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ABBREVATIONS

HNNE Hammersmith Neonatal Neurological Examination
NNNS Neonatal Intensiv€are Unit Network Neurobehavioral Scale
TEA Termequivalent age

AIM To examine(1) relationshig betweerbrainstructure and concurreit assessed
neurological and behavioural functioning,infants borrpretermat termequivalent age
(TEA; approximately 38—44wks}2) whether brairstructure-functionrelationshig differ
betweerinfants born very (24—29wks) and moderkte(32-36wks)preterm

METHOD A total of 257 infants(91 very preterm, 16@hoderatdate preterm120 males,
137 females) hastructuralmagnetic resonancemaging(MRI) and neurological and
behaviourahssessment{®rechtl’sgeneralmovementassessmenieonatal Intensive Care
Unit Netwark Neurobehavioral ScaldINNS] and Hammersmith Neonatal Neurological
ExaminationHNNE]). Two hundred andixty-threeinfants(90 very preterm, 17810derate
late pretermd:31 males, 132 femalelad diffusion MRI and assessments. Associatioere
investigatedetween assessment scores glotdal brain volumes using linear regressions,
regionalbrainvelumes using Voxel-8sedViorphometry and white matter microstructure
using TractBasedSpatial Statistics

RESUL TS Suboptimakcores on some assessmeavise associated witlbwer fractional
anisotropy and/or higher axial, radial, and mean diffusivitiesme tractsNNNS attention

and reflexes, and HNNE total score and tamere associatedith the corpus callosum and
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optic radiation; NNNS quality of movement with the corona radiata; HNNE alat@igns
with severalmajortracs. Brain structurefunction associations generally did not differ
between theery andmoderatdate preterngroups.
INTERPRETATION White matter microstructat alterationanay be associated with
suboptimal'neurological and behavioural performance in some doatalii in infants
born pretermBrain structurebehaviour relationships are similar fofants borrnvery
pretermand moderatéate preterm
[Boxed content to appear on page 2]
What this paper. adds
e Brain volumeis notrelated taneurdogicalbehavioural function in infants born
preterm at term
e White matter microstructure is relatedsimme neurological/behavioudmainsat
term
e Brain=behaviour relationships are generailyilar forinfants born verpretermand

moderatdate preterm
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Brain and-Behaviour in Infants BoRreterm Clairdz Kelly et al.

[Main texi]

Assessmentsave been developed to evaluate an infant’s neurological integrity and
behavioural functioningtaroundterm-equivalent ageTEA), from 38 weeksto 44 weeks’
gestational age. @urological assessmemanincludeevaluaton of an infant'smuscletone,

movement quality, anceflexes while behavioual assessments can include evaluation of an

This article is protected by copyright. All rights reserved



infant’s ability to regulate their level of arousal and stedes to attend, orient, and
habituate’ Infants born peterm(<37wksgestational ageoften haveatypicalperformance on
neurological and behavioural assessments at d@#pared with infants borat term
(>37wks).2

Mere atypical performance on neurological and behavioural assessments has
previously been related to brain injury and impaired brain growth in both the white and grey
matter, as'assessed by qualitative scoring of magnetic resonance imaging {NIR§.
previous research established that atypical neurological and behavioural performance at TEA
has neural eorrelates, suggesting the assessments provide insight intatitg oftthe
developingibrain. MRI can provide additional information beyoralitgiive brain
abnormality scores, such as information on brain volumes and white matter roctrost
At TEA, infants'born petermhavesmallerglobal and regional brain volum&sndaltered
microstructure in many major white matter fibre trd€sompared with infants born at term.
However, the relationships between brain volumes and microstrattiee? and
concurrentheurological and behaviouraltcomesare not well éfined. Only one study has
reported asseciations between white matter microstructureeandlogical and behavioural
outcomes in infants bopreterm (84 wks) at TEA™ Additional studies in this area might
help to improveknowledge of the neural correlates of neurological and behavioural outcomes
in infants bormpretermat TEA.

Furthermore, rost previous research has focusadnfants born very preterm
(<32wks’ gestational ageand there has been much less researcéhfants born moderate-
late preterm (3236n:ks’ gestational age Rates of atypicateurological and behavioural
performance at TEA are highestiimiants borrnvery preterm, but are still higher infants
born moderatédate preterntompared with infants born strm® Brain development is rapid
during the late preterm period, and infants booderatdate preternhave less mature
brains thafiinfaiits born &rm* On MR, infants bormoderateate preternhavesmaler
braing® an@"altereavhite matter microstructutécompared withinfants born atermat TEA
Brain MRI*has*been related to neurological and behavioural performance at TEA in infants
born very-préterni.®#* However, it is unclear whether brain MRI relates to neurological
and behavioural performance at TEA in infants born moddatdepreerm, in the same way
that itdoes ininfants born very preterm, or whether brain—behaviour relationships differ
betweerinfants born very preterm and infants born modelattepretermWe have recruited

and obtained early MRI and neuroicgl and behaviaral data foicohorts of infants born
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very preterm and moderakate preternt’* enabling us taddress this research questionr
previous study was the first to relate qualitative MRI scores to neural@gid behavioural
outcomes in botinfants borrvery preterm anedhoderatdate preternf but this is yet to be
done using quantitative MRI measures.

Theaimsof the current studwere(1) to explorethe relgionships between brain
structure, includinglobaland regional brain volumesd white matter microstructyrand
neurological and behavioural performamt& EA ininfants bormpreterm;and (2)to
investigate whether brastructurebehaviour relationships différetweennfants born very

pretermand.maqderatéate preterm

METHOD

Participants

Participants were derived from two prospectleagitudinal cohort studies recruited from

the Royal Women'’s Hospital, Melbourne. The first cohort of 201 infaatsecruited

between November 2009 and November 2012, and infants were included if they were born
moderatedate-pretern({32—36wks'gestatioal agd.*® The second cohort of 149 infantss
recruited between January 2011 and December 2013, and wiretencluded if they were
born very préeten (<30wks’ gestational ageé)ror both cohorts, infants were excluded if they
had congenital‘abnormalities known to affect development, or if they had non-English
speaking parents because the larger study involved many Englishgb@séidnnaires.

Ethical approval for both studiegs obtained from the Human Research Ethics Committees
of the Royal Women’s Hospital and the Royal Children’s Hospital, Melbourne, andhwritte
informed consent was obtained from pare@fsthe recruited infantslO4were born very
pretermand 198wvere born moderatiete pretermand had MRI between 38-44 weeks’
gestational.agéNlinety-oneinfants born venpretermand 167 infants born moderdtde
pretermhad.structural images of sufficient quality for global bratume analysigi.e. 13
infants bornvery preterm and 31 infants born moddedéspreternwere excluded because
of structurakimage artefagt Ninety-oneinfants borrvery preterm and 166 infants born
moderatdate pretermhad structural irages of sufficient quality for voxelased

morphometry (i.e. onadditionalinfant born moderatéate preternwas excludetbecause of
poor registration during VoxeldsedMorphometry, and 90nfants born very preterm and
174infants borrmoderatdate pretermhad diffusion images of sufficient quality foract
BasedSpatial Statistics (i.e 14 infants borrvery pretermand 24 infants born moderdtde

pretermwere excluded becauseiatomplete diffusion acquisitions and/or diffusiomage
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artefacs). Of those infants who had usable global brain volume data, 91 born very preterm
and 166 born moderatate preternmalso hadat least on@eurological or behavioural
assessment between®8eksand 44 weeksjestational agéhumbers differed slightly for

the variousassessmentdpf those infants who had usablexélBasedViorphometry data,

91 bornvery-pretermand 165 bormoderatdate preternalso hadht least on@ssessment
between 38veeksand 44 weeksjestational ageOf those infants who had usableadt
BasedSpatial Statisticsdata, 90 born very preterm and 173 born moddedéepreternalso
hadat least onassesmnent between 3®eeksand 44weeks’gestational age. The numbers of
participants.included in the current study are summarized in Figure S1 (onlinetswgppor

information).

MRI
Infants had braiMRIl at TEA at the Royal Children’s Hospital, Melbourne on a 3T Siemens

Magnetom Trio, Tim systerfSiemens Healthcare GmbHrlangenGermany.

Infants werded, swaddledplaced in a MedVabag (CFI Medical Solutions Inc,
FentonMI; USA), and scanned durintatural sleepvithout sedationT ,-weighted images
were acquired-wittburbo spin echo sequendgspetition timeB910ms; echo timel52ms;flip
angle 120°; fielehof view 198m x 192mm; matrix 192 x 192;mnT isotropic voxels].
Diffusion-weighted images wetacquired with an echo planar imagsepguence, which was
the same for all infantgepetition time20400msgecho timel20ms;field of view 173mm x
173mm; matrix<144 x 144; 1.2mirsotropic voxels; 45 nonellinear gradient directions with
multiple b-yalues ranging from 1@mnf to 1200s/mrf threeb=0s/mnf volumes)**

Strdctural images werdds corrected® skull-stripped-® and segmented intessue
types'’ Tissue segmentations in each infant’s native space were used to eglrbaidrain
volumes (intracranial volume and total bréssue, cortical grey matter, white magter
cerebrospinal fluidsubcortical grey mtter,cerebellum and brainstem volumesisstie
segmentationsegistered notinearly tothe standard space of a neonatal temfSiatere
analysedusing Voxel-EasedViorphometry

Diffusion images wererocessed using the FunctiohdRI of the Brain Software
Library. This included (1) motionorrection(with b-vectorreorientation)(2) echo planar
imaging dstortion correctiorusing an averaggradient echdield map(based om=10; an

average map was used because field maps weseqoitred for each infant) and the
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Functional MRI of the Brain’s Utility for Geometrically Unwarping Echo Planar Imagels
and (3) diffusiortensor fitting usinghe weightedinear least squares methtadgenerate
fractional anisotropy and axiakdial andmean diffusivityimages Diffusion tensor images

were analysedsing TactBasedSpatial Statistics™® as previously describéd.

Neurological and behaviour al assessments
Infants hadhree assessmerds TEA All assessments were administered according to their
standardized procedures by trained assesgursvere unaware of the infahtdinical

histories as.previously detailetf

Assessmentd

PrechtI’'sassessmenif general movemerftsis an observational assessment from video
recordings of the global quality of an infant’'s spontaneous whole body move@entzal
movements were categoeit as nanal (fluent, variable in speed and amplitude, and
involving complexity of movement patterns) or abnormal (poor repertoire, cramped-

synchronied,er.chaotic).

Assessment 2

The Neonataldntensive Care Unit Network Neurobehavioral Scale (NNBAS)esses infant
neurological integrity, behavioural function, and responses to stress using 45 hetegnT
summary scores were calculated using local nGrarsl categorized as suboptimal for scores
less than th&Oth centile on the attention, quality of movement, and regulation summary
scores, ogreater than th80th centile for the handling, naptimal reflexes, asymmetrical
reflexes hypotonicity, hypertonicity, excitability, lethargy, arousaid stress/abstinence
scores. Habituation summary scores were not included as most infants were not in the

appropriate behavioural state (asleep) to administer these items.

Assessment:3

The Hanmersmith Neonatal Neurological ExaminatittNNE)® primarily evaluates
neurologicalfunction. It includes 34 items, with six subtotal scores (tone, tone patterns
reflexes, spontaneous movements, abnormal signs, and behaviour), which are summed to a
total score. Subtotal and total scores wertegorized as suboptimal for scores less than the

10th centile using local norn8.
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Statistical analysis

Statisticalanalysisof global brain volumes was performed using Stata versiqtadcorp,
College StationT X, USA). For the primary aimyolumes were compared between infants
with optimal and suboptimal scores fchneurological or behaviouraksessment using
linear regressions adjusted for gestational age at MRI. Linear regiessoe modelled
using generaled estimating equations to account for correlations betdatnfrommultiple
births. For the second ainmteractionterns between assessment scogoptimal or
optimal)andpretermsubgroup \ery preternmor moderatdate pretermwere added tall the
modelsto investigatevhether théorain structurebehavioumassociatioavariedbetween
infants born very preterm and moderkte pretermEach analysis was multip@mparison
corrected for the number of brain volumes (eight) using the false discovery rate method.
Thus, in theresults section, the results are described in terms of whether there were

significantassociationshat had g-value less than 05, false discovery rate-corrected.

Voxel-wise statistical analysis tiie Voxel-BasedMorphometry and lactBased
Spatial Statisticsdatawas performed using the Functional MRI of thaiB Software
Library'’s ‘Randomise'tool (version 2.9)a nonparametri¢cpermutatiorbasedmethod?* For
the primary aimyoxelwise cortical grey matter and white mattelumes andvhite matter
diffusion values'were compared between infants with optimal and suboptimal scaashor
assessmenadjusted for gestational ageMRI. Voxel-wise volume analyses were also
performed withand without adjusting fantracranial volumeFor the second aim, models
were created to investigate whether there were interactions between asssssrasrénd
pretermsubgroup for the voxeldse cortical grey and white matteolumes and diffusion
values that is, to investigate whether thexel-wise brain structurebehavioumassociations
varied betweeinfants born very preterm amaoderateate pretermAll analyses were
performedwith6000 permutations, threshdigke cluster enhancement armukel-wise
multiple comparison correctionsing thefamily-wise error ratenethod. Thus, in the results
section, theeesults are described in terms of whether there gigreficantassociationghat
had ap-value'less thaf.05, familywise error ratecorrected. Clustensere localied to

anatomicalbrain regions and trawiish the aid of aneonatal atla®

RESULTS
Participants
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Participant characteristidsr the very preterm and moderdége preterngroupsare shown
in Table I. The number of infants who had major brain injuries was low in both the very
pretermand moderatéate preterngroups.

Neurological and behaviourassessments were generally performed on the same day
as each other;"but sometimes geaeralmovements ssessmenvas on a different day to the
NNNS and HNNE. Additionally, all three assessments were generally performed on the same
day as the'MRI, but were occasionally performed on a different day (Table SlI, online
supportingsinformation)

Neurdogical and behavioural outcomes for the larger cohort have been published
previously?,For the current cohort with volumetric and diffusion data, the percentage of
infants with"abnermal scores on thengraimovementsassessmenwas slightlyhigherin the
very preterm group compared with the modetate{preterngroup. The percentage of
infants with suboptimal scores on the NNNS subscales was generally similar beéneen
pretermand moderatéate preterngroups, although for see subscales the percentage was
higher in the very preterm group than the modelatepreterngroup, particularly the nen
optimal reflexes) hypotonicitygnd stress subscales. The percentage of infants with
suboptimalblHNNE subscale scores was genehadfger in the very preterm group compared
with themoderatdate preterngroup (Tables Sl andll$, online supporting information).

Perinatalcharacteristicsveregenerallysimilar betweertheparticipants born
moderatdate preternwho were included in the analyses and the participants born moderate-
late preternwho could not be included. However, the included participants born very
pretermhada slightly oldemestational agat birth larger birttweight andalower rateof
postnatal infectiomompared wittthe participants borwery pretermwho could not be

included in the current studydbles SIV and SVYonline supporting informatign

General movements and brain structure

There wasiosignificantassociation betweesbnormal general movements and global brain
volumes (Fig=fkTableSVI, online supporting informatignThere was an association
betweerabnormal general movements amdaler volume in the righéxternal capsulan 12
voxels only (Fig. 23)this associatiowas notsignificantafter adjustindor intracranial
volume. Additionally, dnormal general movementgre associated with small clusters of
increasedhxial diffusivity andmean diffusivityin the right internal capsule androna

radiata(and external capsule faxial diffusivity only; Figs.2b and 2c).
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NNNS and brain structure
There waso significantassociation betweddNNS scoresndglobal brain volumes (Fig.; 1
TableSVI).

Suboptimal lethargy scores were associated with snaaiterior inslar cortex
volume (Fig=2d)however, this association was significart after adjusting for intracranial
volume.

Suboptimal attentioscores werassociated with lower fractional aotropy in the
corpus callosunsagittal stratumopticradiation inferior fronto-occipital fagiculus,external
capsuleand.cingulumKig. 2e), higheradialdiffusivity in the corpus callosum, optic
radiationand left cingulumFKig. 2f), and highemeandiffusivity in the leftoptic radiation
(Fig. 29).

Suboptimalkcores for notoptimal reflexs were associated with lower fractional
anisotropy in the corpus callosugagittal stratumopticradiation inferior fronto-occipital
fasciculus and cingulum (Fig. 2h).

Suboptimal hypotonicityvasassociated with loweaxial diffusivity andmean
diffusivity in.theleft corona radiaf@rigs. 2i and 2)).

Subeptimal quality of movememtasassociated with highexxial, radial, and mean
diffusivity_in'the righ internal capsule, coromadiat, and superior longitudinal fasciculus
(Figs 2k—2m).

Suboptimal regulatiomwasassociated with highexial diffusivity in the leftoptic

radiation Eig. 2n).

HNNE and brain structure
There wasno significantassociation betweddNNE scoresandglobal brain volumesHg. 1;
TableSVI).

Suboptimal HNNE totascores were associated whsinger lingual gyrus Fig. 20),
and right optiaadiation(Fig. 2p) volumes. Howeveafter adjusting fomtracranial volume
suboptimalsscores were only associated with larger volurf@ezaxels in the lingual gyrus
and no voxels in the optic radiation.

Suboptimal HNNE total scores were also associated with lfragional anisotropy
and higheradid andmeandiffusivity in thecorpus callosupoptic radiation and cingulum
(Figs2g—-25s).

Suboptimal tonevasassociated with lowdractional anistropy in the corpus

callosum Fig. 2).
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Suboptimal scores for abnormal sigmsre associated with lowéactional
anisotropy and highexial, radia) and meaniffusivity in many tracts (Fig8u—2X. These
tracts included the internal capsule, corona radetd superior longitudinal fasciculus, as
well as the sagittal stratum (for all parameters exarial diffusivity), corpus callosum and
cingulum=(for-all'parameters excdpctional anistropy), the right external capsule for axial

diffusivity,/and the cerebral peduncle for radial and nttinsivity.

Very preterm compared with moder ate-late preterm

Thereweregenerally naignificantinteractiors between assessment scores @naterm
subgroup fer glebal brain volumes. The one exceptionth@dlINNS asymmetrical reflexes
andpretermsubgroup interaction for brainstem volume, which paglue equal t®.048.
This was because afstronger relationship in the very preterm grqad(003) compared
with themoderatéate preterngroup £=0.4).

Thereweregenerally ncsignificantinteractiors between assessment scores and
pretermsubgroup for voxelise volumes. There werbowever significantinteractions
between NNNS-@snmetricalreflexes score and pretesubgroup focorticalgrey matter
and white matter volumes, predominantly in the occipital and parietal lobe8é&3spows
the clusters that'had significant interactions; Fig. 3b shows these cluster volumes split by
preterm sbgroup). Given this interaction, we ran the voxede analyses for the preterm
subgroups separately, and for grey matter, subophiN&IS asymmetrical reflexes were
significantlyassociated with smaller volume in thery preterm group (Fig. 3c), but were not
significantlyassociatedvith volume in the moderatate preterngroup.For white matter,
associations between volume and NNNS asymmetrical reflesiesnot significanin voxel
wise amalyses of the groups separately (despite there being trends for suboptimal
asymmetrical reflexes being associated with smaller volume in the very preterm group and
larger volume.in‘'the moderate-late preterm group, as seen in Fig. 3b).

Thereweregenerally ncsignificantinteractiors between assessment scores and
pretermsubgroup for vogl-wise diffusion values (only 6 voxels and 1 voxel baglgnificant
interactionsbetween NNNS handling amettermsubgroup foaxial andmeandiffusivity

respectivelydata not shown).

DISCUSSION
We found little evidence thaglobal and regional brain volumes were related to neurological

and behavioural performance in infants bpreterm at TEA. However, there was some
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evidence thaalterationgn white matter microstructure of various tracts at Tw#e related
to atypical performancen some neurological and behavioural domains of the NNNS and
HNNE in infants borrpreterm at TEAAdditionally, relationships between brain structure
and neurological and behavioural performaweee overall relatively similar betweanfants
born very-preterm anchoderatelate preterm

Our associations between neurological and behavioural soodeshite matter
diffusion valuesveregenerally in the direction afuboptimakcoresheingassociated with
lower fractional anistropy and/or higheaxial, radia) and meanliffusivity (except for
suboptimal NNNS hypotonicity scores, which were associated with laxi@rand mean
diffusivity). \Fractional anistropy and axial, radial, and meaiffusivity are thought to
provide insight into white matter microstructural development. White matter development
during the last trimester of gestation involves many processes, including axonal
overproduction and pruning, prgelination (proliferation obligodendrocyte precursor
cells), and myelination (ensheathment of oligodendrocytes around axons and maturation of
the myelin'sheatty. At TEA (the time our cohort had MRI), only the cerebellar white matter
and posteriorlimb of the internal capsule are myelinated; myelination of other tracts occurs
predominantly.during the first postnatal year and continues into adolescence for some
tracts®® These processes in white matter development are accompanied by many
microstructural’changes, including increases in axon density, increases in macromolecular
concentration, decreases in water content, decreases in the distance between axons, decreases
in the permeability of cell membranes, and increases in axon digifhetare is growing
literature showing tit diffusion tensor values appear to be sensitive to tivbite matter
developmental chang@s children Many different studies have found thiactional
anisotropyincreases andxial, radial, and meadiffusivity decrease in the white matter
between the preterm period and TEA® Additionally, infants bormpreterm at TEA have
lower fractional anistropy and higheaxial, ralial, and meauiffusivity in many white

matter tractsseompared with infamtsrn at ternf®!427:30-33

which suggests that infants born
preterm havesatypical white matter developmBeispite this sensitivity of diffusion tensor
values theyafe not specific to any single aspect of white matter microstruttlités means
our associations between loweactional anistropy and/or higheaxial, radial, and mean
diffusivity and suboptimahssessment scoresuldsuggest thahesesuloptimalscores are
associated with gpical white matter development, but it is not possible for us to conclude
which specific changes to white matter microstructui@ptimalscores are related to (e.g.

whether suboptimadcores are more related to axonal injorympairments to the
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premyelingion/myelination processes}.is alsopossible thasuboptimalcores are related

to a combination of white matter microstructural chapgeEe many processes are occurring
concomitantly during white matter developmé&hinterpretation of diffusion tensor values is
particularly problematiin regions of crossing white matter trattsyhere myelination of

one tract'during developmetuld be expected to incredsactional anistropy and

decrease diffusivities, but myelination of the second crossing tract could beeeluect
decreaséractional'anistropyand increase diffusivitie€,in which case decreased fractional
anisotropyand increased diffusivities could reflect more mature white matter development.
This could explain unexpected findings in some tracts, such as figttwonal anistropy
and/or lower diffusivities previously reported in infants bpreterm compared with infants
born at termin/corticosgnal projection tractd® or potentially the loweraxial and radial
diffusivity in"'thé corona radiata association witlsutoptimal hypotonicity in the current
study.

The neuroanatomical locationgassociations the white mattealso diffeed
between semaeurological and behaviourdbmains. Generally, suboptingdores fothe
attention nor-eptimalreflexesand regulation scales on the NNNS, and tame total scales
on the HNNEwere associated with alteredcrostructure particularlin the corpus callosum
and optic radiatiorSuboptimal scores foquality of movement and hypotaity on the
NNNS weremere strongly associated with altered microstructure in the internal capsule
and/orcorona radiatal he onlyother studywe are aware dha has reported associations
betweerwhite matter microstructurand neurological and behaviouratioemancen
infants borrpretermat TEAfound that altered microstructufleigher axial and radial
diffusivity) particularly in the corpus callosum, optic radiatiand corona radiata were
related to neurological outcomes (abnormal tonic regulatfoffus, it is possible these
tracts are particularly ingutant for early neurological and behavioural outcoriesnatal
corpus callosummicrostructure has previously been related to lmrgecegnitive and
motor outcemes’in children born very pretérmhile optic radiatiormicrostructure has
previouslysbeen related to visual outcorfeand corona radiataicrostructurehas been
related to.motor outcomé@&Our results might suggest that performance on some early
neurologicalland behavioural assessments relies on the development oficeediin
these functions.

In our study, brain volumes did not appear t@bgociated witimeurological and
behavioural scoreat TEA In contrast, previoustudies have reported associations between

reducedbrainsize and volumeparticularly of the cerebellumand ggneralmovements
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assessmergcoresand HNNEscoresafterterm(3mo-2y) in children born very preterfii®

General mvements also did not appear to be associated with brain volume and
microstructuran our study In contrast, another study found that aberrant general movements
afterterm (at 16 15wks) in 47 infants borvery pretermwere associated with lower volume

of the corpuseallosum and right central frontal white matter, and foaational anistropy

in widespréad white matter tracfsUnlike our study ofieurological and behavioural
performancet TEA, hese previous studies examined neurological and behavioural
performance postEA, so it is possibleéhat relationships between brain structure and
neurological and behavioural performance strengthen later in childhood. This is supported by
a previous studghat found that relationships between white matter microstructure at TEA
and neurological and behavioural scores were stronger when assessmepsfaemedat

44 weekscompared witht0 weeks?

We also found that relationshipstween MRI measures and neurological and
behavioural assessment scamesegenerally simiar betweennfants born very preterm and
moderatdate pretermexcepthatNNNS asymmetrical reflex scores were more strongly
related to brain.WYolumes in the vasgetermgroup compared with the moderddge preterm
group. Verylittle research has been carried out on the brain basis of functional auittome
the moderatéate preternpopulation. The importance tife currentesult is that it suggests
that in genealgbrain development is associated with neurological and behavioural
performance at TEA imfants born moderatiate preternmn the same way that it is
associated with neurological and behavioural performance atim E#ants born very
preterm Speculatively, any insults in the perinatal period may affect brain development in
bothinfants borrvery preterm andhoderatdate pretermleading to functional impairments
in both population$? Our finding is similar toour previous study, in which we found that
relationships between qualitative brain abnormality scores and suboptimal neaicdod
behavioural scoregenerallydid not differ between infants born very preterm aratlerate
late preterm;exceptonormalgeneral movementsere more strongly related gtobal brain
and cortical-grey matter abmoality scoresn infants born very preterm compared with
infants bornsModeratiate pretern?

Strengths of our study include the large sample of infantsgretarmacross the
gestational agspectrumthe broad range of early neurological and behavioural outcomes,
and early imaging at TEA. Both brain M&f* and neurological and behavioural
assessmeritsat TEA have been related to longer-term developmental outcomes in children

born preterm. As such, our work is important because both early brain MRI and neurological
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and behavioural assessments cddlp to identify infants who require interventiaos
improve their long-term developmental outconiscause brawbehaviour relationships
were generally similar betweanfants born very preterm and moderkte preternmin the
current studyinterventions to improve early brain structure and behavioural performance
might be"heneficial in both theery pretermand moderatéate preternpopulationsin future,

it will be nécessary to determine the importance of our findings for long-ternnoesgco

Limitations of our study include thatexcompleted many different statistical tests and
have relatively few relationships where evidence for associations between brain structure and
neurological and behavioural outcomes are strong, raising the possibility df grpars in
some of our findings. We regard our analyses as exploratory and hypothesis generating.
Additionally;, even thoughbrain-behaviour associationgere generally similaoetweerthe
very preterm and moddralate preterngroups, it is also important to note that statistical
tests for interactionmherentlyhave low powef? There ardactors influencing the
generalizability of our results to other cohorts. These indlugeair sample was from a
single tertiary centregndthatthe participants borwery preterm included in our study had
lower rates.efimedical complicatiotisan the prticipants borwvery preterm who could not
be included.in.our studgo our participants may not be fullgpresentative of the larger
population. Inlerent limitations with th&IRI analysis techniques reduce our ability to
localize findings to specific neuamatomical regions and cellularoperties* Some but not
all, of the neurological and behaviouesisessment subscales correlated with each other (data
not shown), and given thi)e separate associations betweemthige mattemicrostructure
measuresand the various subscales should be interpreted with some caution.

In conclusion, our study suggests brain volumes are not strongly related to
neurological and behavioural perforncarat TEA ininfants born preterm. However, white
matter microstructural alterationsay be assoated with subptimal performance on some
neurological.and behavioural assessments at THAants born preterm. Additionally,
relationships‘between brain volumes and microstructure and neurological avdeta
performance-at'TEA amgenerallysimilar betweennfants born very preterm amdoderate

late preterm
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Tablel: Perinatal medical characteristiobthe participants included in the volumetric and

diffusion analyses, contrasted between the very preterm and moderate-t&ta greups

Volumetric cohort?

Tract-Based Spatial Statistics

cohort
Very preterm, Moder ate-late Very Moder ate-late
n=o1 preterm, preterm, preterm,
n=166 n=90 n=173
Gestational age at birth in weeks, mean (§ 27.9 (1.4, 34.3 (1.2, 27.9 (1.3, 34.4(1.2,329
min—max) 24.6-29.9) 32.0-36.9) 24.6-29.9) 36.9)
Weight at birth in grams, med&8D, min- 1081 (254, 2138 (448, 1061 (241, 528 2172 (455,
max) 528-1638) 1006-4522) 1630) 1006-4522)
Weight SD score at birth, mean (SD, min -0.3 (1.0, -04(1.1,3% -0.4 (1.0, -0.3(1.1,
max) -3.6,2.0) 4.2 -3.6102.0) —3.1t04.2)
Males,n (%) 48(53) 72 (43) 47 (52) 84 (49)
Cystic periventricular leukomalagtan (%) 1) 0 (of 1(1) 0 (O¥
Intraventricular haemorrhage grade 314,
3(3) 0(0) 3(3) 0(0)
(%)
White matter signal abnormalities (%) 8(9) 9 (5) 9 (10) 9 (5)
Cerebellar haemorrhage(%) 4 (4) 7(4) 3(3) 8 (5)
Corrected age attMRI in weeks, mean (SO  42.4 (1.5, 41.4 (1.2, 42.4 (1.4, 41.4 (1.1,384
min—-max) 39.044.9) 38.444.1) 39.744.9) 44.1)
Corrected age @eneral movements 42.6 (1.5, 41.4 (1.1, 42.5 (1.4, 41.4 (1.0, 384
assessment in weeks, mg&iD, min-max) 39.0-44.9¢ 38.4-44.1F 39.9-44.9§ 44.1y
Corrected age at NNNS assessment in 42.4 (1.5, 41.5 (1.0, 42.4 (1.4, 41.5 (1.0, 389
weeks, mean (SD, mimax) 39.0-44.9f 38.9-44.1) 39.4-44.9) 44.1)
Corrected age atHNNE assessment in 42.4 (1.5, 41.4 (1.2, 42.3 (1.4, 41.4 (1.1,384
weeks, mean (SDymimax) 39.0-44.9) 38.4-44.1f 39.4-44.9) 44.1)"

®Data are.based.on the participants who contributed global volume data; theaasiciho

contributed*Voxel-BsedMorphometry data are the same minus oeleratdate preterm

participant who was excluded because of having poor registration during Based

Morphométf®Major brain injuries including cystic periventricular leukomalacia and

intraventricular haemorrhage were diagnosed from cranial ultrasounds teefore

Intraventricularthaemorrhage was graded according to Papil&*éba@0; n=75; *n=129;
'n=78;%=135;"n=154;'n=89;'n=163;*n=162;'n=88; "n=170.SD, standard deviation; MRI,

magnetic resonance imaging; NNNS, Neonatal InterGare Unit Network

Neurobehavioral Scale; HNNE, Hammersmith Neonatal Neurological Exaomna
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[Figurelegends]

Figure 1. Global brain volumes and neurological and behavioural outcomes.

Differences in global brain volumes between infants with optimal and suboptimad $zore

each neurological and behavioural assessment. In the graphs, points represent mean volume
differences*(erfyadjusted for gestational age at magnetic resonance imaging, and error bars
represent 95% confidence intervals (Cl) for the défifiees. Points to the left of the zero line
indicate volumes for infants with suboptimal scores are lower than volumes for infants with
optimal scares; points to the right of the zero line indicate volumes for infants with

suboptimal scares are higher thaslumes for infants with optimal scores. GMs, general
movements; HNNE, Hammersmith Neonatal Neurological ExaminafitiNS, Neonatal

Intensive Care WUnit (NICU) Network Neurobehavioral Scale

Figure 2: Regional brain volumes and white matter microstréctaurd neurological and
behavioural outcomes.

Representative brain slices showing regions, inyedbw, where cortical grey matter
volume, white.matter volume, or white matter microstructure differepgd@0D5, familywise
error rate (RWE)Eorrected, between infants with abnormal and norraaépimovements
(a—c), suboptimal and optimal Neonatal Intensive Care Unit (NICU) Network
Neurobehavieral Scale (NNNS) subscale scores)(dnd suboptimal and optimal
Hammersmith Neonatal Neurological Examination (HNNE) total and subscale scetgs (0
The number of voxe that differed ap<0.05, FWE-corrected, are also provided in the text
above each image. The percentage refers to the percentage of the total number of voxels in
the grey matter, white matter or mean fractional anisotropy (FA) skeleton. AD, axial
diffusivity; MD, mean diffusivity; RD, radial diffusivity; TFCE, threshelrke cluster

enhancement.

Figure 3: Results of the interaction analyses between preterm subgroup and assessment
scores.

(a) Representative brain slices showing the regions, igetalv, where relationships
between cortical grey matter or white matter volumes, and Neonatal Intensive Care Unit
(NICU) Network Neurobehavioral Scale (NNNS) asymmetrical reflexes scores, differe
between infants born very preterm (VPT) and modded&epreterm (MLPT) gp<0.05,

family-wise error rate (FWEgorrected.
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(b) The entire cortical grey matter and white matter cluster volumes from (a), plotted by
preterm subgroup and assessment score.

(c) Given the significant interactions in (a), associations between wiseleortical grey

matter and white matter volumes, and NNNS asymmetrical reflex scores, were analysed
separately forthe very preterm and modelatte preterm groups. The regionkere lower
cortical grey matter volume was associated with suboptimal NNNS asymmetrical reflexes in
the very preterm group are shown (in the moderate-late preterm group there were no
associations gi<0.05, FWE-corrected, hence no images are shown). Waralso no
association.between white matter volume and NNNS asymmetrical reflexe® 6%, FWE
corrected,'in either the very preterm or modelate preterm group, hence no images are

shown.
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