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AIM To examine: (1) relationships between brain structure, and concurrently assessed 

neurological and behavioural functioning, in infants born preterm at term-equivalent age 

(TEA; approximately 38–44wks); (2) whether brain structure–function relationships differ 

between infants born very (24–29wks) and moderate-late (32–36wks) preterm. 

METHOD A total of 257 infants (91 very preterm, 166 moderate-late preterm; 120 males, 

137 females) had structural magnetic resonance imaging (MRI) and neurological and 

behavioural assessments (Prechtl’s general movements assessment, Neonatal Intensive Care 

Unit Network Neurobehavioral Scale [NNNS] and Hammersmith Neonatal Neurological 

Examination [HNNE]). Two hundred and sixty-three infants (90 very preterm, 173 moderate-

late preterm; 131 males, 132 females) had diffusion MRI and assessments. Associations were 

investigated between assessment scores and global brain volumes using linear regressions, 

regional brain volumes using Voxel-Based Morphometry, and white matter microstructure 

using Tract-Based Spatial Statistics. 

RESULTS Suboptimal scores on some assessments were associated with lower fractional 

anisotropy and/or higher axial, radial, and mean diffusivities in some tracts: NNNS attention 

and reflexes, and HNNE total score and tone, were associated with the corpus callosum and 
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optic radiation; NNNS quality of movement with the corona radiata; HNNE abnormal signs 

with several major tracts. Brain structure-function associations generally did not differ 

between the very and moderate-late preterm groups.  

INTERPRETATION White matter microstructural alterations may be associated with 

suboptimal neurological and behavioural performance in some domains at TEA in infants 

born preterm. Brain structure–behaviour relationships are similar for infants born very 

preterm and moderate-late preterm.  

[Boxed content to appear on page 2] 

What this paper adds 

• Brain volume is not related to neurological/behavioural function in infants born 

preterm at term. 

• White matter microstructure is related to some neurological/behavioural domains at 

term.  

• Brain–behaviour relationships are generally similar for infants born very preterm and 

moderate-late preterm. 
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[Main text] 

Assessments have been developed to evaluate an infant’s neurological integrity and 

behavioural functioning at around term-equivalent age (TEA), from 38 weeks to 44 weeks’ 

gestational age. Neurological assessments can include evaluation of an infant’s muscle tone, 

movement quality, and reflexes, while behavioural assessments can include evaluation of an 
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infant’s ability to regulate their level of arousal and states, and to attend, orient, and 

habituate.1 Infants born preterm (<37wks gestational age) often have atypical performance on 

neurological and behavioural assessments at TEA compared with infants born at term 

(≥37wks).2  

More 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 (MRI).3–8 This 

previous research established that atypical neurological and behavioural performance at TEA 

has neural correlates, suggesting the assessments provide insight into the integrity of the 

developing brain. MRI can provide additional information beyond qualitative brain 

abnormality scores, such as information on brain volumes and white matter microstructure. 

At TEA, infants born preterm have smaller global and regional brain volumes,9 and altered 

microstructure in many major white matter fibre tracts,10
 compared with infants born at term. 

However, the relationships between brain volumes and microstructure at TEA, and 

concurrent neurological and behavioural outcomes, are not well defined. Only one study has 

reported associations between white matter microstructure and neurological and behavioural 

outcomes in infants born preterm (<34 wks) at TEA.11 Additional studies in this area might 

help to improve knowledge of the neural correlates of neurological and behavioural outcomes 

in infants born preterm at TEA.  

Furthermore, most previous research has focused on infants born very preterm 

(<32wks’ gestational age), and there has been much less research on infants born moderate-

late preterm (32–36wks’ gestational age). Rates of atypical neurological and behavioural 

performance at TEA are highest in infants born very preterm, but are still higher in infants 

born moderate-late preterm compared with infants born at term.8 Brain development is rapid 

during the late preterm period, and infants born moderate-late preterm have less mature 

brains than infants born at term.12 On MRI, infants born moderate-late preterm have smaller 

brains13 and altered white matter microstructure14 compared with infants born at term at TEA. 

Brain MRI has been related to neurological and behavioural performance at TEA in infants 

born very preterm.4–6,8,11 However, it is unclear whether brain MRI relates to neurological 

and behavioural performance at TEA in infants born moderate-late preterm, in the same way 

that it does in infants born very preterm, or whether brain–behaviour relationships differ 

between infants born very preterm and infants born moderate-late preterm. We have recruited 

and obtained early MRI and neurological and behavioural data for cohorts of infants born 
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very preterm and moderate-late preterm,1,13 enabling us to address this research question. Our 

previous study was the first to relate qualitative MRI scores to neurological and behavioural 

outcomes in both infants born very preterm and moderate-late preterm,8 but this is yet to be 

done using quantitative MRI measures.  

The aims of the current study were (1) to explore the relationships between brain 

structure, including global and regional brain volumes and white matter microstructure, and 

neurological and behavioural performance at TEA in infants born preterm; and (2) to 

investigate whether brain structure–behaviour relationships differ between infants born very 

preterm and moderate-late preterm.  

 

METHOD 

Participants 

Participants were derived from two prospective, longitudinal cohort studies recruited from 

the Royal Women’s Hospital, Melbourne. The first cohort of 201 infants was recruited 

between November 2009 and November 2012, and infants were included if they were born 

moderate-late preterm (32–36wks’ gestational age).13 The second cohort of 149 infants was 

recruited between January 2011 and December 2013, and infants were included if they were 

born very preterm (<30wks’ gestational age).1 For 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 English-based questionnaires. 

Ethical approval for both studies was obtained from the Human Research Ethics Committees 

of the Royal Women’s Hospital and the Royal Children’s Hospital, Melbourne, and written 

informed consent was obtained from parents. Of the recruited infants, 104 were born very 

preterm and 198 were born moderate-late preterm and had MRI between 38–44 weeks’ 

gestational age. Ninety-one infants born very preterm and 167 infants born moderate-late 

preterm had structural images of sufficient quality for global brain volume analysis (i.e. 13 

infants born very preterm and 31 infants born moderate-late preterm were excluded because 

of structural image artefacts). Ninety-one infants born very preterm and 166 infants born 

moderate-late preterm had structural images of sufficient quality for voxel-based 

morphometry (i.e. one additional infant born moderate-late preterm was excluded because of 

poor registration during Voxel-Based Morphometry), and 90 infants born very preterm and 

174 infants born moderate-late preterm had diffusion images of sufficient quality for Tract-

Based Spatial Statistics (i.e. 14 infants born very preterm and 24 infants born moderate-late 

preterm were excluded because of incomplete diffusion acquisitions and/or diffusion image 
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artefacts). Of those infants who had usable global brain volume data, 91 born very preterm 

and 166 born moderate-late preterm also had at least one neurological or behavioural 

assessment between 38 weeks and 44 weeks’ gestational age (numbers differed slightly for 

the various assessments). Of those infants who had usable Voxel-Based Morphometry data, 

91 born very preterm and 165 born moderate-late preterm also had at least one assessment 

between 38 weeks and 44 weeks’ gestational age. Of those infants who had usable Tract-

Based Spatial Statistics data, 90 born very preterm and 173 born moderate-late preterm also 

had at least one assessment between 38 weeks and 44 weeks’ gestational age. The numbers of 

participants included in the current study are summarized in Figure S1 (online supporting 

information). 

 

MRI 

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

Magnetom Trio, Tim system (Siemens Healthcare GmbH, Erlangen, Germany). 

 Infants were fed, swaddled, placed in a MedVac bag (CFI Medical Solutions Inc, 

Fenton, MI, USA), and scanned during natural sleep without sedation. T2-weighted images 

were acquired with turbo spin echo sequences (repetition time 8910ms; echo time 152ms; flip 

angle 120°; field of view 192mm x 192mm; matrix 192 x 192; 1mm3 isotropic voxels]. 

Diffusion-weighted images were acquired with an echo planar imaging sequence, which was 

the same for all infants (repetition time 20400ms; echo time 120ms; field of view 173mm x 

173mm; matrix 144 x 144; 1.2mm3 isotropic voxels; 45 non-collinear gradient directions with 

multiple b-values ranging from 100s/mm2 to 1200s/mm2; three b=0s/mm2 volumes).14  

Structural images were bias corrected,15 skull-stripped,16 and segmented into tissue 

types.17 Tissue segmentations in each infant’s native space were used to examine global brain 

volumes (intracranial volume and total brain tissue, cortical grey matter, white matter, 

cerebrospinal fluid, subcortical grey matter, cerebellum and brainstem volumes). Tissue 

segmentations registered non-linearly to the standard space of a neonatal template18 were 

analysed using Voxel-Based Morphometry.  

Diffusion images were processed using the Functional MRI of the Brain Software 

Library. This included (1) motion correction (with b-vector reorientation); (2) echo planar 

imaging distortion correction using an average gradient echo field map (based on n=10; an 

average map was used because field maps were not acquired for each infant) and the 
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Functional MRI of the Brain’s Utility for Geometrically Unwarping Echo Planar Images tool; 

and (3) diffusion tensor fitting using the weighted linear least squares method to generate 

fractional anisotropy and axial, radial, and mean diffusivity images. Diffusion tensor images 

were analysed using Tract-Based Spatial Statistics,19 as previously described.14  

 

Neurological and behavioural assessments 

Infants had three assessments at TEA. All assessments were administered according to their 

standardized procedures by trained assessors who were unaware of the infants’ clinical 

histories, as previously detailed.1,8  

 

Assessment 1  

Prechtl’s assessment of general movements20 is an observational assessment from video-

recordings of the global quality of an infant’s spontaneous whole body movements. General 

movements were categorized as normal (fluent, variable in speed and amplitude, and 

involving complexity of movement patterns) or abnormal (poor repertoire, cramped-

synchronized, or chaotic).  

 

Assessment 2 

The Neonatal Intensive Care Unit Network Neurobehavioral Scale (NNNS)21 assesses infant 

neurological integrity, behavioural function, and responses to stress using 45 items. Thirteen 

summary scores were calculated using local norms22 and categorized as suboptimal for scores 

less than the 10th centile on the attention, quality of movement, and regulation summary 

scores, or greater than the 90th centile for the handling, non-optimal reflexes, asymmetrical 

reflexes, hypotonicity, hypertonicity, excitability, lethargy, arousal, and 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 Hammersmith Neonatal Neurological Examination (HNNE)23 primarily evaluates 

neurological function. 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 were categorized as suboptimal for scores less than the 

10th centile using local norms.22  
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Statistical analysis 

Statistical analysis of global brain volumes was performed using Stata version 14 (Statcorp, 

College Station, TX, USA). For the primary aim, volumes were compared between infants 

with optimal and suboptimal scores for each neurological or behavioural assessment using 

linear regressions adjusted for gestational age at MRI. Linear regressions were modelled 

using generalized estimating equations to account for correlations between data from multiple 

births. For the second aim, interaction terms between assessment scores (suboptimal or 

optimal) and preterm subgroup (very preterm or moderate-late preterm) were added to all the 

models to investigate whether the brain structure–behaviour associations varied between 

infants born very preterm and moderate-late preterm. Each analysis was multiple-comparison 

corrected for the number of brain volumes (eight) using the false discovery rate method. 

Thus, in the results section, the results are described in terms of whether there were 

significant associations that had a p-value less than 0.05, false discovery rate-corrected.  

 

Voxel-wise statistical analysis of the Voxel-Based Morphometry and Tract-Based 

Spatial Statistics data was performed using the Functional MRI of the Brain Software 

Library’s ‘Randomise’ tool (version 2.9), a non-parametric, permutation-based method.24 For 

the primary aim, voxel-wise cortical grey matter and white matter volumes and white matter 

diffusion values were compared between infants with optimal and suboptimal scores for each 

assessment, adjusted for gestational age at MRI. Voxel-wise volume analyses were also 

performed with and without adjusting for intracranial volume. For the second aim, models 

were created to investigate whether there were interactions between assessment scores and 

preterm subgroup for the voxel-wise cortical grey and white matter volumes and diffusion 

values; that is, to investigate whether the voxel-wise brain structure–behaviour associations 

varied between infants born very preterm and moderate-late preterm. All analyses were 

performed with 5000 permutations, threshold-free cluster enhancement and voxel-wise 

multiple comparison correction, using the family-wise error rate method. Thus, in the results 

section, the results are described in terms of whether there were significant associations that 

had a p-value less than 0.05, family-wise error rate-corrected. Clusters were localized to 

anatomical brain regions and tracts with the aid of a neonatal atlas.25  

 

RESULTS 

Participants 
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Participant characteristics for the very preterm and moderate-late preterm groups are shown 

in Table I. The number of infants who had major brain injuries was low in both the very 

preterm and moderate-late preterm groups. 

Neurological and behavioural assessments were generally performed on the same day 

as each other, but sometimes the general movements assessment was 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 SI, online 

supporting information).  

Neurological and behavioural outcomes for the larger cohort have been published 

previously.8 For the current cohort with volumetric and diffusion data, the percentage of 

infants with abnormal scores on the general movements assessment was slightly higher in the 

very preterm group compared with the moderate-late preterm group. The percentage of 

infants with suboptimal scores on the NNNS subscales was generally similar between very 

preterm and moderate-late preterm groups, although for some subscales the percentage was 

higher in the very preterm group than the moderate-late preterm group, particularly the non-

optimal reflexes, hypotonicity, and stress subscales. The percentage of infants with 

suboptimal HNNE subscale scores was generally higher in the very preterm group compared 

with the moderate-late preterm group (Tables SII and SIII , online supporting information).  

Perinatal characteristics were generally similar between the participants born 

moderate-late preterm who were included in the analyses and the participants born moderate-

late preterm who could not be included. However, the included participants born very 

preterm had a slightly older gestational age at birth, larger birthweight, and a lower rate of 

postnatal infection compared with the participants born very preterm, who could not be 

included in the current study (Tables SIV and SV, online supporting information).  

 

General movements and brain structure 

There was no significant association between abnormal general movements and global brain 

volumes (Fig. 1; Table SVI , online supporting information). There was an association 

between abnormal general movements and smaller volume in the right external capsule in 12 

voxels only (Fig. 2a); this association was not significant after adjusting for intracranial 

volume. Additionally, abnormal general movements were associated with small clusters of 

increased axial diffusivity and mean diffusivity in the right internal capsule and corona 

radiata (and external capsule for axial diffusivity only; Figs. 2b and 2c). 
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NNNS and brain structure 

There was no significant association between NNNS scores and global brain volumes (Fig. 1; 

Table SVI).  

Suboptimal lethargy scores were associated with smaller anterior insular cortex 

volume (Fig. 2d); however, this association was not significant after adjusting for intracranial 

volume. 

Suboptimal attention scores were associated with lower fractional anisotropy in the 

corpus callosum, sagittal stratum, optic radiation, inferior fronto-occipital fasciculus, external 

capsule, and cingulum (Fig. 2e), higher radial diffusivity in the corpus callosum, optic 

radiation and left cingulum (Fig. 2f), and higher mean diffusivity in the left optic radiation 

(Fig. 2g).  

Suboptimal scores for non-optimal reflexes were associated with lower fractional 

anisotropy in the corpus callosum, sagittal stratum, optic radiation, inferior fronto-occipital 

fasciculus, and cingulum (Fig. 2h).  

Suboptimal hypotonicity was associated with lower axial diffusivity and mean 

diffusivity in the left corona radiata (Figs. 2i and 2j).  

Suboptimal quality of movement was associated with higher axial, radial, and mean 

diffusivity in the right internal capsule, corona radiata, and superior longitudinal fasciculus 

(Figs 2k–2m).  

Suboptimal regulation was associated with higher axial diffusivity in the left optic 

radiation (Fig. 2n). 

 

HNNE and brain structure 

There was no significant association between HNNE scores and global brain volumes (Fig. 1; 

Table SVI). 

Suboptimal HNNE total scores were associated with larger lingual gyrus (Fig. 2o), 

and right optic radiation (Fig. 2p) volumes. However, after adjusting for intracranial volume, 

suboptimal scores were only associated with larger volume in 6 voxels in the lingual gyrus 

and no voxels in the optic radiation.  

Suboptimal HNNE total scores were also associated with lower fractional anisotropy, 

and higher radial and mean diffusivity in the corpus callosum, optic radiation, and cingulum 

(Figs 2q–2s). 

Suboptimal tone was associated with lower fractional anisotropy in the corpus 

callosum (Fig. 2t).  
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Suboptimal scores for abnormal signs were associated with lower fractional 

anisotropy and higher axial, radial, and mean diffusivity in many tracts (Figs 2u–2x). These 

tracts included the internal capsule, corona radiata, and superior longitudinal fasciculus, as 

well as the sagittal stratum (for all parameters except axial diffusivity), corpus callosum and 

cingulum (for all parameters except fractional anisotropy), the right external capsule for axial 

diffusivity, and the cerebral peduncle for radial and mean diffusivity.  

 

Very preterm compared with moderate-late preterm 

There were generally no significant interactions between assessment scores and preterm 

subgroup for global brain volumes. The one exception was the NNNS asymmetrical reflexes 

and preterm subgroup interaction for brainstem volume, which had p-value equal to 0.048. 

This was because of a stronger relationship in the very preterm group (p=0.003) compared 

with the moderate-late preterm group (p=0.4).  

There were generally no significant interactions between assessment scores and 

preterm subgroup for voxel-wise volumes. There were, however, significant interactions 

between NNNS asymmetrical reflexes score and preterm subgroup for cortical grey matter 

and white matter volumes, predominantly in the occipital and parietal lobes (Fig. 3a shows 

the clusters that had significant interactions; Fig. 3b shows these cluster volumes split by 

preterm subgroup). Given this interaction, we ran the voxel-wise analyses for the preterm 

subgroups separately, and for grey matter, suboptimal NNNS asymmetrical reflexes were 

significantly associated with smaller volume in the very preterm group (Fig. 3c), but were not 

significantly associated with volume in the moderate-late preterm group. For white matter, 

associations between volume and NNNS asymmetrical reflexes were not significant in voxel-

wise analyses 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).  

There were generally no significant interactions between assessment scores and 

preterm subgroup for voxel-wise diffusion values (only 6 voxels and 1 voxel had a significant 

interaction between NNNS handling and preterm subgroup for axial and mean diffusivity 

respectively; data not shown).  

 

DISCUSSION 

We found little evidence that global and regional brain volumes were related to neurological 

and behavioural performance in infants born preterm at TEA. However, there was some 
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evidence that alterations in white matter microstructure of various tracts at TEA were related 

to atypical performance on some neurological and behavioural domains of the NNNS and 

HNNE in infants born preterm at TEA. Additionally, relationships between brain structure 

and neurological and behavioural performance were overall relatively similar between infants 

born very preterm and moderate-late preterm. 

Our associations between neurological and behavioural scores and white matter 

diffusion values were generally in the direction of suboptimal scores being associated with 

lower fractional anisotropy and/or higher axial, radial, and mean diffusivity (except for 

suboptimal NNNS hypotonicity scores, which were associated with lower axial and mean 

diffusivity). Fractional anisotropy and axial, radial, and mean diffusivity  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, premyelination (proliferation of oligodendrocyte precursor 

cells), and myelination (ensheathment of oligodendrocytes around axons and maturation of 

the myelin sheath).26 At TEA (the time our cohort had MRI), only the cerebellar white matter 

and posterior limb of the internal capsule are myelinated; myelination of other tracts occurs 

predominantly during the first postnatal year and continues into adolescence for some 

tracts.26 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 diameter.26 There is growing 

literature showing that diffusion tensor values appear to be sensitive to these white matter 

developmental changes in children. Many different studies have found that fractional 

anisotropy increases and axial, radial, and mean diffusivity decrease in the white matter 

between the preterm period and TEA.27–29 Additionally, infants born preterm at TEA have 

lower fractional anisotropy and higher axial, radial, and mean diffusivity in many white 

matter tracts compared with infants born at term,10,14,27,30–33 which suggests that infants born 

preterm have atypical white matter development. Despite this sensitivity of diffusion tensor 

values, they are not specific to any single aspect of white matter microstructure.34 This means 

our associations between lower fractional anisotropy and/or higher axial, radial, and mean 

diffusivity and suboptimal assessment scores could suggest that these suboptimal scores are 

associated with atypical white matter development, but it is not possible for us to conclude 

which specific changes to white matter microstructure suboptimal scores are related to (e.g. 

whether suboptimal scores are more related to axonal injury or impairments to the 
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premyelination/myelination processes). It is also possible that suboptimal scores are related 

to a combination of white matter microstructural changes, since many processes are occurring 

concomitantly during white matter development.26 Interpretation of diffusion tensor values is 

particularly problematic in regions of crossing white matter tracts,34 where myelination of 

one tract during development could be expected to increase fractional anisotropy and 

decrease diffusivities, but myelination of the second crossing tract could be expected to 

decrease fractional anisotropy and increase diffusivities,26 in which case decreased fractional 

anisotropy and increased diffusivities could reflect more mature white matter development. 

This could explain unexpected findings in some tracts, such as higher fractional anisotropy 

and/or lower diffusivities previously reported in infants born preterm compared with infants 

born at term in corticospinal projection tracts,33 or potentially, the lower axial and radial 

diffusivity in the corona radiata in association with suboptimal hypotonicity in the current 

study. 

The neuroanatomical locations of associations in the white matter also differed 

between some neurological and behavioural domains. Generally, suboptimal scores for the 

attention, non-optimal reflexes and regulation scales on the NNNS, and tone and total scales 

on the HNNE, were associated with altered microstructure particularly in the corpus callosum 

and optic radiation. Suboptimal scores for quality of movement and hypotonicity on the 

NNNS were more strongly associated with altered microstructure in the internal capsule 

and/or corona radiata. The only other study we are aware of that has reported associations 

between white matter microstructure and neurological and behavioural performance in 

infants born preterm at TEA found that altered microstructure (higher axial and radial 

diffusivity) particularly in the corpus callosum, optic radiation, and corona radiata were 

related to neurological outcomes (abnormal tonic regulation).11 Thus, it is possible these 

tracts are particularly important for early neurological and behavioural outcomes. Neonatal 

corpus callosum microstructure has previously been related to longer-term cognitive and 

motor outcomes in children born very preterm,35 while optic radiation microstructure has 

previously been related to visual outcomes,36 and corona radiata microstructure has been 

related to motor outcomes.37 Our results might suggest that performance on some early 

neurological and behavioural assessments relies on the development of tracts involved in 

these functions. 

In our study, brain volumes did not appear to be associated with neurological and 

behavioural scores at TEA. In contrast, previous studies have reported associations between 

reduced brain size and volume, particularly of the cerebellum, and general movements 
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assessment scores and HNNE scores after term (3mo–2y) in children born very preterm.3,38 

General movements also did not appear to be associated with brain volume and 

microstructure in our study. In contrast, another study found that aberrant general movements 

after term (at 10–15wks) in 47 infants born very preterm were associated with lower volume 

of the corpus callosum and right central frontal white matter, and lower fractional anisotropy 

in widespread white matter tracts.39 Unlike our study of neurological and behavioural 

performance at TEA, these previous studies examined neurological and behavioural 

performance post-TEA, so it is possible that relationships between brain structure and 

neurological and behavioural performance strengthen later in childhood. This is supported by 

a previous study that found that relationships between white matter microstructure at TEA 

and neurological and behavioural scores were stronger when assessments were performed at 

44 weeks, compared with 40 weeks.11 

We also found that relationships between MRI measures and neurological and 

behavioural assessment scores were generally similar between infants born very preterm and 

moderate-late preterm, except that NNNS asymmetrical reflex scores were more strongly 

related to brain volumes in the very preterm group compared with the moderate-late preterm 

group. Very little research has been carried out on the brain basis of functional outcomes in 

the moderate-late preterm population. The importance of the current result is that it suggests 

that, in general, brain development is associated with neurological and behavioural 

performance at TEA in infants born moderate-late preterm in the same way that it is 

associated with neurological and behavioural performance at TEA in infants born very 

preterm. Speculatively, any insults in the perinatal period may affect brain development in 

both infants born very preterm and moderate-late preterm, leading to functional impairments 

in both populations.12 Our finding is similar to our previous study, in which we found that 

relationships between qualitative brain abnormality scores and suboptimal neurological and 

behavioural scores generally did not differ between infants born very preterm and moderate-

late preterm, except abnormal general movements were more strongly related to global brain 

and cortical grey matter abnormality scores in infants born very preterm compared with 

infants born moderate-late preterm.8 

Strengths of our study include the large sample of infants born preterm across the 

gestational age spectrum, the broad range of early neurological and behavioural outcomes, 

and early imaging at TEA. Both brain MRI40,41 and neurological and behavioural 

assessments42 at 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 could help to identify infants who require interventions to 

improve their long-term developmental outcomes. Because brain–behaviour relationships 

were generally similar between infants born very preterm and moderate-late preterm in the 

current study, interventions to improve early brain structure and behavioural performance 

might be beneficial in both the very preterm and moderate-late preterm populations. In future, 

it will be necessary to determine the importance of our findings for long-term outcomes.  

Limitations of our study include that we completed 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 of type-1 errors in 

some of our findings. We regard our analyses as exploratory and hypothesis generating. 

Additionally, even though brain–behaviour associations were generally similar between the 

very preterm and moderate-late preterm groups, it is also important to note that statistical 

tests for interactions inherently have low power.43 There are factors influencing the 

generalizability of our results to other cohorts. These include that our sample was from a 

single tertiary centre, and that the participants born very preterm included in our study had 

lower rates of medical complications than the participants born very preterm who could not 

be included in our study, so our participants may not be fully representative of the larger 

population. Inherent limitations with the MRI analysis techniques reduce our ability to 

localize findings to specific neuroanatomical regions and cellular properties.34

In conclusion, our study suggests brain volumes are not strongly related to 

neurological and behavioural performance at TEA in infants born preterm. However, white 

matter microstructural alterations may be associated with suboptimal performance on some 

neurological and behavioural assessments at TEA in infants born preterm. Additionally, 

relationships between brain volumes and microstructure and neurological and behavioural 

performance at TEA are generally similar between infants born very preterm and moderate-

late preterm.  

 Some, but not 

all, of the neurological and behavioural assessment subscales correlated with each other (data 

not shown), and given this, the separate associations between the white matter microstructure 

measures and the various subscales should be interpreted with some caution.  
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Table I: Perinatal medical characteristics of the participants included in the volumetric and 

diffusion analyses, contrasted between the very preterm and moderate-late preterm groups 

 

Volumetric cohort
Tract-Based Spatial Statistics 

cohort 
a 

Very preterm,  

n=91 

Moderate-late 

preterm, 

n=166 

Very  

preterm,  

n=90 

Moderate-late 

preterm, 

n=173 

Gestational age at birth in weeks, mean (SD, 

min–max) 

27.9 (1.4, 

24.6–29.9) 

34.3 (1.2, 

32.0–36.9) 

27.9 (1.3,  

24.6–29.9) 

34.4 (1.2, 32.0–

36.9) 

Weight at birth in grams, mean (SD, min–

max) 

1081 (254, 

528–1638) 

2138 (448, 

1000–4522) 

1061 (241, 528–

1630) 

2172 (455, 

1000–4522) 

Weight SD score at birth, mean (SD, min–

max) 

–0.3 (1.0,  

–3.6, 2.0) 

–0.4 (1.1, 3.1–

4.2 

-0.4 (1.0,  

–3.6 to 2.0) 

–0.3 (1.1,  

–3.1 to 4.2) 

Males, n (%) 48 (53) 72 (43) 47 (52) 84 (49) 

Cystic periventricular leukomalacia,b 1 (1)  n (%) 0 (0)c 1 (1)   0 (0)c  

Intraventricular haemorrhage grade 3/4, n 

(%) 
3 (3) 0 (0) 3 (3) 0 (0) 

White matter signal abnormalities, n (%) 8 (9) 9 (5) 9 (10) 9 (5) 

Cerebellar haemorrhage, n (%) 4 (4) 7 (4) 3 (3) 8 (5) 

Corrected age at MRI in weeks, mean (SD, 

min–max) 

42.4 (1.5, 

39.0–44.9) 

41.4 (1.2, 

38.4–44.1) 

42.4 (1.4,  

39.7–44.9) 

41.4 (1.1, 38.4–

44.1) 

Corrected age at general movements 

assessment in weeks, mean (SD, min–max) 

42.6 (1.5, 

39.0–44.9)

41.4 (1.1, 

38.4–44.1)d 

42.5 (1.4,  
e 39.9–44.9)

41.4 (1.0, 38.4–

44.1)f g 

Corrected age at NNNS assessment in 

weeks, mean (SD, min–max) 

42.4 (1.5, 

39.0–44.9)

41.5 (1.0, 

38.9–44.1)c 

42.4 (1.4,  
h 39.4–44.9)

41.5 (1.0, 38.9–

44.1)i j 

Corrected age at HNNE assessment in 

weeks, mean (SD, min–max) 

42.4 (1.5, 

39.0–44.9)

41.4 (1.2, 

38.4–44.1)i 

42.3 (1.4,  
k 39.4–44.9)

41.4 (1.1, 38.4–

44.1)l m 

aData are based on the participants who contributed global volume data; the participants who 

contributed Voxel-Based Morphometry data are the same minus one moderate-late preterm 

participant who was excluded because of having poor registration during Voxel-Based 

Morphometry. bMajor brain injuries including cystic periventricular leukomalacia and 

intraventricular haemorrhage were diagnosed from cranial ultrasounds before term. 

Intraventricular haemorrhage was graded according to Papile et al.44 cn=90; dn=75; en=129; 
fn=78; gn=135; hn=154; in=89; jn=163; kn=162; ln=88; mn=170. SD, standard deviation; MRI, 

magnetic resonance imaging; NNNS, Neonatal Intensive Care Unit Network 

Neurobehavioral Scale; HNNE, Hammersmith Neonatal Neurological Examination. 
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[Figure legends] 

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

Differences in global brain volumes between infants with optimal and suboptimal scores for 

each neurological and behavioural assessment. In the graphs, points represent mean volume 

differences (cm3

 

) adjusted for gestational age at magnetic resonance imaging, and error bars 

represent 95% confidence intervals (CI) for the differences. Points to the left of the zero line 

indicate volumes for infants with suboptimal scores are lower than volumes for infants with 

optimal scores; points to the right of the zero line indicate volumes for infants with 

suboptimal scores are higher than volumes for infants with optimal scores. GMs, general 

movements; HNNE, Hammersmith Neonatal Neurological Examination; NNNS, Neonatal 

Intensive Care Unit (NICU) Network Neurobehavioral Scale. 

Figure 2: Regional brain volumes and white matter microstructure and neurological and 

behavioural outcomes. 

Representative brain slices showing regions, in red-yellow, where cortical grey matter 

volume, white matter volume, or white matter microstructure differed at p<0.05, family-wise 

error rate (FWE)-corrected, between infants with abnormal and normal general movements 

(a–c), suboptimal and optimal Neonatal Intensive Care Unit (NICU) Network 

Neurobehavioral Scale (NNNS) subscale scores (d–n) and suboptimal and optimal 

Hammersmith Neonatal Neurological Examination (HNNE) total and subscale scores (o–x). 

The number of voxels that differed at p<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, threshold-free cluster 

enhancement. 

 

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

scores. 

(a) Representative brain slices showing the regions, in red-yellow, where relationships 

between cortical grey matter or white matter volumes, and Neonatal Intensive Care Unit 

(NICU) Network Neurobehavioral Scale (NNNS) asymmetrical reflexes scores, differed 

between infants born very preterm (VPT) and moderate-late preterm (MLPT) at p<0.05, 

family-wise error rate (FWE)-corrected.  
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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 voxel-wise cortical grey 

matter and white matter volumes, and NNNS asymmetrical reflex scores, were analysed 

separately for the very preterm and moderate-late preterm groups. The regions where 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 at p<0.05, FWE-corrected, hence no images are shown). There was also no 

association between white matter volume and NNNS asymmetrical reflexes at p<0.05, FWE-

corrected, in either the very preterm or moderate-late preterm group, hence no images are 

shown.  
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