persist into early adulthood. We found that
VLBW young adults had overall poorer motor skills compared to
matched controls. This was seen in all the tests performed. When we
excluded the young adults with CP from the analyses, the VLBW
group still had significantly poorer performances on the Trail Making
Test-5 (TMT-5), the High-level Mobility Assessment Tool (HiMAT), as

Results of the Movement ABC-2 with item scores, component scores and total score in the VLBW group, the non-CP VLBW group and the control group of 23 years of age.

VLBW (n = 36) Non-CP VLBW (n = 32) Control (n = 37)
Mean (SD) p-value Mean (SD) p-value Mean (SD)
(vs controls) (vs controls)

Turning pegs
Preferred hand 7.0 3.1) 0.030 7.5 (2.7) 0.107 8.4 (2.5)
Non-preferred hand 7.0 3.2) 0.018 7.6 (2.8) 0.079 8.9 (2.2)
Triangle with nuts and bolts 7.8 (4.3) 0.096 83 (4.1) 0.292 9.3 (2.6)
Drawing trial 9.8 (3.9) 0.491 104 (33) 0.967 104 (3.2)
Manual dexterity 245 (8.6) 0.049 26.1 (7.2) 0.179 282 (54)
Catching with one hand
Best hand 83 (3.8) 0.056 8.8 (3.6) 0.168 10.1 (2.9)
Other hand 9.1 (33) 0.014 9.5 (3.2) 0.055 10.9 (2.3)
Throwing at wall target 8.5 (3.3) 0.610 8.8 (3.2) 0.854 89 (3.2)
Aiming and catching 171 (5.0) 0.066 17.9 (4.3) 0.173 193 (4.6)
Two-board balance® 9.8 (3.8) 0.087 103 (34) 0.250 112 (3.0)
Walking toe-to-heel backwards® 8.7 (3.9) 0.031 93 (3.5) 0.112 105 (2.9)
Zig-zag hopping *
Right leg 9.6 (3.6) 0.018 10.4 (2.5) 0.126 11.0 (0.0)
Left leg 9.7 (3.4) 0.018 10.5 (2.1) 0.126 11.0 (0.0)
Balance * 28.1 (94) 0.050 30.1 (7.0) 0.159 326 (3.9)
Total score * 69.7 (20.2) 0.017 741 (14.4) 0.061 80.2 (8.7)

Movement ABC-2 = Movement Assessment Battery for Children-2.
VLBW = Very Low Birth Weight.

CP = Cerebral Palsy.

SD = Standard Deviation.

Mann Whitney U test was used to analyse all data.

2 One wheelchair-dependent VLBW participant was not able to perform the balance items, thus total score could not be calculated for this participant.
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Table 5

Results of the HIMAT with item scores, 8-item HiMAT score and total HIMAT score in the VLBW group, the non-CP VLBW group and the control group of 23 years of age.

VLBW (n = 35) Non-CP VLBW (n = 32) Control (n = 37)
Mean (SD) p-value Mean (SD) p-value Mean (SD)
(vs controls) (vs controls)

Walk 3.6 (0.5) 0.804 3.7 (0.5) 0.700 3.7 (0.5)
Walk backwards 35 (0.7) 0.004 3.6 (0.6) 0.020 39 (0.3)
Walk on toes 35 (1.0) 0.266 3.7 (0.5) 0.507 3.8 (0.4)
Walk over obstacle 35 (0.7) 0.210 3.6 (0.6) 0.519 3.7 (0.5)
Run 29 (0.9) 0.150 3.0 (0.8) 0.372 31 (0.6)
Skip® 29 (13) 0.041 3.1 (1.0) 0.128 3.4 (1.0)
Hop forward (more affected leg)* 3.0 (1.2) 0.002 32 (1.0) 0.010 3.7 (0.6)
Bound (less affected leg)* 32 (0.9) <0.001 34 (0.8) 0.001 3.9 (0.3)
8-item HiMAT score® 26.0 (6.1) 0.037 273 (4.5) 0.119 293 (2.5)
Bound (more affected leg)® 32 (0.9) 0.003 34 (0.6) 0.013 3.8 (0.4)
Up stairs dependent® 4.9 (0.2) 0.526 5.0 (0.2) 0918 5.0 (0.2)
Up stairs independent® 28 (1.1) 0.089 2.8 (1.0) 0.122 32 (0.9)
Down stairs dependent® 49 (0.3) 0.600 5.0 (0.2) 0.882 5.0 (0.2)
Down stairs independent® 3.1 (1.3) 0.260 32 (1.2) 0.395 34 (1.1)
Total HiMAT score® 449 (7.9) 0.006 46.6 (5.4) 0.023 49.6 (3.4)

HiMAT = High-level Mobility Assessment Tool.
VLBW = Very Low Birth Weight.

CP = Cerebral Palsy.

SD = Standard Deviation.

Mann Whitney U test was used to analyse all data.

¢ One control had an ankle sprain during skipping, thus was not testable on the remaining tasks.

well as borderline significantly poorer performances on the Grooved
Pegboard test (GP) and the Movement Assessment Battery for
Children-2 (Movement ABC-2). The reduction of sample size after the
exclusion of participants with CP may explain the non-significant
p-values, and thus one should put more emphasis on the actual scores
when interpreting the results.

Loss to follow-up may have reduced the power to detect differ-
ences between the groups in our study [31]. The reason why 18
(33%) of the invited VLBW young adults did not want to participate
is not known. However, we did not find any differences in clinical
characteristics from previous follow-up between the VLBW young
adults who participated and those who did not. We found no differ-
ences between the control young adults who participated and
non-participants. We therefore consider it unlikely that the main re-
sults are explained by selection bias. The VLBW group engaged in a
lower number of physical activities than the control group, but this
was not related to results on motor tests. There were no differences
in other clinical characteristics from the current follow-up between
the groups. Thus, the association between the VLBW group and
poorer motor skills is unlikely to be explained by confounding factors.

Even though examiners were not blinded to group adherence,
inter-tester reliability assessed by a blinded independent tester showed
generally high intra-class correlation (ICC (3.1)), indicating minimal
variation in the measurements between examiners. In addition, the
ICC (3.1) was high for intra-tester reliability assessed by one of the
examiners. Both for inter- and intra-tester reliability, the lowest ICC
(3.1) was found for zig-zag hopping and GP drops non-dominant
hand. This might be due to a different visual angle on the video tape
compared to real life.

We chose to use the Movement ABC-2, even though our participants
were older than those for whom the test was designed. There are not
many motor tests for adults, and only modest changes in motor skills
are reported after puberty [32,33]. Moreover, analyses of the raw scores
indicated similar differences between the groups when we did not use
the age-converted scores. A recent study on reliability and responsive-
ness of the Movement ABC-2 [34] in Taiwanese children aged
6 12 years has documented a change of 1.21 points in the total score
(before and after intervention) to represent a true change in overall
motor function. Even though our participants differ from this study
group, the difference between VLBW and control participants in
our study was 10.5 points (6.1 points when participants with CP were

excluded), which is therefore likely to reflect a clinically significant dif-
ference between the groups.

The HiMAT is a new test, with high validity and responsiveness,
developed to examine high-level gross mobility primarily in patients
with traumatic brain injury (TBI) [35,36]. The test has never been
used in VLBW populations. Despite different injury mechanisms in
VLBW young adults and TBI patients (perinatal injury versus later ac-
quired traumatic injury), both groups may have white matter injury
[9,37,38] and show a range of motor difficulties [39,40]. Moreover,
the test developers state that the HiMAT is applicable to other neuro-
logical conditions [27,41]. This may be supported by the analyses of
the raw scores in our study, which gave essentially the same results
as the converted item scores. The HIMAT involves items such as run-
ning and jumping, which are similar to items in other tests used in
VLBW populations, like the BOTMP [42 44]. The items are more sim-
ilar to daily life activities than those in the Movement ABC-2, and the
HiMAT may therefore be useful as a supplementary test. According to
the HIMAT manual [27], a change of 2.66 points reflects a clinically
important change. Thus, the difference of 4.7 points between the
VLBW and control group (3.0 points when participants with CP
were excluded) in our study is likely to be of clinical significance.

In accordance with the meta-analysis by de Kieviet [16] for VLBW
children up to adolescence, we found poorer balance and manual dex-
terity skills for the VLBW young adults compared to the control group.
The scores for balance, including the items walking toe-to-heel back-
wards and zig-zag hopping both legs, were significantly poorer in
the VLBW group compared to the control group. These item scores
were virtually the same for the non-CP VLBW group, however, no lon-
ger significantly lower than the control group. Most of the significantly
poorer item scores on the HIMAT in the non-CP VLBW group involved
balance more than the other item scores, such as hop forward (hop-
ping on one leg) and bound both legs (jumping once from one leg
to the other). This may indicate that the non-CP VLBW young adults
have difficulties especially with items involving balance, and supports
the findings of reduced balance in the Movement ABC-2.

Our results show reduced speed in fine motor skills, seen in both GP
and TMT-5, the latter still significant in the non-CP VLBW group.
Reduced speed was also seen on the Movement ABC-2, both including
and excluding participants with CP in the VLBW group, with lower
scores on the turning pegs item, but not on the drawing trial ,
where there is no time limit and only the number of errors is registered.
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Thus, the VLBW young adults seem to be accurate, but slow. The
overall gross motor skills measured by the HIMAT are mainly timed
performances, and the lower total HIMAT score in the non-CP VLBW
group may confirm that motor speed is a general problem among the
VLBW young adults in this study, also when excluding the participants
with CP.

The GP and the Movement ABC were used at age 14 in this cohort,
showing reduced fine motor speed [45] and increased prevalence of
motor problems [17] in the VLBW group. When comparing the GP re-
sults from 23 years of age with the results from 14 years, we found
that the differences between VLBW participants and controls remained
the same between the two time points. Furthermore, the proportion of
VLBW participants with poor performance with the dominant hand was
stable, while the proportion with poor performance with the non-
dominant hand actually increased between the two time points. On
the Movement ABC, the proportion of VLBW participants with motor
problems did not change between 14 years and 23 years of age. These
longitudinal findings were the same both including and excluding par-
ticipants with CP, and show that fine and gross motor problems in
VLBW adolescents do persist into adulthood.

The poorer motor skills and the reduced speed found among the
VLBW participants in the current study, are likely to be explained by
perinatal brain injury. The brain of VLBW infants is especially vulner-
able to focal and diffuse periventricular leukomalacia (PVL) [46]. The
former may cause cerebral palsy, especially of spastic diplegic type,
while the latter may cause milder motor impairments [47,48]. Several
neuroimaging studies have confirmed that these perinatal injuries
persist into adolescence and adulthood, resulting in dilated ventricles,
reduced white matter, thinning of corpus callosum, periventricular
gliosis, deviations in white matter microstructure and decreased
brain volumes [8 10,49]. Studies have shown associations between
motor problems and white matter pathology in VLBW children and
adolescents [11 14,48]. At 14 years in this cohort, white matter pa-
thology was associated with impairments in fine motor function eval-
uated with the Movement ABC and the GP [14]. We speculate that the
reduced motor speed, found in both fine and gross motor tests in this
study, and the reduced motor skills may be caused primarily by re-
duced connectivity in motor networks. Including HiMAT in the exam-
ination protocol adds and enhances the dimension of reduced gross
motor skills in the VLBW group. Both reduced speed and balance
may contribute to the reduction in gross motor function as demon-
strated by using the HiMAT. For a comprehensive motor assessment
of VLBW young adults, Movement ABC-2, GP, TMT-5 and HiMAT in
combination seem to be useful.

Reduced balance and gross motor function may interfere with
sports and various leisure activities and reduce the chances of an ac-
tive life with friends. Poor manual dexterity combined with reduced
motor speed may have a negative influence on writing skills and
computer-typing, which again can interfere with academic achieve-
ment, work and independent living. This study indicates that motor
problems continue into adulthood, which supports the importance
of early intervention or helping parents choose alternative activities
and sports more adapted to the child's motor skills.

In conclusion, VLBW young adults had overall poorer fine and gross
motor skills compared with matched term-born controls, which is likely
to be of clinical importance. Reduced speed seemed to be an underlying
problem. Longitudinal findings indicate that VLBW children have not
outgrown their problems when entering adulthood. Using a broad spec-
trum of tests may add to the understanding of motor skills in VLBW
populations, which may be important for intervention and efforts to op-
timise inclusion in daily life activities and work.
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Abstract

Background: Being born with very low birth weight (VLBW: <1500 g) is related to long-term disability and
neurodevelopmental problems, possibly affecting mental health and health-related quality of life (HRQoL).
However, studies in young adulthood yield mixed findings. The aim of this study was to examine mental
health and HRQoL at 23 years, including changes from 20 to 23 years and associations with motor skills in
VLBW young adults compared with controls.

Methods: In a geographically based follow-up study, 35 VLBW and 37 term-born young adults were assessed at

23 years by using Achenbach Adult Self-Report (ASR), Short Form 36 Health Survey (SF-36), Beck Depression Inventory
(BDI) and various motor tests. The ASR and SF-36 were also used at 20 years. Longitudinal changes in ASR and

SF-36 from 20 to 23 years were analysed by linear mixed models and associations with motor skills at 23 years by
linear regression.

Results: At 23 years, total ASR score was 38.6 (SD: 21.7) in the VLBW group compared with 29.0 (SD: 18.6) in the control
group (p =0.048). VLBW participants had higher scores for attention problems, internalizing problems and critical items,
and they reported to drink less alcohol than controls. BDI total score did not differ between groups. On SF-36, VLBW
participants reported significantly poorer physical and social functioning, more role-limitations due to physical and
emotional problems, more bodily pain and lower physical and mental component summaries than controls. In the
VLBW group, total ASR score increased by 9.0 (95 % Cl: 3.3 to 14.7) points from 20 to 23 years (p = 0.009 vs controls),
physical and mental component summaries of SF-36 decreased by 2.9 (95 % Cl: -4.8 to -1.1) and 4.4 (95 % Cl: -7.1 to
-1.7) points, respectively (p=0.012 and p =0.022 vs controls). Among VLBW participants, more mental health problems
and lower physical and mental HRQoL were associated with poorer motor skills at 23 years.

Conclusions: VLBW young adults reported poorer and declining mental health and HRQoL in the transitional phase

into adulthood. They seemed to have a cautious lifestyle with more internalizing problems and less alcohol use. The
associations of mental health problems and HRQoL with motor skills are likely to reflect a shared aetiology.
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Background

As neonatal medicine has been improving for the last de-
cades, more very low birth weight (VLBW; birth weight
<1500 g) infants survive. The preterm brain is especially
vulnerable to injury and developmental disturbances [1],
increasing the risk of later neurodevelopmental problems
[2, 3]. This may have an impact on mental health and
health-related quality of life (HRQoL); however, studies on
long-term effects of VLBW into adulthood are sparse and
yield mixed findings.

Children and adolescents born preterm with VLBW
are reported to have more mental health problems than
full-term controls, with an increased occurrence of
attention deficits, internalizing symptoms and social
problems in particular [2, 4]. There is an important tran-
sitional phase from adolescence to adulthood involving
increasing demands on independency, education and
adult roles [5], which may stress the underlying neu-
roimpairments in VLBW individuals. Indeed, preterm
birth is shown to have an adverse effect on educational
attainment, income and establishment of a family [6],
and mental health problems tend to persist or even
increase into young adulthood [7-9].

The concept of HRQoL refers to the impact of health
conditions on a person’s total well-being, including
psychological, social, and physical aspects [10]. Measur-
ing HRQoL gives valuable insight into the person’s per-
ception of his or her own health status, complementing
more objectively collected data, and should therefore be
addressed when assessing long-term consequences of
VLBW. Although self-reports of HRQoL in VLBW chil-
dren and adolescents seem to be similar to their normal
birth weight peers, parent-reports are typically lower
[11]. Some studies of VLBW young adults have revealed
lower HRQoL based on societal standards [12] and
lower scores on HRQoL domains of mental health [13]
and physical functioning [14, 15]. Other studies report
similar HRQoL [14, 16, 17] and well-being [18] for VLBW
young adults compared with controls. Longitudinal
studies on changes of HRQoL in VLBW populations are
sparse, but receive growing attention [11, 19].

Developmental disturbances in the preterm brain are
global and likely to affect both mental health and other
areas of neurodevelopment, such as motor problems.
Poorer fine and gross motor skills are prevalent in
childhood, adolescence and young adulthood in VLBW
individuals [3, 20]. Both among adults with normal birth
weight and <1000 g, self-reported childhood coordin-
ation problems have been associated with elevated levels
of inattention and symptoms of anxiety and depression
[21]. Lower quality of life has been reported among
adults with developmental coordination disorder [22].
However, no previous studies have investigated associa-
tions of mental health and HRQoL with motor skills in
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VLBW young adults. As motor skills are often assessed
in childhood, and we have previously reported stability
of motor problems from early childhood to young adult-
hood [20, 23], it may be possible to identify children at
risk for later mental health problems and low HRQoL.

In this study, we aimed to investigate the effects of
VLBW on mental health and HRQoL in young adults at
23 years of age, including changes from 20 to 23 years
and whether mental health and HRQoL were associated
with motor skills. We hypothesized that VLBW young
adults at age 23 would have more mental health problems
and lower HRQoL compared with controls. Due to in-
creased demands following the transition to adulthood,
we predicted a decrease in mental health and HRQoL
from 20 to 23 years in the VLBW group. Based on previ-
ous findings, we hypothesized that more mental health
problems and lower physical HRQoL would be associated
with poorer motor skills at age 23.

Methods

Study design

This is a geographically based follow-up study of young
adults born preterm with VLBW and a control group
born at term with normal birth weight at 23 years. The
VLBW children were born in 1986-1988 and admitted
to the Neonatal Intensive Care Unit (NICU) at St. Olavs
Hospital, Trondheim University Hospital, Norway. The
control children were born in the same period to mothers
living in the Trondheim region (total population approxi-
mately 135.000), recruited from a 10 % random sample of
women selected for follow-up during pregnancy in a mul-
ticentre study on causes and consequences of intrauterine
growth restriction [24]. Both groups had previously partic-
ipated in the study with evaluations at 1, 5, 14 and 20 years
of age [13, 23, 25]. At 23 years, we aimed to include all
VLBW participants from the 14-year follow-up and a
selection of control participants, matched by age and sex,
due to lack of resources. Self-report questionnaires on
mental health and HRQoL were included as part of a large
assessment battery, which also covered executive tests,
motor tests and cerebral magnetic resonance imaging.
Data on mental health and HRQoL were also available
from the 20-year follow-up, and results have been pub-
lished previously [13].

Study groups
Figure 1 shows a flow chart of the study groups.

VLBW group

At 14 years, 63 VLBW adolescents with birth weight
<1500 g had been examined. At 23 years, seven of these
were non-traceable and two were excluded due to severe
bilateral spastic cerebral palsy (CP) of Gross Motor
Function Classification System (GMFCS) level V [26].
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Total population

VLBW participants

n=35
10 with CP and/or low 1Q.

n=241
VLBW group Control group
n=121 n=120

33 dead 2 congenital malformations
1 syndrome 9 moved (14 years)
7 moved (14 years) 1 non-traceable (14 years)
17 not met (14 years) 27 not met (14 years)
7 non-traceable (23 years) 35 not invited (23 years)
2 not testable (23 years) 2 included from earlier follow-up

54 invited 48 invited

at 23 years at 23 years
18 no consent 2 pregnant
1 missing questionnaire 5 moved

4 no consent

Fig. 1 Flow chart of the study groups. VLBW = very low birth weight, CP = cerebral palsy, IQ.;; = estimated intelligence quotient

Control participants
n =37

Thus, we contacted 54 VLBW young adults, whereof 18
(33 %) did not consent and one did not fill out the
questionnaires, leaving 35 participants (14 males and 21
females) in the VLBW group (Fig. 1). At 20 years, mental
health and HRQoL had been assessed in 52 VLBW
participants, whereof nine were excluded from this paper
due to missing data on estimated intelligence quotient
(IQest). Hence, 43 VLBW participants with mean age
19.7 (0.8) were included in longitudinal analyses at
20 years, whereof 29 were examined at both time-points.

Control group

At 14 years, 81 control adolescents born at term with
birth weight >10" percentile for gestational age had
been examined. At 23 years, we contacted 48 controls
matched to the VLBW participants by age and sex, of
which 46 were examined at the 14-year follow-up. Two
were not testable due to pregnancy, five had moved and
four (9 %) did not consent, leaving 37 participants (15
males and 22 females) in the control group (Fig. 1). At
20 years, mental health and HRQoL were examined for
77 controls with mean age 19.7 (0.5), whereof 31 were
examined at both time-points.

Non-patrticipants

In the VLBW group, there were no significant differences
between those who participated and those who did not
consent to participation at age 23 regarding perinatal data
(data not shown). Parental socioeconomic status (SES) at

14 years was 3.5 (1.1) among participants compared with 2.8
(1.3) among non-participants (p =0.045, Mann Whitney U
test). In the control group, there were no significant differ-
ences between those who participated and those who did
not consent to participation or were not contacted from
previous follow-up (data not shown). Furthermore, there
were no significant differences in motor skills at 14 years
[20] or summary scores for mental health or HRQoL at 20
years between participants and non-participants at the 23-
year follow-up in either group (data not shown).

Data collection

Clinical characteristics

Perinatal data included birth weight, gestational age,
head circumference, Apgar scores, days in NICU, days
on mechanical ventilator, intraventricular haemorrhage
status and maternal age. CP was diagnosed in childhood,
and classified as spastic hemiplegia (unilateral spastic
CP), diplegia (bilateral spastic CP, mainly involvement of
lower extremities) and quadriplegia (bilateral spastic
CP with involvement of all extremities). Functional
level was assessed according to the GMFCS [26]. At 14
years, IQ.s was calculated at using two subscales of
Wechsler Intelligence Scales for Children, third edition;
vocabulary and block design [27]. Low IQ.s was defined
as a score more than two standard deviations below
the mean in the control group (IQes <69). Parental
SES was calculated according to Hollingsheads two
factor index of social position [28], rated from 1
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(lowest) to 5 (highest) based on a combination of par-
ents education and occupation at the 14-year follow-
up.

Follow-up at 23 years

The self-report questionnaires and the motor tests were
carried out at the same day and at the same location.
For one participant with unilateral spastic CP and low
IQest the self-report was carried out as an interview by
one of the researchers.

Mental health: Adult Self-Report (ASR)

Mental health was measured by the Adult Self-Report
(ASR) [29], which is part of the Achenbach System of
Empirically Based Assessment (ASEBA), a worldwide used
instrument shown to be reliable and valid [29]. An autho-
rized Norwegian translation of the ASEBA was applied.
The ASR (age range 18 59) comprises 120 problem items
(scored 0 2), yielding eight syndrome scales (score range):
anxious/depressed (0 36), withdrawn (0 18), somatic com-
plaints (0 24), thought problems (0 20), attention prob-
lems (0 30), aggressive behaviour (0 30), rule-breaking
behaviour (0 28) and intrusive (0 12). The first three scales
comprise the composite scale for internalizing problems
whereas the last three comprise the composite scale for ex-
ternalizing problems. The sum of all problem items yields a
total problems score (range: 0 240). A score for critical
items is made by summing the scores on 19 problem items
evaluated to be the most clinically relevant psychiatric
symptoms. Raw scores are used, and higher scores indicate
more problems. In addition, the ASR includes items on
adaptive functioning, of which we used scales for friends,
family and substance use. The scale for friends yield a total
score based on number of close friends, frequency of
contact with friends, getting along with friends and visits
from friends, each scored 0 3, with a maximum of 12
points. The scale for family relations yield a mean score
based on self-perceived quality of relation with parents
and/or siblings compared with others, each scored 0 2.
Higher scores for friends and family indicate better adap-
tive functioning. Substance use includes tobacco (number
of cigarettes smoked daily), alcohol (number of days being
drunk last 6 months) and drugs (number of days using
drugs last 6 months). T-scores are recommended when
having extreme outliers [29], and are also used to
calculate a mean substance use scale. One VLBW partici-
pant did not complete the ASR at 23 years. For one
VLBW participant, reliable data on alcohol use was miss-
ing at age 20 and excluded in the analysis for longitudinal
change in alcohol use.

Mental health: Beck Depression Inventory (BDI), Version IA
The BDI [30] is among the most used self-rating scales
for measuring depression, and has high validity in
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differentiating between depressed and non-depressed
participants [31]. The BDI (age >13) consists of 21
questions measuring symptoms and severity of depres-
sion during the past week, including today. Values range
from 0 to 3 and are summed into a total score, where a
score >21 indicates depression in the general population
[30]. One VLBW and two control participants did not
complete the BDI at 23 years. The BDI was not used at
20 years.

Health-related quality of life: Short Form 36 Health Survey
(SF-36), Version 1.0

The SF-36 is a generic measure of HRQoL with high
reliability and it has been validated for use across a range
of health care professions, settings and patients [32],
also for the Norwegian translation applied in this
study [33, 34]. The questionnaire comprises 36 items
across eight domains: physical functioning, role limitations
due to physical problems (role-physical), bodily pain, gen-
eral health, vitality, social functioning, role limitations due
to emotional problems (role-emotional) and mental health.
Raw scores are transformed into an aggregate percentage
score for each domain ranging from 0 to 100 %, where
higher percentage indicate favourable health outcome and
higher level of functioning. The two domains role-physical
and role-emotional have dichotomised response choices,
while the other domains have a Likert-type response with
three to six choices. The recall period is 4 weeks, except
for physical functioning and general health, which address
current status. Three of the domains (physical functioning,
role-physical and bodily pain) contribute mainly to a
physical component summary, while three other domains
(social functioning, role-emotional and mental health)
contribute mainly to a mental component summary. Three
of the domains (general health, vitality and social function-
ing) have noteworthy correlations with both components
[32]. We applied an oblique model for calculating the com-
ponent summaries after recommendation from Hann and
Reeves [35]. We used a Certified Scoring Software 4.0™ to
score the questionnaire and the official calculator at the
home page of SF-36 to calculate the component summar-
ies [36] based on Norwegian normative data [37] with aver-
age of 50 points and a standard deviation of 10 points. One
control had missing domain scores for vitality and mental
health because of too many missing items, and we could
therefore not calculate component summaries for this
participant. Two controls did not complete the SF-36 at
23 years.

Motor examination

Motor skills were examined by using four different
motor tests, described in detail in a previous paper on
motor skills in the same study population [20]. The
Grooved Pegboard (GP) [38] is a manipulative dexterity
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test giving a score for each hand separately, which we
calculated into a mean score for both hands. The Trail
Making Test-5 (TMT-5) is one of five subtests in the
standardized Delis-Kaplan Executive Function System
[39] measuring motor speed of the dominant hand. The
Movement Assessment Battery for Children-2 (Move-
ment ABC-2) [40] consists of three components (manual
dexterity, aiming and catching, and balance) yielding a
total score. The High-Level Mobility Assessment Tool
(HiMAT) [41] assesses 13 gross motor items (walk, walk
backwards, walk on toes, walk over obstacle, run, skip,
hop forward, bound, and walk up/down stairs) yielding a
total score. For the GP and TMT-5, higher scores
indicate poorer function and for Movement ABC-2 and
HiMAT, higher scores indicate better function.

Ethical approval and consent

The project complies with the principles of the Declar-
ation of Helsinki and was approved by the Regional Com-
mittee for Medical and Health Research Ethics in Central
Norway. Written informed consent was obtained from all
participants.

Statistical analyses

Students t-test was used for approximately normally
distributed data; else the Mann Whitney U test was
applied. Descriptive statistics are reported as mean (SD)
where relevant. To limit the number of statistical tests,
we only included the summary scores of ASR (critical
items, internalizing, externalizing and total problems)
and SF-36 (physical and mental component summaries)
for longitudinal changes and associations with motor
skills. Linear mixed models were used to analyse changes
in summary scores from 20 to 23 years. Summary scores
were entered separately as dependent variables, whereas
age, group and the interaction age x group were entered
as independent variables in analyses, both unadjusted
and adjusted for sex. Linear regression was applied to
explore associations of mental health and HRQoL with
motor skills. Summary scores of ASR and SF-36 were
entered separately as dependent variables, whereas
motor test, group and the interaction motor test x group
were entered as independent variables. The interaction
terms were added to test if the effect of time or motor
skills were different in VLBW and control participants.
Normality was judged by visual inspection of Q-Q plots
of the residuals. If outliers were observed, sensitivity
analyses excluding the outlier were carried out. Two-
sided p-values <0.05 were considered statistically signifi-
cant. Analyses were performed both including and
excluding participants with CP and/or low IQ. SPSS
22.0 was used for data analyses.
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Results

Clinical characteristics

Clinical characteristics are shown in Table 1. Age at
current follow-up was 22.5 (0.7) years in the VLBW group
and 22.7 (0.6) years in the control group (p=0.234,
Students t-test). Maternal age at birth and parental SES at
age 14 did not differ between groups (p = 0.165, Students
t-test and p = 0.580, Mann Whitney U test, respectively).
Four VLBW participants had CP; one female had unilat-
eral spastic CP of GMFCS level I and three males had
bilateral spastic CP with GMFCS level I, II and IV. One
control and eight VLBW participants had low IQ. at age
14, whereof two had CP.

Mental health: Adult Self-Report (ASR) at 23 years

The results from the ASR are shown in Table 2. The
VLBW group had significantly higher scores (indicat-
ing more problems) than the control group for the
scales attention problems, internalizing problems,
total problems and critical items. Aggressive behav-
iour was also higher in the VLBW group when we

Table 1 Clinical characteristics

VLBW (n =35) Control (n=37)
Mean (SD) Mean (SD)
Birth weight (g) 1198 (254) 3608 (361)
Gestational age (weeks) 290 (2.7) 394 (1.m
Birth head circumference (cm)® 269 24 352 (1.2
Apgar score after 1 min® 6.8 (1.9) 89 (0.5)
Apgar score after 5 min® 84 (1.7) 97 (1.5)
Maternal age at birth (years) 284 (5.6) 30.1 (4.5)
Parental SES (at 14 years) 35 (1.1) 37 (1.1)
Age at current follow-up 225 0.7) 227 (0.6)
Median  (Range) Median (Range)
Stay in NICU (days)® 63 (25 386) 0o (09
Mechanical ventilation (days) 1 (0 63) -
n (%) n (%)
Intraventricular haemorrhage® 3 9)
Grade I 2
Grade IV 1
Cerebral palsy 4 (11 0
GMFCS level |-l 3
GMFCS level IV 1
Low 1Qest 8 (23)° 1 (3)

“Data missing for eight VLBW and three control participants

PData missing for three control participants

“Data missing for two control participants

9Data missing for one VLBW participant

“Two VLBW participants with low Q. had cerebral palsy

VLBW = very low birth weight, SES = socioeconomic status, NICU = neonatal
intensive care unit, GMFCS = Gross Motor Function Classification System,
1Qes: = estimated intelligence quotient

Group differences for maternal age, SES and age at follow-up were non-significant
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excluded one outlier in the control group (p =0.032,
Students t-test). The VLBW group had significantly
lower alcohol use than controls. For the scales alco-
hol, tobacco and drugs, results did not change using
T-scores (data not shown). When we excluded
VLBW participants with CP and/or low IQ, mean
scores were still higher than for controls on nearly
all scales, but only the scales critical items and alco-
hol use showed a significant group difference
(Table 2).

Mental health: Beck Depression Inventory (BDI) at

23 years

Mean total BDI score was 3.3 (5.0) in the VLBW
group and 4.0 (6.5) in the control group (p=0.796,
Mann Whitney U test). Results were similar when we
excluded VLBW participants with CP and/or low
IQese- One VLBW participant with low IQ.s and one
control were clinically depressed according to a cut-
off >21.

Table 2 Results of the ASEBA Adult Self-Report at 23 years
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Health-related quality of life: Short Form 36 Health
Survey (SF-36) at 23 years

The results from the SF-36 are shown in Table 3.
The VLBW group had significantly lower scores than
controls on the physical and mental component sum-
maries and five of the eight domains: physical func-
tioning, role-physical, bodily pain, social functioning
and role-emotional. When we excluded VLBW partic-
ipants with CP and/or low IQ.y mean scores were
still lower than for controls, although mean differ-
ences between groups were reduced and no longer
significant (Table 3).

Changes in mental health and health-related quality of
life from 20 to 23 years

Longitudinal changes in mental health and HRQoL
from 20 to 23 years are shown in Table 4, visualized
for ASR total problems score in Fig. 2, and physical
and mental component summaries of SF-36 in Figs. 3
and 4, respectively. There were significant between-
group differences with time for internalizing and total

VLBW (n=34) VLBW (n = 24) without CP and/or low Qe Control (n=137)
Mean (SD) p-value vs control Mean (SD) p-value vs control Mean (SD)
Syndrome scales
Anxious/depressed 7.0 6.1) 0.096 73 6.2) 0.095 46 (5.7)
Withdrawn 24 (3.0 0325 2.1 (2.6) 0.669 18 (23)
Somatic complaints 34 (34) 0.081 30 2.7) 0.220 22 (1.9
Thought problems 18 (1.8) 0371 1.5 (1.6) 0.861 14 (1.8)
Attention problems 7.7 (4.6) 0013 70 (4.3) 0.081 52 (3.5
Aggressive behaviour 38 (3.3) 0.205 34 (3.3) 0447 27 (37)
Rule-breaking behaviour 29 (3.1 0.188 30 (3.6) 0.243 20 (23)
Intrusive 1.7 (1.3) 0.544 15 (14) 0386 19 (2.0)
Critical items 46 (34 0.013 46 (3.5 0.037 28 (27)
Internalizing problems 129 (94) 0.042 123 9.1 0.098 86 (7.7)
Externalizing problems 83 6.0 0.232 80 (6.6) 0412 6.6 (5.7)
Total problems 386 (21.7) 0.048 363 (22.2) 0.173 290 (18.6)
Adaptive functioning
Friends 100 (2.1 0.059 10.2 (2.0) 0.170 108 (14)
Family 1.5 (04) 0.756 15 (0.4) 0.955 1.5 (0.4)
Substance use
Tobacco 33 (4.8) 0683 32 (52) 0673 39 63)
Alcohol® 55 (5.0) 0.008 6.3 (5.5) 0.036 106 (9.8)
Drugs 3.7 (17.3) 0359 49 (20.5) 0366 10 42)
Mean substance use” 54.1 (2.7) 0.067 54.2 (26) 0.119 55.5 (33)

“Data missing for one VLBW and two control participants

Raw scores are given for all scales, except mean substance use which is given as T-score. Higher scores indicate more problems on syndrome scales and substance

use, while higher scores on adaptive functioning indicate better functioning

ASEBA = Achenbach System of Empirically Based Assessment, VLBW = very low birth weight, CP = cerebral palsy, /Q.; = estimated intelligence quotient

Analyses performed with Students t-test
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Table 3 Results of the Short Form 36 Health Survey at 23 years
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VLBW (n =35) VLBW (n = 25) without CP and/or low Qe Control (n=35)
Mean (SD)  p-value vs control Mean (SD)  p-value vs control Mean (SD)
Domains

Physical functioning 904 (13.6) 0.018 94.6 (8.3) 0.286 96.6 (5.9)
Role-physical 800  (308) 0.005 86.0 (24.0) 0.051 964 (10.7)
Bodily pain 68.7 (283) 0.022 745 (23.8) 0.193 820 (183)
General health 721 (189) 0.260 705 (185) 0477 66.8 (20.0)
Vitality? 492 (14.2) 0.091 50.5 (13.7) 0.227 549 (13.2)
Social functioning 86.1 (16.5) 0.025 885 (13.0) 0.099 94.3 (13.3)
Role-emotional 78.1 (333) 0.012 82.7 (29.1) 0.069 95.2 (20.0)
Mental health? 706 (16.8) 0.067 734 (14.1) 0.272 774 (13.2)
Physical component summary® 478 (5.9) 0.009 494 (5.2) 0.160 51.2 “.0)
Mental component summary® 45.2 (84) 0013 46.6 (7.4) 0.087 49.7 (6.4)

“Data missing for one control participant

Domain scores are given in percentage (range 0-100) and higher scores indicate better health-related quality of life
Component summaries are given as T-scores with average of 50 points and a standard deviation of 10 points
VLBW = very low birth weight, CP = cerebral palsy, /Q.;; = estimated intelligence quotient

Analyses performed with Students t-test

problems. In the VLBW group, ASR scores increased
significantly with time (indicating more mental health
problems) for internalizing, externalizing and total
problems. There were significant between-group dif-
ferences with time for the physical and mental com-
ponent summaries. In the VLBW group, there was a
significant reduction in scores with time (indicating
lower HRQoL) for both the physical and mental
component summaries. There were no significant
changes in the control group. Adjusting for sex in
the analyses did not affect the longitudinal changes
(data not shown). Results for ASR were essentially
the same when we excluded VLBW participants with
CP and/or low IQ, but for SF-36 only the mental

component summary reached a statistical significant
reduction with time (data not shown).

Associations with motor skills at 23 years

For the ASR, more internalizing and total problems
were associated with lower motor speed on the
TMT-5 (B=0.41; 95 % CI: 0.14 to 0.67; p = 0.004 and
B=0.75 95 % CI: 0.10 to 1.39; p=0.024, respect-
ively) in the VLBW group. Results were no longer
significant when we excluded VLBW participants
with CP and/or low IQ. (data not shown). There
were no significant associations of externalizing prob-
lems and critical items with motor skills.

Table 4 Estimated changes from 20 to 23 years in scores for ASEBA Adult Self-Report and Short Form 36 Health Survey

VLBW (n =49) Control (n=83)
B (95 % CI) p-value B (95 % Cl) p-value p-value (age x group)b

Adult Self-Report

Critical items 073 (-047 t0 1.93) 0.228 -0.38 (-1.42 to 0.66) 0470 0.167

Internalizing problems 494 (1.63 t0 6.24) 0.001 040 (-1.67 to 2.46) 0.704 0.025

Externalizing problems 1.87 (0.02 to 3.71) 0.047 -045 (-2.08 to 1.18) 0.583 0.064

Total problems 9.00 (330 to 14.71) 0.002 -1.35 (-6.46 to 3.76) 0.600 0.009
Short Form 36 Health Survey”

Physical component summary —294 (-4.83 to -1.06) 0.003 046 (-1.39 to 2.30) 0623 0012

Mental component summary —437 (-7.07 to -1.67) 0.002 0.08 (-2.57 to 2.73) 0.952 0.022

“Data missing for one control participant at both time-points
Pp-value for between-group differences in longitudinal changes from 20 to 23 years
ASEBA = Achenbach System of Empirically Based Assessment, VLBW = very low birth weight, C/ = confidence interval
Regression coefficient B per 3 years, in a linear mixed models with scores as dependent variables, and age, group and age x group as independent variables



Husby et al. Health and Quality of Life Outcomes (2016) 14:56 Page 8 of 14

50

45

40

35 4

30 4

25

ASR total problems score

201 | —e— VLBW
—O— Control

15 T T T T
19 20 21 22 23 24
Years

Fig. 2 Adult Self-Report (ASR) total problems score with 95 % confidence interval at 20 and 23 years. Raw scores are given. A higher score indicates
more mental health problems. VLBW = very low birth weight
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Fig. 3 Short Form 36 Health Survey (SF-36) physical component summary with 95 % confidence interval at 20 and 23 years. T-scores are given.
A higher score indicates higher physical health-related quality of life. VLBW = very low birth weight
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Fig. 4 Short Form 36 Health Survey (SF-36) mental component summary with 95 % confidence interval at 20 and 23 years. T-scores are given.
A higher score indicates higher mental health-related quality of life. VLBW = very low birth weight

Associations of physical and mental component sum-  on all motor tests. When we excluded VLBW participants
maries of SF-36 with motor skills are shown in Table 5. with CP and/or low IQ., lower physical component
There was a significant between-group difference for the  summary was still associated with poorer performance on
association of physical component summary with TMT-5. TMT-5 and HiMAT, while lower mental component
In the VLBW group, lower physical and mental compo-  summary was only associated with poorer performance on
nent summaries were associated with poorer performance =~ TMT-5 (data not shown).

Table 5 Associations of Short Form 36 Health Survey physical and mental component summaries with motor skills at 23 years

VLBW (n = 35) Control (n=34)
B (95 % Cl) p-value B (95 % ClI) p-value p-value (motor test x group)®

Physical component summary

Grooved Pegboard®” —-0.09 (-0.16 to -0.02) 0010 —-0.05 (02310 0.13) 059 0679

Trail Making Test-5° -0.31 (-0.46 to -0.16) 0.000 0.02 (-0.25 to 0.30) 0.862 0.038

MABC-2 total score® 013 (0.04 to 0.21) 0.003 0.15 (-0.04 t0 0.33) 0.125 0.847

HIMAT total score®® 039 (0.18 to 0.59) 0.000 0.06 (-0.46 to 0.58) 0.823 0244
Mental component summary

Grooved Pegboard®® -0.15 (-0.25 to -0.06) 0.002 -0.04 (-030to 0.22) 0.767 0420

Trail Making Test-5° -040 (-062 to -0.18) 0.001 0.00 (-042 to 042) 0.998 0.094

MABC-2 total score® 0.15 (0.02 to 0.27) 0.024 0.00 (-0.29 t0 0.28) 0.985 0349

HIMAT total score®® 0.36 (0.04 to 0.68) 0.026 0.04 (-0.78 to 0.85) 0928 0462

“Data missing for one VLBW participant with unilateral spastic cerebral palsy

PMean score for both hands

“Data missing for one VLBW participant with bilateral spastic cerebral palsy

9Data missing for one control participant

“p-values for between-group differences in associations of physical and mental component summaries with motor skills

HRQoL = health-related quality of life, VLBW = very low birth weight, CI = confidence interval

MABC-2 = Movement Assessment Battery for Children-2, HIMAT = High-level Mobility Assessment Tool

Higher scores on the Grooved Pegboard and Trail Making Test-5 indicate poorer function and higher scores on the MABC-2 and HiMAT indicate better function
Regression coefficient B for motor test, in linear regression with physical component summary and mental component summary as dependent variable, and motor
test, group, and motor test x group as independent variables
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Discussion

In this study, VLBW young adults reported more mental
health problems and lower HRQoL compared with
controls at 23 years of age. In the VLBW group, mental
health and HRQoL decreased from 20 to 23 vyears.
Furthermore, in this group, more internalizing and total
mental health problems as well as lower physical and
mental HRQoL were associated with poorer perform-
ance on motor tests at 23 years, especially lower motor
speed. When we excluded VLBW participants with CP
and/or low IQ, several group differences were no
longer significant, but for the ASR, mean values and
longitudinal changes were essentially the same, whereas
associations with motor skills became weaker.

Strengths of this study are the longitudinal and multi-
disciplinary design and the use of reliable and valid
methods [29, 31, 32]. However, sample size was limited,
especially when we excluded participants with CP and/
or low IQe, resulting in reduced power in our analyses.
Results and especially non-significant group differences
should therefore be carefully interpreted, and one
should focus more on means and standard deviations
than p-values. Furthermore, our limited sample size
did not give the possibility to study sub groups. Loss
to follow-up may result in selection bias. The reason
why 18 (33 %) of the invited VLBW young adults at
23 years did not want to participate and one did not fill
out the questionnaires is not known. Our participants did
not differ from non-participants on perinatal data or
previous examinations of motor skills [20], mental health
or HRQoL. The only difference in clinical characteristics
between participants and non-participants was lower
parental SES for VLBW non-participants. Low parental
SES is associated with more mental health problems
in childhood and adolescence [42], thus our results
are more likely to be an underestimation than an
overestimation of problems.

Self-report questionnaires like the ASR and SF-36 give
participants the opportunity to describe their own
perspective of their lives. However, self-reports are prone
to social desirability bias, and cognitive function may in-
fluence the ability of self-perception and understanding
questionnaires. We therefore performed analyses also
when excluding VLBW participants with CP and/or low
IQest- In this VLBW cohort at 20 years, we found more
symptoms of psychiatric disorders with diagnostic as-
sessment by a psychiatrist than self-reported mental
health problems on the ASR [43], and poorer executive
functions on neuropsychiatric testing than on self-
reports [44], which might indicate that the VLBW indi-
viduals underreported or had adjusted to their problems.
Even though objective evaluations add valuable insights;
how the young adults rate their own health, and espe-
cially their HRQoL, might be more important to them.

Page 10 of 14

Our findings of more mental health problems in
VLBW young adults, with emphasis on internalizing
and attention problems are consistent with the litera-
ture [2, 9, 13, 45 47]. In our study, the VLBW young
adults also had a tendency of reporting more anx-
ious/depressed problems and social problems than the
control group, supporting the suggested Preterm behav-
ioural phenotype characterized by anxiety, inattention
and social difficulties [4]. The VLBW young adults did not
seem to be more depressed than controls according to
BDI, in line with the findings of R ikk nen et al. [48].
However, Westrupp et al. [49] found that VLBW young
adults in their late twenties were five times more likely to
be diagnosed with depression. We speculate that depres-
sion may become more prevalent when our VLBW partic-
ipants grow older. We also found that VLBW young
adults reported less substance use with regard to alcohol,
consistent with other studies [15, 50, 51], where some also
describe less risk-taking behaviour [15, 18, 46]. These find-
ings are in accordance with the personality type reported
among young adults born with VLBW or very preterm
(<33 weeks gestation), including less sensation seeking,
extraversion and openness to experience, and higher
conscientiousness, neuroticism and shyness [52, 53]. Even
though increased parental monitoring and protectiveness
cannot be excluded [47], Harrison [54] suggests that
VLBW children and young adults have cognitive and
behavioural deficits that isolate them from both their
peers and their peers risk-taking behaviour, and that the
isolation and withdrawal are caused by a lack of social and
intellectual resilience. Cognitive function has been found
to modify the risk of mental health problems of VLBW
young adults in some studies [45]. In our study, group
differences in mental health problems were no longer
significant when we excluded VLBW participants with CP
and/or low IQ., however scores were essentially the
same. It is of concern that the VLBW young adults scored
significantly higher for critical items of clinically relevant
psychiatric symptoms, also when we excluded participants
with CP and/or low IQes. We have previously reported a
trend towards an increase of mental health problems from
14 to 20 years of age in this cohort [7], and the further
increase from 20 to 23 years found in the current study is
worrying and needs to be confirmed by other studies.

Findings on HRQoL in VLBW populations are conflict-
ing. In contrast to our findings, the systematic reviews of
Zwicker and Harris [11] and Allen et al. [9] concluded in
four studies [12, 15, 18, 55] that VLBW young adults
around age 20 have similar HRQoL to controls. However,
poorer physical functioning [15] and lower objective qual-
ity of life [12] were reported. More recent studies from
Switzerland [14] and New Zealand [16] also reported simi-
lar HRQoL to controls according to the SF-36 among
young adults born with birth weight <1250 g or with
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VLBW at age 23. A Norwegian study by B tsvik et al. [8]
found lower scores for the SF-36 domains of bodily pain,
vitality, social functioning, role-emotional and mental
health among young adults born before week 28 or with a
birth weight <1000 g compared with term-born controls
at age 24. When they excluded participants with disabil-
ities, group differences were significant for social function-
ing, role-emotional and mental health. When we excluded
VLBW participants with CP and/or low IQe in our study,
group differences on SF-36 were reduced and no longer
significant, but mean scores where still lower for all
domains in the VLBW group compared with the control
group. Cooke [15] found poorer physical functioning on
SF-36 in VLBW young adults able to attend mainstream
schools, and Dinesen and Greisen [12] reported lower
objective quality of life based on societal standards for
VLBW individuals without disabilities at 18 years. Hence,
both preterm born young adults with and without disabil-
ities might be at risk for lower HRQoL than controls.

We speculate that the lower HRQoL among VLBW
young adults found in our study could be partly due to
challenges related to the transition to young adulthood.
The underlying neuroimpairments of VLBW individuals
may become more evident with these challenges, such as
moving away from home, starting to study or work, find-
ing a partner and living more independent and social
lives [5]. In Norway, only 29 % of 20 to 24-year-olds live
with their parents, in contrast to 83 % in Switzerland
(Additional file 1), and parent-support might to some
extent explain the discrepancy from the Swiss study
[14]. In New Zealand, the proportion of 20 to 24-year-
olds living with their parents was 32 % in 2006 (Add-
itional file 2), similar to that in Norway. However, Dar-
low et al. [16] only used the component summaries of
the SF-36 relative to 18 to 24-year norms, and their con-
trol group was recruited at 23 years among peers to the
VLBW group. Our control group was followed from birth,
and may therefore be more representative of the general
population. The lower HRQoL found among extremely
preterm young adults by B tsvik et al. [8] supports our
findings and might be more comparable as it is a
Norwegian study. However, they studied young adults born
before week 28 or with a birth weight <1000 g, a group that
may be more vulnerable than VLBW individuals.

The increase in mental health problems found in our
study may also have an impact on the reduction of
HRQoL from 20 to 23 years in the VLBW group. In chil-
dren and adolescents, HRQoL may decrease with time if
mental health problems increase [56], and in VLBW
young adults, internalizing problems are found to be
strongly correlated to low HRQoL [57]. Longitudinal
studies of HRQoL in VLBW populations are sparse and
show few changes from adolescence to young adulthood.
In one study, HRQoL from 14 to 19 years were stable in
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the VLBW group, however clinically important changes in
psychological attributes of HRQoL were reported [57]. Van
Lunenburg et al. [58] did not find any changes in HRQoL
among VLBW young adults from 19 to 28 years of age.
This may indicate that the lower HRQoL we found at age
23 may stabilize and improve over the next years. However,
the methods and cultural settings in these studies are not
directly comparable. Both the VLBW and control group in
our study reported a reduction in general health from 20
to 23 years, which might be a general change during this
life period. Peoples evaluations of their general health are
found to be dynamic and changing within a two-year
period for half the adult population [59]. More studies are
needed to understand the changes in HRQoL in preterm
populations with time.

We have previously reported that VLBW young adults had
poorer motor skills than controls at 23 years [20]. The
current study shows that internalizing and total mental
health problems as well as lower physical and mental
HRQoL were associated with poorer motor skills, especially
motor speed, also when we excluded VLBW participants
with CP and/or low IQ.. Studies of adults with develop-
mental coordination disorder showed that they reported
more symptoms of anxiety and depression [60] and lower
quality of life than peers [22]. Both among adults with nor-
mal birth weight and <1000 g, self-reported childhood coord-
ination problems were associated with elevated levels of
inattention and symptoms of anxiety and depression [21].
Our study confirms and extends the existing knowledge by
using clinically assessed motor skills in young adulthood to
establish the associations of mental health and HRQoL with
motor skills in VLBW young adults.

There is reason to believe that the motor and mental
health problems in preterm populations share a com-
mon cause. The preterm brain is susceptible to a cascade
of adverse events, often referred to as the Encephalop-
athy of prematurity [1], likely to affect both motor skills
and mental health. The altered brain development
continues into young adulthood [61, 62], and we have
previously reported changes in brain white matter that
were associated with cognitive, motor and mental health
impairments among VLBW adolescents [63]. Poor ex-
ecutive functioning with difficulties holding information
in mind and switching between mental sets is related to
behavioural functioning [2], and might also partly
explain the social difficulties of VLBW individuals. There
is emerging evidence that stressful prenatal and neonatal
factors, such as preterm birth, may imprint a pattern of
physiological activity in the developing brain, known as

foetal programming [64]. The immune system and the
hypothalamus-pituitary-adrenal stress-regulating system
are found to be especially vulnerable to long-term
alteration in children born preterm [65]. We therefore
speculate that an altered stress-response might contribute
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to more mental health problems among the VLBW young
adults.

Clinical implications

This study adds to the knowledge of mental health and
HRQoL in VLBW young adults. In HRQoL studies, a
difference or change of 0.5SD is suggested to reflect a
clinical important difference [66], and the finding of
more mental health problems and lower HRQoL is
therefore likely to impact the daily life of these young
adults. The reduction of mental health and HRQoL in
the transition to adulthood emphasizes the importance
of long-term follow-up and performing longitudinal
analyses. Awareness of the association of mental health
and HRQoL with motor skills may be important as
motor problems are easily identified in early childhood.
This makes selection for early intervention possible.
There is reason to be observant of and encourage re-
search on problems that might become more visible as
the VLBW young adults enter independent living and
encounter the demands of adulthood.

Conclusions

In conclusion, VLBW young adults reported poorer and
declining mental health and HRQoL in the transitional
phase into adulthood compared with matched term-
born controls. They seemed to have a cautious lifestyle
with more internalizing problems and less alcohol use.
Poorer motor skills were associated with more mental
health problems and especially lower physical HRQoL,
the cause of which is likely to be of shared aetiology.
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Additional file 1: Share of young people living with their parents in Europe.
(XLS 30 kb)
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Additional file 1: Share of young people living with their parents in Europe

Last update 09.04.15
Extracted on 20.09.15
Source of data Eurostat
HHSTATUS Person living with parents
UNIT Percentage of total population
SEX Total

AGE From 20 to 24 years
GEO/TIME 2013
European Union (28 countries) 73,4
Norway 28,7
Switzerland 82,6
Belgium 78,9
Bulgaria 81,7
Czech Republic 85,2
Denmark 16,2
Germany (until 1990 former territory 78,4
Estonia 64,5
Ireland 74,7
Greece 75,7
Spain 87,9
France 58,2
Croatia 88,9
Italy 91,2
Cyprus 87,4
Latvia 78,5
Lithuania 78,2
Luxembourg 85,3
Hungary 82,6
Malta 92,5
Netherlands 60,6
Austria 70,5
Poland 87
Portugal 83,6
Romania 84,8
Slovenia 89,2
Slovakia 93,9
Finland 28,5
Sweden 38,1
United Kingdom 56,5
Iceland 55,2
Former Yugoslav Republic of Maced:

Serbia 85,9
Turkey :

Special value:
: not available



Additional file 2: Proportion (%) of young people living with their parents in New Zealand,
1981-2006

Census year | 15-19 years | 20-24 years | 15-24 years
1981 71 28 51
1986 77 31 54
1991 77 36 57
1996 76 35 55
2001 76 32 55
2006 79 32 56

Source: 1981, 1991: Statistics New Zealand (1994) p 59-60;

1986, 1996, 2001, 2006: Statistics New Zealand, unpublished census data
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ABSTRACT

Very low birth weight (VLBW: <1500g) individuals have an increased risk of white matter
alterations and neurodevelopmental problems, including fine and gross motor problems. In
this hospital-based follow-up study, the main aim was to examine white matter microstructure
and its relationship to fine and gross motor function in 31 VLBW young adults without
cerebral palsy compared with 31 term-born controls, at mean age 22.6+0.7 years. The
participants were examined with tests of fine and gross motor function (Grooved Pegboard,
Trail Making Test-5: TMT-5, Triangle from Movement Assessment Battery for Children-2:
MABC-2 and High-Level Mobility Assessment Tool: HIMAT) and diffusion tensor imaging
(DTI). Probabilistic tractography of motor pathways of the corticospinal tract (CST) and
corpus callosum (CC) was performed, and fractional anisotropy (FA), mean, axial and radial
diffusivity (MD, AD, RD) and volume were calculated as mean values across the entire tracts,
and tested for group differences. Associations between motor test scores and FA in CST and
CC were investigated with linear regression. Tract-based spatial statistics (TBSS) was used to
examine differences in DTI metrics in all major white matter tracts and changes in the extent
of group differences in FA and MD from 20 to 23 years of age. The VLBW group had lower
scores on all motor tests compared with controls, however, only statistical significant for
TMT-5. Based on tractography, MD, AD and RD were higher and CC volume reduced in the
VLBW group compared with the control group, but FA did not differ significantly. Within the
VLBW group, poorer performance on TMT-5 and MABC-2 Triangle was significantly
associated with higher FA in CST and CC (p<0.005). Poorer performance on Grooved
Pegboard was associated with higher FA in CST (p<0.02), and poorer performance on
HiMAT was associated with higher FA in CC (p<0.03). There were no associations between
motor function and FA within the control group. In the TBSS analysis, the VLBW group had
lower FA and higher MD compared with controls in all major white matter tracts, and these
group differences were more widespread at 23 years than at 20 years of age. Our findings
indicate that individual variability in motor function has structural correlates among VLBW

young adults and that white matter abnormalities in the VLBW group increase with age.

Keywords

Preterm, Brain, Diffusion tensor imaging, Tractography, Motor function, Young adulthood



1.1 INTRODUCTION

Being born preterm with very low birth weight (VLBW: <1500g) is associated with increased
risk of disturbances in perinatal brain development (Volpe, 2009) and later
neurodevelopmental problems (Aarnoudse-Moens et al., 2009; de Kieviet et al., 2009). Fine
and gross motor problems are common and have been found to persist into young adulthood,

also when excluding participants with cerebral palsy (Husby et al., 2013).

The preterm brain is particularly susceptible to diffuse white matter injury, related to a
disrupted maturation of pre-oligodendrocytes into oligodendrocytes, important for axonal
myelination (Volpe, 2009). Myelination deficits may affect structural and functional
connectivity, leading to slower signalling in the brain. In normal brain development, diffusion
tensor imaging (DTI) (Basser & Pierpaoli, 1996) shows that fractional anisotropy (FA)
increases and mean diffusivity (MD) decreases as white matter pathways mature and
myelinate, starting during gestation and continuing into adulthood (Cascio et al., 2007; Lebel
et al., 2008). Preterm birth disrupts the normal maturation of white matter, and the preterm
brain typically exhibits lower FA and higher MD compared with term-born controls at birth.
These DTI changes persist into adolescence and young adulthood (Li et al., 2014; Pandit et
al., 2013). Several white matter tracts are affected, including motor pathways, like the
corticospinal tract (CST) and the corpus callosum (CC) (Eikenes et al., 2011; Groeschel et al.,
2014).

To find a structural explanation for the commonly seen fine and gross motor problems in
VLBW individuals, some studies have searched for microstructural correlates to motor
problems in the whole brain and in specific motor tracts. Better fine motor performance at two
years have been found to correlate with higher FA in the major white matter tracts by TBSS in
very preterm infants at term equivalent age (van Kooij et al., 2012). Another study did not
find any correlation between motor function and FA at two years of age in very preterm
children without major motor problems and focal lesions (Counsell et al., 2008). In older
VLBW children and adolescents, reduced FA in several white matter tracts has been shown to
be associated with motor problems (de Kieviet et al., 2014; Li et al., 2014; Skranes et al.,
2007). However, FA in the CST of VLBW adults was not associated with motor problems at
eight years (Jurcoane et al., 2016). Hence, the few existing studies investigating structural

white matter correlates to motor problems yield mixed findings, possibly due to variation in
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DTT analysis and motor assessments. Furthermore, there are no studies examining
associations between fine and gross motor function and DTI metrics in specific motor tracts in

young adulthood.

In the current study, we aimed specifically to investigate associations between fine and gross
motor function and FA in CST and CC by probabilistic tractography in VLBW young adults
without cerebral palsy compared with a term-born control group. Moreover, we wanted to
examine group differences in DTI metrics of the CST and CC by tractography and in the
whole brain by tract-based spatial statistics (TBSS). Thirdly, we wanted to investigate
whether the extent of FA reductions and MD increases seen by TBSS in the VLBW group
compared with controls at 20 years in this cohort (Eikenes et al., 2011) were similar at 23
years. We hypothesized that poorer basic fine motor function was associated with lower FA in
the CST from the primary motor cortex and that poorer complex fine motor function was
associated with lower FA in the CST from the primary and premotor cortices. Furthermore,
we hypothesized that poorer bimanual coordination was associated with lower FA in the CC
connecting the primary motor and premotor cortices in addition to FA in the CST from the
primary and premotor cortices. For gross motor function, we hypothesized that lower scores
on automatic tasks were associated with lower FA in the CST from the primary motor cortex,
while lower scores on tasks involving planning were associated with lower FA in the CST
from the premotor cortex. As for group differences in DTI metrics, we hypothesized that
VLBW young adults had lower FA and higher MD in CST and CC by tractography and in all

major white matter tracts by TBSS compared with controls.



2. MATERIALS AND METHODS

2.1. Study design

The present study is part of a prospective hospital-based study of a preterm born VLBW
group (birth weight < 1500g) and a term-born control group (gestational age > 37 weeks).
Clinical tests and cerebral magnetic resonance imaging (MRI) have been carried out at 1, 5,
14 and 20 years of age (Eikenes et al., 2011; Skranes et al., 2007; Skranes et al., 1997,
Skranes et al., 1993). The VLBW children were born in 1986-1988 and admitted to the
Neonatal Intensive Care Unit (NICU) at St. Olavs Hospital, Trondheim University Hospital,
Norway. The control children were included at birth in the same period. They were born to a
10% random sample of women living in the Trondheim region, originally selected for follow-
up during pregnancy in a multicentre study (Bakketeig et al., 1993). At 23 years, we aimed to
include the VLBW and control participants from the 14-year follow-up in order to compare

motor function longitudinally (Husby et al., 2013).

2.2, Participants

2.2.1 VLBW group

At age 23, we contacted 54 VLBW young adults, whereof 18 (33%) did not consent, leaving
36 (67%) VLBW young adults for motor and MRI examinations. Four (11%) of these had
cerebral palsy and were therefore excluded from the study. Additionally, one VLBW
participant was excluded due to image artefacts, leaving data from 31 VLBW participants

suitable for analyses.

2.2.2 Control group

At age 23, we contacted 48 controls matched to the VLBW participants by age and sex. Two
of the contacted controls were not testable due to pregnancy, five had moved too far away and
four did not consent. Thus, 37 (77%) controls underwent motor and MRI examinations,
whereof six were excluded due to image artefacts, leaving data from 31 control participants

suitable for analyses.

2.2.3. Non-participants
There were no significant differences between those who participated and those who did not

consent to or were not contacted for participation at age 23 in either group with regard to



perinatal data, parental socioeconomic status (SES) or motor skills at 14 years (data not

shown).

2.3. Clinical characteristics

Perinatal data included birth weight, gestational age, birth head circumference, Apgar scores,
days in NICU, days on mechanical ventilator, proportion of infants with intraventricular
haemorrhage and maternal age. At 14 years, parental SES was calculated according to
Hollingshead's Two factor index of social position (Hollingshead, 1958), rated from 1

(lowest) to 5 (highest) based on a combination of parents' education and occupation.

2.4. Motor assessments

The motor assessments were carried out by experienced examiners, blinded to neonatal
history, clinical characteristics and results from previous follow-up. The dominant hand was
defined as the writing hand and the dominant foot was self-reported or defined as the

preferred foot for one leg stand.

2.4.1. Trail Making Test-5 (TMT-5)

TMT-5 is part of the standardized Delis-Kaplan Executive Function System and measures
motor speed (Delis et al., 2001). The task is to draw a line as fast as possible (time in seconds)
between 32 circles in the order directed by a dotted line. The test is performed with the

dominant hand only and we considered it as a test of basic fine motor function.

2.4.2. Grooved Pegboard

Grooved Pegboard requires complex visual-motor coordination and measures how quickly
(time in seconds) the participants can insert pegs into 25 keyhole-shaped holes with various
orientations in a 5 x 5 matrix with each hand separately (Lafayette, 2002). We considered this

test as a test of complex fine motor function.

2.4.3. Triangle from Movement Assessment Battery for Children-2 (MABC-2)
MABC-2 is a comprehensive motor test battery that identifies and evaluates children’s motor

development (Henderson et al., 2007). We used the item Triangle as a test for bimanual



coordination. The task is to form a triangle out of three strips, nuts and bolts with both hands

as fast as possible. Raw scores (time in seconds) were used in this study.

2.4.4. High-Level Mobility Assessment Tool (HiMAT)

HiMAT examines gross motor function (G. Williams et al., 2005; G. P. Williams et al., 2005)
and raw scores of the seven timed items (in seconds) were used in this study (Walk, Walk
backwards, Walk on toes, Walk over obstacle, Run, Skip and Hop forward). We grouped
these items in two categories based on the involvement of automatic or planned movements;
HiMAT automatic (Walk, Walk on toes, Run) and HIMAT planned (Walk backwards, Walk
over obstacle, Skip, Hop forward).

2.5. Image acquisition

At 23 years, DTI and T1 weighted MRI were acquired on a 3T Siemens Trio with Quantum
gradients (30 mT/m) and a 12-channel head matrix coil (Siemens AG, Erlangen, Germany) at
St. Olavs Hospital, Trondheim University Hospital, Norway. To reduce movement, foam pads
were placed around the participants’ heads. DTI was acquired with a single-shot balanced-
echo EPI sequence with b = 1000 s/mm? in 30 non-collinear directions using the following
parameters: TR = 6800 ms, TE = 84 ms, FOV = 240 x 240 mm, slice thickness 2.5 mm,
acquisition matrix 96 x 96, giving isotropic voxels of 2.5 mm. Full brain coverage was
obtained with 55 transversal slices with no gap. For each slice, six images without diffusion
weighting (b = 0) were acquired. The DTI sequence was repeated two times for increased
signal-to-noise ratio. To correct for image distortion caused by magnetic susceptibility
artefacts (Holland et al., 2010), two additional b0 images were acquired with opposite phase-
encode polarity. A 3D T1 weighted magnetization prepared rapid acquisition gradient echo
(MPRAGE) volume was acquired using the following parameters: TR = 2300 ms, TE = 30
ms, FOV =256, slice thickness = 1.2 mm, matrix = 256 x 256, giving an in-plane resolution

of 1 x 1 mm.

At 20 years, DTI was acquired on a 1.5 T Siemens Magnetom Symphony with Quantum
gradients (30 mT/m) and a quadrature head coil. Details regarding the DTI acquisition at 20

years are given elsewhere (Eikenes et al., 2011).



2.6. Image analyses
The DTI analyses were performed with the tools of the FMRIB Software Library (FSL;
Oxford Centre for Functional MRI of the Brain, UK; www.fmrib.ox.ac.uk/fsl). Image

artefacts due to motion and eddy current distortions were minimized by registration of all DTI
acquisitions to the mean b = 0 image using affine registration. Image distortion caused by
magnetic susceptibility artefacts was minimized with a nonlinear BO-unwarping method using
paired images with opposite phase-encode polarities (Holland et al., 2010). The brain was
extracted using Brain Extraction Tool (BET, part of FSL). FMRIB’s Diffusion Toolbox
(FDT) was used to fit a diffusion tensor model to the raw diffusion data in each voxel. Voxel-
wise maps of FA, MD, axial (AD; A1) and radial diffusivity (RD; (A2+A3)/2), were calculated
for the VLBW and control group. Freesurfer (version 5.3.0,

http://surfer.nmr.mgh.harvard.edu) was used to calculate intracranial volume based on

subcortical volumetric analysis of the TI MPRAGE volume.

2.6.1. Probabilistic tractography

Fibre tractography of the CST and CC was performed using BedpostX, a probabilistic
tractography routine implemented in FSL based on a multifibre model (Behrens et al., 2007).
The following parameters were used: 5000 streamline samples, 0.5 mm step lengths,

curvature thresholds = 0.2.

2.6.1.1. Corticospinal tract (CST)

A region-of-interest (ROI) approach was used to track the CST fibres connecting from a seed
ROI in the cerebral peduncles to three different target ROIs in the primary motor and
premotor cortices. The seed ROI was placed manually in three contiguous slices in the
cerebral peduncle on each individual’s colour-coded FA map based on anatomical landmarks

in the FA map (Figure 1).

For the primary motor cortex, we wanted to select the hand and foot areas specifically as
target ROIs for tracking of CSThand and CSTieot. Due to the difficulty of depicting the foot
area of the primary motor cortex based on anatomy or template based atlases, both foot and
hand ROIs were based on functional ROIs obtained in a group of young healthy adults
(Berntsen et al., 2008).



For the CSTpremotor tracking, the target ROI was placed in the premotor cortex as defined by
the Juelich Histological atlas in FSL (Eickhoff et al., 2005). The target ROIs in the primary
motor and premotor cortices were transformed from the Montreal Neurological Institute
(MNI) space to each individual’s FA space using linear registration (FLIRT, FMRIB’s Linear
Image Registration Tool) between each individual’s FA map and the MNI FA-template
(FMRIB58 FA 1mm).

Only streamlines passing through the seed ROI and the target ROI were included in the
analyses. The CST tracking was performed separately for the left and right hemispheres. An
exclusion mask (not shown) was included in the midline of the brain dividing the two

hemispheres, and streamlines were discarded if they entered the exclusion mask.

2.6.1.2. Corpus callosum (CC)

For tracking of the CC, a three ROI approach was used to select the CC fibres connecting the
primary motor (CCrotor) and the premotor (CCpremotor) cortices (Figure 2). The seed ROIs were
placed manually in three contiguous sagittal slices on the colour-coded FA map of CC region
number II and III according to Hofer and Frahm (2006), comprising premotor and motor
fibres, respectively (Hofer & Frahm, 2006). The target ROIs were placed in the primary motor
and the premotor cortices in the left and right cerebral hemispheres, as defined by the Juelich
Histological atlas in FSL (Eickhoff et al., 2005). The target ROIs were given in MNI space,
and were linearly transformed from MNI to each individual’s FA space using FLIRT. Only
streamlines passing through the seed ROI and the target ROIs were included in the analyses.
An exclusion mask (not shown) was included in the axial slice inferior to the sagittal seed
ROIs, and streamlines were discarded if entering the exclusion mask. We chose to use the
whole primary motor cortex instead of the hand and foot areas in the CC tracking, because
pilot testing showed that few streamlines passed through the CC to the hand area lateral in the
primary motor cortices. The difficulty of resolving lateral projections of the CC has been

described earlier (Hofer & Frahm, 2006).

2.6.1.3. Quality control and summary DTI measures

The resulting fibre tracts were visually inspected for each individual, and the tractography
results were thresholded (50 for the CST and 300 for the CC) in order to include only
anatomical plausible pathways. The thresholded fibre pathways were used to calculate mean

FA, MD, AD, RD and volume for the left and right CSThand, CSTfoot and CSTpremotor and for
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the CCmotor and CCpremotor tractography results in all VLBW and control individuals. Relative
volume was calculated as mean volume of the tract divided by intracranial volume for each
individual. All manually placed ROIs were drawn by the same researcher, blinded to neonatal

history, clinical characteristics and results from previous follow-up.

2.6.2. Tract-based spatial statistics (TBSS)

Voxel-wise statistical analysis was performed using TBSS (part of FSL) at 20 years in
Eikenes et al. (2011) and at 23 years in the current study (Smith et al., 2006). A detailed
description is given elsewhere (Eikenes et al., 2011). Voxel-wise statistics of the skeletonized
FA, MD, AD and RD were carried out on the white matter skeleton using Randomise (part of
FSL) to test for group differences between the VLBW and control group. Randomise
performs non-parametric permutation-based testing and inference using Threshold-Free
Cluster Enhancement (Nichols & Holmes, 2002) with a correction for multiple comparisons

(p<0.05, corrected for sex and age at MRI).

2.7. Statistical analyses

Student’s t-test was used for approximately normally distributed data; else the Mann—Whitney
U test was applied. Normality was assessed by visual inspection of Q-Q plots of the residuals.
Linear regression was applied to explore associations between motor test scores and FA in
CST and CC, adjusted for sex and age. Motor test scores were entered separately as dependent
variables, whereas FA, group, sex, age and the interaction FA x group were entered as
independent variables. The interaction term was added to test if the effect of FA were
different in VLBW and control participants. For motor tests performed with one hand, we
performed the association analyses only with the contralateral CST in the brain to reduce the
number of analyses. We therefore re-categorized the left and right CST into contralateral CST
to the dominant (CST dominant) and non-dominant (CST non-dominant) hand (Figure 3).
Percentage of voxels in the white matter skeleton (from TBSS) with significantly different FA
and MD in the VLBW group compared with the control group at 20 at 23 years was
calculated and compared to examine whether the extent of FA and MD group differences
changed from 20 to 23 years. Two-sided p-values <0.05 were considered statistically
significant. Given the relatively small sample size, no correction for multiple comparisons
was applied for linear regression and analyses of group differences in DTI metrics by

tractography. SPSS 22.0 was used for statistical analyses.
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2.8. Ethics

The project complies with the principles of the Declaration of Helsinki and the study protocol
was approved by the Regional Committee for Medical and Health Research Ethics in Central
Norway (REK number 4.2005.2605). Written informed consent was obtained from the

participants.
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3. RESULTS

3.1. Clinical characteristics

Table 1 shows the clinical characteristics of the VLBW and the control group. Birth weight
and gestational age differed by definition between the groups and, as expected, head
circumference and Apgar scores at birth were lower in the VLBW group. There were no
statistically significant group differences in maternal age, parental SES, age at follow-up or

sex distribution.

3.2. Motor function

Table 2 shows fine and gross motor test scores in the VLBW and the control group. The
VLBW group used longer time than controls on all fine motor tests, however only significant
for TMT-5 (Table 2). On gross motor tests, there were no significant group differences for
HiMAT automatic and HIMAT planned. However, VLBW young adults were significantly

slower than controls on the items Run and Hop forward (Table 2).

3.3. Probabilistic tractography

Table 3 shows that mean FA of the various tracts did not differ significantly between groups
when performing probabilistic tractography. However, mean MD, AD and RD were
significantly higher for most tracts in the VLBW group compared with controls. Absolute
volumes were significantly smaller for most tracts in the VLBW group, while only the
volumes of CCmotor, CCpremotor and CSTroor dominant were significantly smaller when adjusting

for total intracranial volume.

3.4. Associations between motor function and fractional anisotropy of CST
and CC by probabilistic tractography

There were significant between-group differences for several of the associations between fine
motor test scores and FA in CST and CC (Table 4). There were no significant associations
within the control group, but there was a positive association between longer time on motor
tests (indicating poorer function) and higher FA in CST and CC within the VLBW group.
Time to complete TMT-5 was positively associated with FA in the contralateral CSThand and
CSTpremotor, and with FA in CCprimary and CCpremotor- Time to complete Grooved Pegboard for
each hand was only positively associated with FA in the contralateral CSThand and CSTpremotor-
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Time to complete MABC-2 Triangle was positively associated with FA in the contralateral

CSThand and CSTpremotor for bOth handS and Wlth FA ln CCpremotor.

There were significant between-group differences for the association between HIMAT
automatic and FA in CCpremotor and between HIMAT planned and FA in CCrotor (Table 4).
Within the VLBW group, time to complete HIMAT automatic and planned was significantly
associated with higher FA in CCnotor. Within the control group, there were no significant

associations between gross motor test scores and FA in CST or CC.

3.5. Tract-based spatial statistics (TBSS)

TBSS analysis demonstrated lower FA and higher MD in the VLBW group compared with
controls in all major white matter tracts (Figure 4). FA was lower in 34% and MD higher in
45% of the total voxels on the white matter skeleton at the group level. Lower FA was mainly
caused by higher RD (83% of the voxels with lower FA) (data not shown). No area with
higher FA and/or lower MD was found in the VLBW group compared with the control group.

At 20 years, TBSS analysis demonstrated lower FA in 18% and higher MD in 20% of the
total voxels on the white matter skeleton in the VLBW group compared with the control
group. From 20 to 23 years, the number of voxels with lower FA increased by 59% and the

number of voxels with higher MD increased by 92%.
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4. DISCUSSION

In this study, poorer fine and gross motor function was associated with higher FA in motor
pathways of the CST and CC in VLBW young adults without cerebral palsy. Moreover,
probabilistic tractography, yielding mean values across the entire CST and CC, demonstrated
higher diffusion (MD, AD, RD) and lower CC volumes in VLBW young adults compared
with controls, but no statistically significant group differences in FA. Based on the voxel-wise
TBSS analysis, VLBW young adults had lower FA and higher MD in all major white matter
tract cores compared with controls. Importantly, these changes were more widespread at 23
years than at 20 years, demonstrating that the white matter alterations persisted and even

increased in adulthood.

The VLBW group had poorer motor scores than controls for most tests, but only TMT-5,
HiMAT Run and Hop forward reached statistical significance, possibly due to lack of
statistical power. Time to complete Grooved Pegboard, MABC-2 Triangle and HIMAT
planned in the VLBW group was approximately 0.5 SD above the mean in the control group,
corresponding to a medium effect size by Cohen’s d (Cohen, 1992). Even though TMT-5 is
considered a specific test of motor speed (Delis et al., 2001), it was not only associated with
FA in the CST from the primary hand motor cortex as hypothesized, but also with FA in the
other tracts examined (CSTpremotor, CCrmotor, CCpremotor). The more complex fine motor test,
Grooved Pegboard, was as hypothesized only associated with FA in the CST from the primary
hand and premotor cortices contralateral to the dominant hand. This may indicate that the
association between unilateral motor tests and FA in CC is not clear, and as motor function is
complex, it may be difficult to localise specific tests to specific regions in the brain. The test
for bimanual coordination, Triangle from MABC-2, was as hypothesized associated with FA
in contralateral CST from the primary hand and premotor cortices for both hands and with FA
in CC connecting the premotor cortices. The supplementary motor cortex (included in our
ROI of premotor cortex) is more involved in bimanual coordination and may explain the lack
of association with FA in CC connecting the primary motor cortices (Johansen-Berg et al.,
2007). As timed fine motor performance was associated with FA, this may support our former
speculations that reduced motor speed is one of the key issues in preterm populations and is

related to white matter structure in the preterm brain (Husby et al., 2013).
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For gross motor function, there were only associations with FA in the CC connecting the
primary motor cortices. Coordination of both sides of the body is needed for gross motor tasks
involving the whole body, like items of the HIMAT. Furthermore, as these items involve the
whole body and not only the legs, an association with FA in the CST from the primary foot
motor cortex might have been masked. There were no associations with FA in CST or CC
from the premotor cortices, possibly indicating that the items did not place high demands on
planning, and/or that there is no clear association between gross motor function and FA in

motor pathways of CST and CC.

The associations we found between motor functions and FA in motor pathways of CST and
CC in the VLBW group were in the opposite direction than expected, i.e. increasing FA with
poorer motor performance. Other studies have found a positive association between motor
function and FA in VLBW populations at different ages (de Kieviet et al., 2014; Skranes et
al., 2007; Sripada et al., 2015; van Kooij et al., 2012), while some studies have not found any
association between motor function and FA (Counsell et al., 2008; Jurcoane et al., 2016).
However, it is difficult to compare the results from the various studies due to large differences
in methodologies and age at examination. The relationship between motor function and FA
might change during the course of development, and two of the studies did not assess motor
function and DTT at the same time (Jurcoane et al., 2016; van Kooij et al., 2012).
Furthermore, a big variety of motor assessments were used, possibly affecting the associations
with FA. The use of different DTI analysis might also explain some of the discrepancy in
findings. The former studies have used different tractography and whole-brain voxel-based
methods, thereby incorporating a different selection and extent of the white matter studied.
Our study shows that group differences in FA in CST and CC may be affected by the methods
used, as we found lower FA in the VLBW group compared with controls by TBSS, but no
significant group differences in FA by tractography. A similar discrepancy in group
differences of FA in CST by TBSS and tractography was seen in another study of VLBW and
very preterm young adults (Jurcoane et al., 2016). This could be caused by the fact that TBSS
traces the inner core of the tract, while tractography analyses the whole tract. In general, the
inner core of a tract is more coherent and has higher density of axons leading to higher FA,
while the periphery of a tract is less coherent and includes more spurious and less dense tracts.
This could lead to a lower mean FA when the entire width of the tract is taken into
consideration. We speculate that the discrepancy in group differences by TBSS and

tractography group differences and the negative associations with motor function in the
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VLBW group may have common explanations. The preterm brain does not only show
reduced and aberrant myelination, but also axonal abnormality (Volpe, 2009), leading to a
loss of axons and fewer crossing fibres. Since crossing fibres in general reduce the apparent
AD and thereby reduce the FA value in a voxel, and healthy controls are likely to have more
crossing fibres with higher FA than VLBW individuals, voxels in regions of crossing fibres
are likely to show lower FA in controls than VLBW individuals. This is shown in studies
examining CST tractography results slice-wise, where regions with a high degree of crossing
fibres (like the corona radiata and centrum semiovale) have higher FA in the VLBW group
compared with controls (Groeschel et al., 2014; Jurcoane et al., 2016). Similar effects may
exist for the CC as the lateral parts of the CC close to the centrum semiovale are more likely
to contain crossing fibres than the body of the CC (Groeschel et al., 2014). Hence, analyzing a
tract’s entire width and length may even out the typical finding of reduced FA by TBSS in
VLBW populations compared with controls, thereby yielding no group differences in FA for
the whole tract. Our finding of increased AD by tractography in the VLBW group compared
with controls may also explain the lack of group differences in FA as we found both increased
AD and increased RD in the CST and CC. Moreover, increased AD in the VLBW group
supports the notion of fewer crossing fibres along the CST and CC in VLBW individuals.
Also, absolute volumes of the CST and CC tracts were smaller in the VLBW group compared
with controls. When adjusting for intracranial volume, only the CC volumes and CSTroot
remained significantly smaller in the VLBW group, comparable to other studies (Pandit et al.,
2013). This finding further strengthens the possibility that the increased AD is due to a loss of
axons. These regional differences in crossing fibres between VLBW individuals and healthy
controls might explain the structural-functional association between poorer motor function
and higher FA seen in the VLBW group. To be able to study such associations in more detail,
DTI sequences more sensitive to crossing fibres may be useful, like high-angular resolution
diffusion imaging (Tuch et al., 2002) and constrained spherical deconvolution (Tournier et al.,

2007).

The TBSS analysis was used to test for voxel-wise group differences in diffusion measures
within the core of the brain’s major white matter tracts. The finding of reduced FA and
increased MD in all major white matter tracts in VLBW young adults compared with controls
is in line with earlier findings in this cohort at age 15 and 20 years (Eikenes et al., 2011;

Vangberg et al., 2006), as well as other studies of preterm born individuals at different ages
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(Li et al., 2014; Meng et al., 2016). The reduction of FA was related to a significant increase
in RD, possibly indicating reduced and aberrant myelination or poor axonal packing
(Beaulieu, 2002; Song et al., 2005). Hence, these alterations may be related to the
“encephalopathy of prematurity”, involving diffuse periventricular leukomalacia with a
disturbed maturation of myelin-producing oligodendrocytes and injury of axons and subplate
neurons (Volpe, 2009). However, other explanations for reduced anisotropy, like decreased
fibre organization and increased membrane permeability, may not be excluded (Beaulieu,

2002).

When comparing the TBSS results at 23 years with those at 20 years of age (Eikenes et al.,
2011), the number of voxels with lower FA and higher MD compared with controls increased
markedly in the VLBW group, indicating that the white matter changes not only persisted into
adulthood, but also increased. It is important to note that the 20-year follow-up was conducted
on a 1.5T MRI scanner, while the current study was conducted on a 3T MRI scanner.
However, as the differences in FA and MD are relative differences at the two time-points, the
change of scanner from 1.5T to 3T should influence both groups equally and probably do not

explain the longitudinal change.

Strengths of this study are the long-term follow-up of the two study groups, which were
recruited at birth and equivalent in terms of maternal age and parental socioeconomic status.
The groups have been followed prospectively with comprehensive multidisciplinary clinical,
cognitive and MRI assessments at different ages. At 23 years, motor assessments were
performed by experienced examiners and manual ROIs were drawn by the same researcher,
all of whom were blinded to neonatal history and clinical outcome, thus reducing the risk of
information bias. Only participants from the 14-year follow-up were invited, potentially
increasing the risk of selection bias due to loss to follow-up from the original cohort.
However, we found no differences in clinical characteristics at birth or motor skills at 14
years between those who participated and those who did not participate or were not invited to
follow-up at 23 years in either of the groups. Due to the limited sample size, we chose not to
correct for multiple comparisons for the association and tractography analyses to avoid
potential type II errors. By using linear regression to examine associations between motor
function and FA, both the VLBW and control group are included in the analysis, thereby
increasing statistical power. The main findings were consistent, indicating that they were not

due to chance.
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4.1. Conclusion

Our findings showed that individual variability in motor function has structural correlates in
VLBW young adults. Higher FA in the motor pathways of the corticospinal and callosal tracts
was associated with poorer performance on fine and gross motor tests in the VLBW group.
This tractography finding complements previous voxel-based studies, and may be related to
an increased sensitivity to the effects of crossing fibres on FA when performing tractography.
Furthermore, TBSS analysis showed that white matter abnormalities in the core of all major

white matter tracts in the VLBW group increased from age 20 to 23.
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Table 1. Clinical characteristics of the VLBW group compared with the control group at 23 years of age.

VLBW (n=31) Control (n=31)
Mean (SD) Mean (SD) p-value
Birth weight (g) 1238 (219) 3603 (364) <0.001
Gestational age (weeks) 29.4 (2.7) 39.5 (1.1) <0.001
Birth head circumference (cm)® 27.4 (2.3) 353 (1.2) <0.001
Apgar score after 1 min® 6.7 (1.9) 8.9 (0.4) <0.001
Apgar score after 5 min© 8.4 (1.7) 9.7 (1.7) 0.005
Maternal age 28.8 (5.2) 30.2 (4.2) 0.262
Parental SES at 14 years® 34 (1.2) 3.7 (1.0) 0.462
Age at follow-up 22.5 (0.7) 22.7 (0.7) 0.253
n (%) n (%)
Boys 11 (35.5) 14 (42.2) 0.437
Intraventricular haemorrhage® 2 (6.7) NA NA
Median (Range) Median (Range)
Stay in NICU (days)® 60 (25-386) NA NA
Mechanical ventilation (days)® 1 (0-44) NA NA

@ Data missing for seven VLBW and two control participants

® Data missing for three control participants

¢ Data missing for two control participants

dGrade I and Il

¢ Data missing for two VLBW participants

Analyses performed with Student’s t-test and Mann-Whitney U test.

Abbreviations: VLBW, very low birth weight; SES, socioeconomic status; NICU, neonatal intensive care unit; NA,
not applicable.



Table 2. Scores for motor tests in the VLBW group compared with the control group at 23 years of age.

VLBW (n=31) Control (n=31)

Mean (SD) Mean (SD) p-value
Fine motor tests (sec)
Trail Making Test-5 28.5 (11.1) 19.7 (5.7) <0.001
Grooved Pegboard dom. hand 68.6 (17.2) 63.5 (9.9) 0.161
Grooved Pegboard non-dom. hand 73.6 (13.5) 68.1 (11.0) 0.080
MABC-2: Triangle 36.5 (12.0) 32.8 (7.4) 0.152
Gross motor tests (sec)
HiIMAT Automatic 10.6 (1.8) 10.1 (1.6) 0.247
Walk 3.9 (0.7) 3.9 (0.6) 0.614
Walk on toes 4.8 (1.0) 4.5 (1.0) 0.234
Run 1.9 (0.3) 1.7 (0.2) 0.045
HIMAT Planned 16.6 (3.5) 15.3 (2.4) 0.088
Walk backwards 54 (1.8) 4.8 (0.8) 0.071
Walk obstacle 4.1 (0.7) 4.0 (0.7) 0.377
Skip 3.0 (0.6) 2.9 (0.6) 0.227
Hop forward 4.7 (2.7) 3.6 (0.8) 0.039

Analyses performed with Student’s t-test.
Abbreviations: VLBW, very low birth weight; MABC-2, Movement Assessment Battery for Children-2; HiIMAT,
High-level Mobility Assessment Tool.



Table 3. Mean FA, MD, AD, RD and volumes of the corticospinal tract (CST)? and the corpus
callosum (CC)® in the VLBW group compared with the control group at 23 years of age.

VLBW (n=31) Control (n=31)
Mean (SD) Mean (SD) p-value
CSThand FA 0.617 (0.015) 0.619 (0.011) 0.601
dominant MD 0.688 (0.027) 0.670 (0.017) 0.002
AD 1.246 (0.044) 1.215 (0.032) 0.003
RD 0.409 (0.023) 0.397 (0.015) 0.018
Vol. 6.6 (2.7) 7.8 (2.3) 0.057
Rel. vol. 4.4 (1.6) 49 (1.3) 0.159
CSThand FA 0.618 (0.014) 0.621 (0.012) 0.378
non-dominant MD 0.683 (0.025) 0.669 (0.015) 0.011
AD 1.239 (0.043) 1.215 (0.027) 0.013
RD 0.405 (0.020) 0.396 (0.014) 0.048
Vol. 72 (2.7) 83 (1.7) 0.062
Rel. vol. 48 (1.5) 5.2 (9.3) 0.208
CSToot FA 0.616 (0.015) 0.620 (0.012) 0.233
dominant MD 0.693 (0.024) 0.679 (0.017) 0.008
AD 1.250 (0.038) 1.229 (0.029) 0.018
RD 0.415 (0.022) 0.404 (0.015) 0.025
Vol. 6.5 (2.1) 7.9 (1.6) 0.005
Rel. vol. 44 (1.1) 5.0 (0.9) 0.024
CSToot FA 0.621 (0.015) 0.623 (0.011) 0.618
non-dominant MD 0.690 (0.031) 0.676 (0.017) 0.029
AD 1.252  (0.053) 1.227 (0.027) 0.023
RD 0.409 (0.024) 0.400 (0.015) 0.100
Vol. 67.1 (20.2) 77.8 (11.7) 0.014
Rel. vol. 45 (1.3) 49 (0.8) 0.109
CSTpremotor FA 0.608 (0.012) 0.610 (0.009) 0.359
dominant MD 0.679 (0.025) 0.665 (0.014) 0.012
AD 1.216 (0.039) 1.194 (0.027) 0.013
RD 0.410 (0.021) 0.401 (0.011) 0.038
Vol. 11.8 (3.6) 13.8  (2.8) 0.017
Rel. vol. 7.9 (2.0) 8.7 (1.6) 0.100
CSTpremotor FA 0.608 (0.011) 0.611 (0.010) 0.274
non-dominant MD 0.673 (0.022) 0.665 (0.013) 0.094
AD 1.207 (0.036) 1.193  (0.022) 0.096
RD 0.406 (0.018) 0.401 (0.012) 0.170
Vol. 13.5 (3.9) 156 (2.9) 0.017
Rel. vol. 9.0 (2.2) 9.8 (1.6) 0.123
CCrotor FA 0.612 (0.018) 0.618 (0.013) 0.208
MD 0.726 (0.028) 0.705 (0.015) 0.001
AD 1.313  (0.048) 1.280 (0.025) 0.002
RD 0.433 (0.026) 0.417 (0.016) 0.005
Vol. 6.6 (2.3) 9.1 (2.2) <0.001
Rel. vol. 4.4 (1.3) 5.7 (1.3) <0.001
CCoremotor FA 0.623 (0.010) 0.626 (0.010) 0.225
MD 0.716 (0.026) 0.699 (0.016) 0.003
AD 1.313  (0.048) 1.285 (0.029) 0.008
RD 0.418 (0.017) 0.406 (0.014) 0.005
Vol. 11.7 (3.0 14.0 (2.8) 0.002
Rel. vol. 7.8 (1.5) 8.9 (1.8) 0.016

@ CSThand, CST from hand area in primary motor cortex; CSTsoot, CST from foot area in primary motor cortex;
CSTpremotor, CST from premotor cortex

® CCmotor, CC connecting the primary motor cortices; CCpremotor, CC connecting the premotor cortices

CST dominant and non-dominant corresponds to the contralateral CST for the dominant and non-dominant hand.
MD, AD and RD are given in 10> mm?/sec; Volume is given in ml; Rel. vol. = volume/total intracranial

volume, given in 107, Analyses performed with Student’s t-test.

Abbreviations: FA, fractional anisotropy; MD, mean diffusivity; AD, axial diffusivity; RD, radial diffusivity; CST,
corticospinal tract; CC, corpus callosum; VLBW, very low birth weight; Vol., volume; Rel. vol., relative volume.
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Figure 1. A) ROIs used for the probabilistic tractography of the left and right corticospinal tract (CST): Seed ROl in the cerebral
peduncles (green) and target ROIs in the hand area in the primary motor cortex (red), foot area in the primary motor cortex
(blue) and premotor cortex (yellow). B) Probabilistic tractography results of the CSThand (red), CSTtoot (blue) and CSTpremotor
(yellow). Underlying coronal, sagittal and axial grey scaled image is the FA map for one of the individuals in the study.
Abbreviations: ROI, region-of-interest; CST, corticospinal tract; FA, fractional anisotropy

Figure 2. A) ROIs used for probabilistic tractography of the corpus callosum (CC): Seed ROIs in the CC corresponding to areas
connecting the primary motor (green) and premotor cortices (yellow), target ROls in the primary motor cortex (green) and
premotor cortex (yellow). B) Probabilistic tractography results of the CCmotor (green) and CCopremotor (yellow). Underlying coronal,
sagittal and axial grey scaled image is the FA map for one of the individuals in the study.

Abbreviations: ROI, region-of-interest; CC, corpus callosum; FA, fractional anisotropy



CST dominant CST non-dominant CST non-dominant CST dominant

Figure 3. Re-categorization of the left and right corticospinal tract (CST) into the contralateral CST of the dominant and non-
dominant hand. CST dominant correspond to the left CST for right-handed participants and the right CST for left-handed
participants. Vice versa for CST non-dominant.

Figure 4. TBSS analysis demonstrated significantly lower fractional anisotropy (in red) and higher mean diffusivity (blue) in the
VLBW group compared with the control group (p<0.05, nonparametric permutation test, corrected for multiple comparisons,
sex and age at MRI).
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