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ARTICLE INFO ABSTRACT

Keywords: Infants born very preterm face a range of neurodevelopmental challenges in cognitive, language, behavioural
Preterm birth and/or motor domains. Early accurate identification of those at risk of adverse neurodevelopmental outcomes,
Structural MRI through clinical assessment and Magnetic Resonance Imaging (MRI), enables prognostication of outcomes and

Biomarkers the initiation of targeted early interventions. This study utilises a prospective cohort of 181 infants born <31
Neurodevelopment . . .

Motor weeks gestation, who had 3T MRIs acquired at 29-35 weeks postmenstrual age and a comprehensive neurodevel-
Cognition opmental evaluation at 2 years corrected age (CA). Cognitive, language and motor outcomes were assessed using
Language the Bayley Scales of Infant and Toddler Development — Third Edition and functional motor outcomes using the

Neonates Neuro-sensory Motor Developmental Assessment. By leveraging advanced structural MRI pre-processing steps to
standardise the data, and the state-of-the-art developing Human Connectome Pipeline, early MRI biomarkers of
neurodevelopmental outcomes were identified. Using Least Absolute Shrinkage and Selection Operator (LASSO)
regression, significant associations between brain structure on early MRIs with 2-year outcomes were obtained
(r = 0.51 and 0.48 for motor and cognitive outcomes respectively) on an independent 25% of the data. Addi-
tionally, important brain biomarkers from early MRIs were identified, including cortical grey matter volumes,
as well as cortical thickness and sulcal depth across the entire cortex. Adverse outcome on the Bayley-III motor
and cognitive composite scores were accurately predicted, with an Area Under the Curve of 0.86 for both scores.
These associations between 2-year outcomes and patient prognosis and early neonatal MRI measures demonstrate
the utility of imaging prior to term equivalent age for providing earlier commencement of targeted interventions
for infants born preterm.

Abbreviations: AUC, Area Under the Curve; CA, Corrected Age; CP, Cerebral Palsy; CPAP, Continuous Positive Airway Pressure; CSF, Cerebrospinal Fluid; CT,
Cortical Thickness; dHCP, Developing Human Connectome Project; ETT, Endotracheal Tube; GA, Gestational Age; GI, Gyrification Index; GM, Grey Matter; GMA,
General Movements Assessment; LASSO, Least Absolute Shrinkage and Selection Operator; MAE, Mean Absolute Error; MRI, Magnetic Resonance Imaging; NSMDA,
Neuro-Sensory Motor Developmental Assessment; PMA, Postmenstrual Age; PPREMO, Prediction of PREterm Motor Outcomes; PREBO, Prediction of Preterm Brain
Outcomes; SA, Surface Area; SD, Sulcal Depth; SES, Socioeconomic Status; TEA, Term Equivalent Age; TPN, Total Parenteral Nutrition; WM, White Matter.
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1. Introduction

The current global prevalence of preterm birth is estimated at around
10% (Chawanpaiboon et al., 2019). Very preterm infants (gestational
age [GA] at birth < 32 weeks) are at greater risk of cognitive, language,
behavioural and motor problems. From the end of the second and begin-
ning of the third trimesters, cortical neurogenesis, migration and folding
are rapidly occurring up until Term Equivalent Age (TEA) (Dubois et al.,
2008). This development may be disrupted by the types of injury that
can ensue from premature birth, potentially resulting in altered white
and grey matter volumes, destructive lesions in the white matter, neu-
ronal and axonal injury involving the cerebral cortex and deep grey mat-
ter, as well as axonal degeneration, hypomyelination, abnormal apop-
tosis and diminution of late migrating neurons (Volpe, 2009).

Brain magnetic resonance imaging (MRI) is improving the ability to
detect evidence of brain injury, with MRI at TEA playing an important
role in the identification of infants at risk of adverse neurodevelopmen-
tal outcomes (George et al., 2018; van’t Hooft et al., 2015). Increasingly,
brain MRI is technically feasible at earlier time points, such as 30-32
weeks postmenstrual age (PMA) (Counsell et al., 2003; George et al.,
2015; Ibrahim et al., 2018) and from 26 weeks PMA (Makropoulos et al.,
2018), potentially allowing an even earlier prognostication, opening
a new window for therapeutic interventions at a time of rapid brain
development while the infant is still receiving care in a Neonatal In-
tensive Care Unit (NICU). Many very preterm infants are discharged
prior to TEA, so MRI before TEA may be a more practical time-point
at which imaging biomarkers can be measured to assist clinical assess-
ment (Malhotra et al., 2017). Earlier imaging can help to ensure in-
fants who are at greatest risk of adverse outcomes are identified and
receive appropriate surveillance and early interventions (Morgan et al.,
2021).

Volumetric information (from structural MRI) and microstructural
information (from diffusion MRI) provide insights into brain develop-
ment and maturation, and in turn are associated with neurodevelopmen-
tal outcomes at 2 years and beyond (Anderson et al., 2015; De Bruine
et al.,, 2013; Thompson et al., 2014), however this has largely been
based on MRI acquired at TEA. Using the state-of-the-art developing
Human Connectome Pipeline (dHCP) pipeline (Dubois et al., 2021),
Kline et al. (2020) found cortical curvature and surface area to be asso-
ciated with cognitive and language scores at 2 years, and the volume of
the thalamus in addition to surface area and cortical gyrification to be
associated with motor outcomes at 2 years (Kline et al., 2020) in a very
preterm cohort scanned at TEA. Qualitative findings from earlier MRI
before TEA have been shown to be associated with abnormal neurode-
velopmental outcome (Miller et al., 2005). Quantitative findings includ-
ing tissue volumes and cortical morphology have been associated with
motor and cognitive outcomes at 2-3 years (Moeskops et al., 2017). As
yet, quantitative biomarkers from Early MRI (29-35 weeks PMA) have
been relatively under-investigated compared to imaging at TEA, despite
potentially providing earlier detection for infants at risk of impairments
and reducing burden on families as imaging can be performed while the
infant is still in the NICU.

Our team has previously used our large unique prospective Predic-
tion of PREterm Motor Outcomes (PPREMO, n = 121) (George et al.,
2015) and Prediction of Preterm Brain Outcomes (PREBO, n = 150) co-
horts to demonstrate identification of infants at risk of adverse motor
outcomes and CP at 2 years corrected age (CA) using semi-quantitative
Early and TEA MRI measures (George et al., 2021), based on the exist-
ing manual scoring system (Kidokoro et al., 2013) modified for infants
born very preterm. These studies indicate that the brain changes re-
sponsible for these 2-year outcomes may already be present as early as
29-35 weeks PMA (Early time point). In this study we aim to investigate
whether heterogeneity in quantitative neonatal brain measures such as
anatomical volumes and cortical morphometrics from 3T MRI acquired
at this early time point are associated with cognitive, language, and mo-
tor outcomes at 2 years CA.
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2. Methods
2.1. Participants

This study analyzed data from two longitudinal prospective cohort
studies of very preterm infants: the Prediction of PREterm Motor Out-
comes (PPREMO) study (George et al., 2015) and the Preterm Brain Out-
comes (PREBO) study. Both the PPREMO and PREBO cohorts recruited
infants born at <31 weeks’ gestation with no congenital or chromosomal
abnormality whose parents/caregivers were English-speaking and lived
within a 200km radius of the recruiting hospital. Infants were recruited
at the Royal Brisbane and Women’s Hospital (RBWH) and Monash Chil-
dren’s Hospital (MCH), Mater Mothers Hospital (MMH) and Queens-
land Children’s Hospital (QCH); PPREMO between February 2013 and
February 2016 (RBWH only), and PREBO between February 2016 and
December 2019 (RBWH, MCH, MMH, QCH).

For PPREMO and PREBO cohorts, ethics approval was ob-
tained from the Royal Brisbane and Women’s Hospital Human Re-
search Ethics Committee (HREC/12/QRBW/245), the Queensland Chil-
dren’s Hospital (HREC/15/QRCH/7), The University of Queensland
(2012001060, 2015000290) and Monash University/Monash Children’s
Hospital (SSA/15/MonH/41). Both cohort studies were registered with
the Australian New Zealand Clinical Trials Registry (PPREMO: AC-
TRN12613000280707; PREBO: ACTRN12615000591550). For both co-
horts, informed written parental/caregiver consent was obtained for
each infant.

2.2. Image acquisition

Infants were scanned at 29-35 weeks PMA during natural sleep on a
3T MRI scanner (Siemens Tim Trio [PPREMO], Siemens Skyra [PREBO
RBWH and QLD Children’s Hospital for MMH infants], Erlangen, Ger-
many; Philips Ingenia [PREBO MCH]) (total n = 271) using an MR com-
patible incubator with a dedicated 8-channel neonatal head coil (Lam-
mers LMT, Liibeck, Germany) [PPREMO, PREBO RBWH and QCH], or
paediatric 32-channel head coil with no incubator (Phillips, Amster-
dam, Netherlands) [PREBO Monash]. Infants were placed on an im-
mobilisation pillow to minimise movement. Noise from the MRI scan-
ner was attenuated using mini muffs (Natus Medical Inc., San Carlos,
CA). All infants were monitored with pulse oximetry and electrocardio-
graphic monitoring. No sedation or anaesthesia was used. The PPREMO
study used multi-echo T2-weighted turbo spin-echo (TSE) volumes ac-
quired in the axial plane with the following parameters at RBWH:
TR/TE1/TE2/TE3 10,580/27/122/189ms; flip angle 150°, field of view
144 x 180mm, matrix 204 x 256, in-plane resolution 0.7 x 0.7mm,
slice thickness 2mm, scan time 5:40 min. In the later PREBO study at
RBWH and QCH, we acquired three orthogonal T2-weighted images
(in axial, coronal, and sagittal plane) to improve image quality in re-
lation to motion, with the following parameters: at RBWH T2 HASTE
TR/TE 2,280/117ms; flip angle 120°, field of view 160 x 206mm, ma-
trix 252 x 198mm, voxel size 0.8 x 0.8mm, slice thickness 1.8mm, scan
time 3:11 min each, and at Monash: T2 TSE TR/TE 2,280/117ms; flip
angle 120°, field of view 160 x 200mm, matrix 256 x 256, in-plane
resolution 0.80 x 0.80mm, slice thickness 1.8mm, scan time 2:05 min
each.

2.3. Image processing

2.3.1. Super-resolution reconstruction

To enable accurate cortical reconstruction and volumetry, the three
T2 HASTE or TSE images (PREBO cohort only) were reconstructed into
one super-resolution 3D image with resolution matching the in-plane
resolution (0.8mm? isotropic [PREBO RBWH, QCH and Monash]), as
illustrated in Fig. 1. For each individual HASTE image, the brain was
extracted using FSL’s ‘bet’ tool (Smith, 2002). Approximately 50% of
the automatically generated brain masks were manually corrected to
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Fig. 1. Original T2 MRI (first column) for one participant (age 33 weeks PMA) from the PREBO study, illustrating the thick-slice acquisitions in the axial, coronal
and sagittal planes in the respective rows. Each acquisition underwent brain masking (shown in red in the second column), with slices containing artefact removed.
These slices are replaced in the third column, with interpolated data used to reconstruct the final high-resolution T2 MRI.

prevent the mask extending into the orbital cavity and below the cere-
bellum, requiring about 15 min per mask to correct. Slices impacted
by subject motion were detected and replaced using an in-house auto-
mated structural MRI Python workflow. In this workflow, a slice was
detected as an outlier if its mean signal intensity was less than 92% of
the mean intensity of the adjacent two slices (previous and next). This
threshold was determined empirically from a subset (20%) of the data.
In cases where one of the adjacent slices had a substantially lower in-
tensity (80% of the other adjacent slice), the mean slice intensity was
only compared to the slice with the higher intensity. In cases where
detected outlier slices were adjacent to two normal slices (unimpacted
by motion artefact), they were then replaced by interpolated anatomy
derived as the mid-point between two adjacent slices using ‘ANTs un-
biased pairwise registration’ (Yushkevich et al., 2012). Adjacent outlier
slices were not corrected by this approach due to a lack of a norma-
tive slice comparison. As a result, dark slices will then be visible in
the reconstructed output, and a poorer image quality rating. After slice
interpolation, images were denoised in the Baby Brain Toolkit (BTK)
version 2 (Rousseau et al., 2013) using the non-local means algorithm
to improve the quality of subsequent super-resolution reconstruction.
These denoised images were used as inputs for the super-resolution re-
construction also performed using BTK. Super-resolution reconstructed
images were visually inspected and rated as ‘good’ (no or negligible
artefacts), ‘fair’ (minor artefacts) or ‘unusable’ (reconstruction failed or
contained major artefacts) in accordance with previous recommenda-
tions (Backhausen et al., 2016). Of the total 271 participants with MRI,
192 were rates as ‘good’ (71%), 67 were rated as ‘fair’ (25%) and spe-
cific attention was drawn to whether the subtle artefacts impacted the
subsequent segmentation, and 12 had significant artefacts precluding
further analysis (4%).

2.3.2. Image segmentation

Reconstructed images then underwent several pre-processing oper-
ations, including slice interpolation up-sampling to 0.7 x 0.7 x 1mm3
(for PPREMO only) and N4 bias field correction (Tustison et al., 2010).
Neck slices were manually removed for the PREBO images covering a

large portion of the neck, using FSL’s ‘robustfov’ tool. Images were reori-
ented to RAS (Right, Anterior, Superior) space to reduce the failure rate
for the subsequent segmentation step. Resulting images were processed
with the state-of-the-art dHCP parcellation pipeline (Makropoulos et al.,
2018). The dHCP pipeline automatically performs segmentation on
several cortical and subcortical areas using the DrawEM algorithm
(Makropoulos et al., 2014), segmenting the brain into 87 regions using
the 20 ALBERT atlas (Gousias et al., 2013, 2012). This segmentation
was facilitated by alignment of the MRIs to an age-appropriate preterm
template (Schuh et al., 2018). The dHCP pipeline additionally measures
cortical thickness (CT), sulcal depth (SD), surface area (SA) and gyrifi-
cation index (GI) of each region of the cerebral cortex, as defined by the
Gousias neonatal atlas (Gousias et al., 2013). As the dHCP pipeline gen-
erates many variables, particularly for such a small brain, to reduce the
risk of inflation of false positive (type 1) errors cortical measures were
grouped into bilateral frontal, parietal, temporal and occipital lobes. In
addition, 8 tissue volumes were measured (CSF, cortical GM, WM, ven-
tricles, cerebellum, DGM, brainstem, hippocampi/amygdala), resulting
in a total of 24 morphometric variables of interest. All segmentations
were visually checked for transformation or segmentation accuracy er-
rors, with instances of substantial errors in the segmentation being re-
moved. Four example segmentation provided by the dHCP pipeline is
illustrated in Fig. 2. In the illustrated case 4, the combination of mild
but visible super-resolution artefacts as well as ventriculomegaly led to
the segmentation failure.

2.4. Neurodevelopmental outcomes

Experienced paediatric physiotherapists, blinded to all earlier clin-
ical and MRI findings, assessed participants at 2 years’ CA. Neurode-
velopmental outcomes were assessed with the Bayley Scales of Infant
and Toddler Development — Third Edition (Bayley-III) (Bayley, 2006),
with the motor, cognitive and language composite scores being used
in this study. The Bayley-III is a norm-referenced, discriminative mea-
sure used to describe the developmental functioning of the child with
good to strong validity and reliability (Albers and Grieve, 2007). Subtest
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Fig. 2. Illustration of tissue parcellation performed by the dHCP processing
pipeline, illustrating three successful segmentations (ages at scan; case 1 32
weeks + 6 days PMA, case 2 34 weeks + 2 days PMA, case 3 31 weeks + 5
days PMA) and one failure (case 4, age at scan 35 weeks + 2 days PMA).

composite scores range from 40 to 160, with a mean of 100 (and stan-
dard deviation + 15) based on normative US data (Pifion, 2010), with
higher scores indicating better outcomes.

Motor outcomes were also assessed using the standardized Neuro-
Sensory Motor Developmental Assessment (NSMDA) (Burns et al.,
1989). The NSMDA is criterion-referenced and has no normative data,
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rather infants are given a categorical score of motor performance with
higher scores indicating increased disability (total score 6-8 normal, 9-
11 minimal disability, 12-14 mild disability, 15-19 moderate disability,
20-25 severe disability, >25 profound disability). The NSMDA has been
found to be associated with quality of life (Boswell et al., 2017), and
more severe motor impairment in children without CP (Danks et al.,
2012).

Infants were assessed at the Early time point (29-35 weeks PMA,
concurrent with Early MRI) with the General Movements Assessment
(GMA) (Einspieler and Prechtl, 2004) that has previously been shown
to be predictive of a later CP diagnosis (sensitivity 75-100%, specificity
40-48%) (Bosanquet et al., 2013; Darsaklis et al., 2011) and neuromo-
tor deficits (Einspieler et al., 2016).Spontaneous movements were cat-
egorised as either Normal, Poor Repertoire or Cramped Synchronised
during the Writhing period by two advanced GMs raters, with cases
of non-agreement reviewed until consensus reached and advice sought
from a third blinded rater. In addition, a measure of socioeconomic sta-
tus (SES) was determined at TEA using a combination of factors includ-
ing family living situation, parental relationship, languages spoken at
home parental education and work status, which were collected through
a questionnaire completed by infants’ primary care giver (Hack et al.,
1991; Roberts et al., 2008). Summing each question (0 no risk, 1 poten-
tial risk) provides a total raw score from 0 to 12, with scores of 2 and
above being considered high social risk in line with other research in
this population (Caesar et al., 2016; Spittle et al., 2009).

2.5. Statistical analyses

To examine the relationship between structural measures from
MRIs taken at the Early time point with 2-year outcomes, Least Ab-
solute Shrinkage and Selection Operator (LASSO) regression was used
(Tibshirani, 1996). Covariates were included in all models, which in-
clude sex, gestational age (GA) at birth, PMA at MRI scan, SES raw
score, and age at NSMDA assessment, study cohort, site, and GMA, as
well as measures of clinical care including days of total parenteral nu-
trition (TPN), hours of phototherapy, days of endotracheal tube ventila-
tion, days of continuous positive airway pressure (CPAP) and hours of
oxygen therapy. Age at Bayley-III assessment was not included in any
model as the measure inherently accounts for this. Given the large num-
ber of structural measures (24 regional measures) relative to the number
of participants (n = 181 included in final analysis), model simplifica-
tion (i.e. variable reduction) is important to prevent overfitting and to
identify the most predictive measures. Variable reduction is performed
implicitly in LASSO with a penalty term (alpha), with higher values en-
forcing sparser (fewer non-zero) model coefficients. In addition, models
with only the covariates included (i.e. no MRI measures) were also con-
structed to determine the potential benefit of adding MRI information.
Trained models were compared using the pseudo R2, which is equiva-
lent to the multiple R2 for LASSO regression and provide the percent of
variance explained by the model.

Data was split into training (75%) and test (25%) sets that were com-
parable in GA at birth, PMA at MRI, and sex. Models were generated on
the training set, with the optimal sparsity term (alpha) determined us-
ing mean-square error and 5-fold cross-validation. The alpha of the best
performing model was then applied to the entire training set, yielding an
optimal training model (which includes only the retained features from
LASSO as well as all covariates). This optimal training model was ap-
plied to the test set, with the correspondence between the actual scores
and the predicted 2-year outcome measured with both Pearson’s r corre-
lation as well as a mean absolute error (MAE). This was repeated for each
outcome score, (Bayley-III motor, cognitive, language, and NSMDA),
with each using the same train and test splits. Additionally, outcome
measures on the test set were dichotomised as ‘normal’ or ‘poor out-
come’, which for Bayley-III was defined as 1 standard deviation below
the mean (scores <85) and for NSMDA was dichotomised the NSMDA
normal/minimal (6-11) vs mild-profound (12 or above). From this the
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area under the curve (AUC) was quantified using the ‘glmnet’ library in
R, which measures the overall classification agreement between the pre-
dicted model and the dichotomised outcome of the predictive models.

3. Results
3.1. Participants

A total number of 271 recruited participants in the PPREMO/PREBO
studies had Early MRIs available. Of these, 181 participants were avail-
able for the analyses in this study, with the breakdown of data loss il-
lustrated in Fig. 3.

The overall demographics and clinical assessments of the cohort
are detailed in Table 1. The cohort includeds (n = 181) and excluded
(n = 90) from the analysis did not differ significantly on baseline char-
acteristics or outcome assessment except on the socioeconomic status
risk raw score, and MR image quality, as expected as MRI quality was
one of the factors for being excluded from the analysis. We note that
in this table, not all 2-year assessment scores from the n = 90 excluded
group were available for comparison. Investigating the covariates using
a logistic regression model on the whole n = 271 cohort, SES risk score
was the only significant predictor of participants returning for 2-year
assessments (Supplementary Table 1) with those at higher social risk
being less likely to return for follow up.

3.2. Prediction of 2-year functional outcomes

For each of the three Bayley-III models and the NSMDA functional
grade model, the predictive features retained from LASSO regression are
provided in Table 2. As higher NSMDA scores indicate more impaired
function, unlike Bayley-III composite scores where higher scores indi-
cate improved function, NSMDA scores were inverted for regression co-
efficients of all four models to indicate associations with better outcome.
The regression coefficients for all 4 models are provided in Table 2, how-
ever confidence intervals are not provided by penalised regression such
as LASSO.

Of the retained MRI features, cortical grey matter volume was re-
tained in three models with cortical grey matter volume being positively

Table 1
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PREBO/PPREMO cohorts

n=271
n=271 MRI performed
n =207 Have any 2-year
outcomes
n=198 MRI quality pass
. dHCP segmentation
pass
Final cohort
n=181

Fig. 3. Diagram illustrating data available for statistical analysis, including rea-
sons for exclusion.

associated with outcome scores. Conversely CSF volumes and ventri-
cle volumes (present in four and two models, respectively) were nega-
tively associated with outcome scores. Of the cortical features retained
by LASSO, cortical thickness of the frontal, occipital and parietal lobes
was a commonly retained feature in all four models, with a thicker cor-
tex being associated with increased assessment scores for all retained CT
features. Sulcal depth of the frontal, temporal and occipital lobes were
also frequently retained, with larger sulcal depths being predominantly
positively associated with Bayley’s score (in 4 of 5 retained SD features).

Baseline characteristics of the very preterm cohort with 2-year follow-up assessments, divided into those
included in the analysis (n = 181), and those excluded (n = 90) due to MRI being of poor quality (n = 12),
segmentation was inaccurate (n = 17), or 2-year assessments were not available (n = 64). There wasn = 3
excluded participants who had no MRI or 2-year assessments available.

Included in analysis ~ Excluded from analysis ~ P-value
N =181 N =90

Postmenstrual age at MRI, weeks*9s, median (range) ~ 32** (29*1- 35+2) 32+2 (30*2- 35%0) 0.972
Gestational age at birth, weeks+9?¥s, median (range) 2813 (23+1- 3016) 27+3 (23+4- 300) 0.599
Male, n (%) 98 (54%) 27 (30%) 0.680
SES risk score, mean (SD) 1.79 (1.67) 2.58 (1.58) <0.001

High social risk (risk score > 2), n(%) 52 (29%) 25 (21%) 0.253
GMAs classification at Early time point

Normal (%) 70 (39%) 37 (41%) 0.885

Poor Repertoire (%) 98 (54%) 44 (49%) 0.571

Cramped Synchronised (%) 13 (7%) 9 (10%) 0.612
Bayley-III motor composite, mean (SD) 97.37 (16.33) 95.15 (17.49) 0.488
Bayley-III cognitive composite, mean (SD) 95.51 (16.02) 94.04 (17.49) 0.499
Bayley-III language composite, mean (SD) 92.87 (17.01) 93.07 (16.02) 0.907
NSMDA functional grade, mean (SD) 8.61 (2.99) 9.05 (3.82) 0.429
MR image quality

No MRI (%) 0 (0%) 0 (0%) 1.0

Unusable (%) 0 (0%) 12 (13%) 0.001

Fair (%) 34 (19%) 33 (37%) 0.007

Good (%) 147 (81%) 45 (50%) <0.001

Bayley-III, Bayley Scales of Infant and Toddler Development 3 Edition; GMA, General Movements As-
sessment; NSMDA, Neuro-Sensory Motor Developmental Assessment; SD, Standard deviation; SES, Socio-

economic status; TEA, Term Equivalent Age.
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Table 2

The retained morphometric biomarkers and covariates for each of the 2-year
Bayley-III outcomes (motor, cognitive and language composite scores) and NS-
MDA functional grade, and their corresponding regression coefficient.

Model 1: Bayley-III motor composite

Feature Coefficient
CSF -0.00036
Cortical grey matter 0.00001
Ventricles -0.00010
Occipital lobe CT 1.64
Frontal lobe SD 0.17818
Occipital lobe SD -0.05580
Temporal lobe SD 0.04080
GA at birth 0.16967
Sex (male reference) 0.24845
PMA at MRI -1.0701
SES risk score -2.39768
GMAs classification -0.79964
Cohort (PREBO reference) -4.31271
Site <0.00001
Days of ETT ventilation -0.29369
Days of CPAP -0.37486
Hours of oxygen therapy -0.00358
Days of TPN 0.28418
Hours of phototherapy -0.02337
Model 2: Bayley-III cognitive composite

Feature Coefficient
CSF -0.00030
Cortical grey matter 0.00004
Frontal lobe CT 1.64
Parietal lobe CT 1.06
Frontal lobe GI 0.95901
GA at birth 0.05028
Sex (male reference) 2.83693
PMA at MRI -4.00087
SES risk score -2.94637
GMAs classification -0.41402
Cohort (PREBO reference) -11.10821
Site <0.00001
Days of ETT ventilation 0.21381
Days of CPAP -0.09152
Hours of oxygen therapy -0.00616
Days of TPN 0.11960
Hours of phototherapy 0.06188
Model 3: Bayley-III language composite

Feature Coefficient
CSF -0.00036
Frontal lobe CT 1.96
Frontal lobe SA -0.01542
Frontal lobe SD 0.33345
Occipital lobe SD 0.24407
GA at birth 0.25547
Sex (male reference) 0.70911
PMA at MRI -1.4561
SES risk score -4.8492
GMaAs classification -2.34220
Cohort (PREBO reference) 0.38724
Site <0.00001
Days of ETT ventilation -0.09814
Days of CPAP 0.10227
Hours of oxygen therapy -0.00047
Days of TPN 0.38442
Hours of phototherapy 0.01127
Model 4: NSMDA functional grade

Feature Coefficient
CSF -0.00002
Cortical grey matter 0.00001
Ventricles -0.00017
Frontal lobe CT 0.36541
GA at birth 0.01977
Sex (male reference) 0.47920

(continued on next column)

Neurolmage 267 (2023) 119815

Table 2 (continued)

PMA at MRI -0.60005
SES risk score 0.45359
GMAs classification -0.48023
Cohort (PREBO reference) -0.77474

Site <0.00001

Age at NSMDA assessment -0.56597
Days of ETT ventilation -0.00128
Days of CPAP -0.02750
Hours of oxygen therapy 0.00029
Days of TPN 0.04703
Hours of phototherapy -0.00530

CPAP, Continuous Positive Airway Pressure; CT, Cortical Thickness; ETT, En-
dotracheal Tube; GI, Gyrification Index; GMA, General Movements Assessment;
PMA, Postmenstrual Age; SA, Surface Area; SD, Sulcal Depth; GA, Gestation Age;
SES, Socio-economic status; TPN, Total Parenteral Nutrition.

Table 3

Pseudo r? of the four optimal LASSO models indicating variance in clinical
outcome explained by MRI measures and covariates, as well as the covariates
only.

Model Pseudo r? with MRI  Pseudo r? no MRI
M1: Bayley-III motor composite 0.757 0.465
M2: Bayley-III cognitive composite 0.546 0.431
M3: Bayley-III language composite 0.773 0.482
M4: NSMDA functional grade 0.660 0.492

Bayley-III, Bayley Scales of Infant and Toddler Development 3" Edition;
LASSO, Least Absolute Shrinkage and Selection Operator; MRI, Magnetic
Resonance Images; NSMDA, Neuro-sensory Motor Developmental Assess-
ment.

Covariates were manually retained in all four models in line with
previous studies (Kline et al., 2020). Higher socio-economic status
risk scores were negatively associated with all developmental outcome
scores (average reduction -2.66 per point in SES risk raw score), sug-
gesting that this is one of the biggest drivers of 2-year outcomes. Sim-
ilarly, abnormal writhing movements classified by the GMAs classifi-
cation were negatively associated with all outcome scores (average re-
duction -1.01 per GMAs risk category). Higher GA at birth was associ-
ated with better outcomes (score increase 0.12 per week), while PMA
at MRI was negatively associated with outcomes (score decrease 1.78
per week). Girls performed better than boys in all models (average in-
crease 1.07). Babies in the PPREMO cohort performed worse on average
that the PREBO cohort for three of the four 2-year outcomes (average
Bayley-III composite score reduction -5.01), however site played a neg-
ligible role in all models (effect size <1e-10). Measures of care were pre-
dominantly negatively associated with 2-year outcomes, including days
of ventilation (average reduction -0.04 per day), days of CPAP (average
reduction -0.09 per day), hours of oxygen therapy (average reduction
-0.002 per hour), and hours of phototherapy (average reduction -0.02
per hour), with the exception of days of total parenteral nutrition which
was positively associated with 2-year outcomes (average increase 0.21
per day).

3.3. MRI scores explain much of the variance in 2-year assessments

The model fit for each of the LASSO models is provided by the Pseudo
r2 in Table 3. When the four models were run without MRI correlates,
the factors accounted for less of the variance in Bayley-III and NSMDA
scores, as indicated by the Pseudo r2.

3.4. Model validation on the test set

The trained LASSO models were used to predict assessments scores
for the independent test data. Pearson’s r correlations between actual
and predicted assessment scores are provided in Table 4. Moderate cor-
relations were observed for all assessments, however only three of the
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Fig. 4. Test set correlations between the best performing LASSO model and the actual Bayley-III assessment scores (motor and cognitive composite score, top row;
language compositive score, bottom left) and NSMDA functional grade (bottom right) using measures from the Early MRI acquired between 29 and 35 weeks PMA.

Table 4

Correlations between the best performing models with and without MRI mea-
sures, and the test set assessment scores independent by the model. Significance
level was corrected using Bonferroni correction (« = 0.05 / 4 models = 0.0125).

Model Pearson’s r MAE AUC (Range)

0.508" (p=0.008)
0.477* (p=0.011)
0.367 (p=0.059)

0.624* (p=0.001)

9.25 0.864 (0.856-0.874)
11.33 0.863 (0.846-0.880)
12.77 0.677 (0.664-0.690)
1.34  0.852 (0.846-0.858)

M1: Bayley-III motor composite
M2: Bayley-III cognitive composite
M3: Bayley-III language composite
M4: NSMDA functional grade

* p < 0.00125. AUC, Area Under the Curve; Bayley-III, Bayley Scales of In-
fant and Toddler Development 3™ Edition; MAE, Mean Absolute Error; MRI,
Magnetic Resonance Images; NSMDA, Neuro-sensory Motor Developmental As-
sessment.

four models were statistically significant in the test set (p < 0.0125 Bon-
ferroni corrected), including the Bayley-III motor and cognitive com-
posite scores and NSMDA functional grade with Early MRI features, but
not the Bayley-III language composite score. The scatter plot illustrating
these test set correlations are provided in Fig. 4. In addition, the AUC
metrics using the dichotomised Bayley-III composite scores (<1 SD be-
low mean) and the NSMDA functional grade (scores above 8 indicating
disability) are also shown in Table 4.

4. Discussion

In this study, we demonstrate that measures derived from Early struc-
tural MRI taken between 29-35 weeks PMA are associated with motor,
cognitive and language ability at two-years CA in a very preterm born
cohort. By combining Early brain morphometrics with key covariates in
a LASSO prediction model, estimates of 2-year Bayley-III motor and cog-
nitive composite scores, and NSMDA functional grade were obtained (in
an independent test set), demonstrating the predictive ability of these
early MRI measures. General trends across the models revealed higher
GM volume and lower CSF and ventricle volumes to be associated with
better 2-year outcomes across multiple functional domains, supporting
previous studies that reported these early brain measures in particular
may be an important early biomarkers of abnormal brain development
(Murphy et al., 2020). In all four models with MRI measures, increased
sulcal depth and thicker cortex across all lobes (frontal, parietal, occip-
ital and temporal) were frequently retained among models as predic-
tors of better outcome, albeit with different regions impacting different
functional outcomes Interestingly cerebellar volumes were not retained
in any model, despite evidence in the literature that they are corre-
lated with motor and cognitive development (Matthews et al., 2018;
Shah et al., 2006). We suspect that this may be because brain volume
reduction occurs globally, leading to volumes of the cortical grey matter
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and the cerebellum to covary, and as a result LASSO retains only one of
these measures for sparsity. Additionally the covariates were important
drivers of 2-year outcomes, including socioeconomic status which has
been demonstrated previously (Kline et al., 2020), GMA classification
which has been shown to be predictive of neurodevelopment at both 2
and 4 years CA (Spittle et al., 2013), and sex, with the male sex being
an important risk factor both for poor neonatal outcome as well as cog-
nition and Motor outcomes at 2-years (Peacock et al., 2012). Measures
of care were predominantly associated with adverse 2-year outcomes,
which may be a result that babies with more complicated births due
to prematurity require more care, and also are more likely to have ad-
verse neurodevelopmental outcomes (Kiechl-Kohlendorfer et al., 2009).
In contrast, the number of days of TPN was positively associated with
all four 2-year outcomes, supporting previous studies that found greater
nutritional intake to be positively associated with growth and neurode-
velopment (Christmann et al., 2017). In fact, patient demographics and
measures of clinical care combined explained more variance in 2-year
outcomes than was explained by to MRI measures (Table 3). This may be
due to covariates being retained by LASSO with only MRI measures po-
tentially being removed, and in fact the number of covariates exceeded
the number of retained MRI biomarkers in all four models.

Prediction scores derived from our model (which includes the MRI
biomarkers and covariates) were correlated with actual outcome mea-
sures at 2-year follow-up (r = 0.36-0.62, Table 4). This is consistent
with previous findings following up preterm cohorts imaged at TEA,
with a previous study showing that cortical features (such as sur-
face area, gyrification index, sulcal depth and curvature) were corre-
lated with both Bayley’s cognitive and language scores (r = 0.51-0.53,
n = 110), respectively (Kline et al., 2020). We note that in the study by
Kline et al. (2020), models were validated across the whole dataset using
leave-one-out cross validation. In our present study model performance
was estimated on the training subset only (with 5-fold cross-validation),
and then optimal models were validated on the test subset of data com-
pletely unseen by the model, which should provide a more unbiased
estimate of the model error. In another study of 86 infants scanned at
the Early time point (30-32 weeks PMA), volumetrics and global cortical
morphology were found to be predictive of both low Bayley-III motor
and cognitive outcomes at 2 years (AUC of 0.80 and 0.78 respectively,
n = 86) (Moeskops et al., 2017). Our findings are in line with this, show-
ing that brain morphometrics including regional cortical morphometrics
are predictive of motor outcomes (AUC = 0.86) and cognitive outcomes
(AUC = 0.86). Expanding on previously reported findings, we also found
associations with language ability (AUC = 0.67) and NSMDA functional
grade (AUC = 0.85) (Table 4). While mean Bayley-III scores for healthy
Australian infants are statistically significantly higher than the US stan-
dardised means for all subtests (Chinta et al., 2014), the chosen cut-
off of <85 was found to provide an accurate definition of moderate-
severe neurodevelopmental delay (Johnson et al., 2014). These models
demonstrate that both the NSMDA and Bayley-III clinical outcomes can
be predicted at Early (30-32 weeks PMA) time points, with these clinical
assessments in turn being strongly predictive of later impairment at 4
years and beyond (Griffiths et al., 2018).

A limitation of this study is that, for the PPREMO study (n = 121),
we only used morphology measured from the multi-echo T2-TSE MRIs
to predict 2-year outcomes, which has a thick slice (2mm) to produce
a faster sequence. This sequence is also more susceptible to “ring” arte-
facts when there is motion when compared to HASTE sequences, re-
sulting in greater data loss due to image quality. Ideally a 3D T1-
weighted sequence would be added, which could provide an additional
MR contrast to assist the segmentation provided by the dHCP pipeline
(Makropoulos et al., 2018). In our cohort however, given the long dura-
tion of this T1-weighted scan (~5 min), many were affected by motion
artefact, and were subsequently removed from the analysis. Similarly,
diffusion MRI was not included in the present analysis, which would
probe the microstructure of the white matter not detectable by struc-
tural imaging. Several studies have found associations between diffu-
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sion tensor imaging (DTI) or other diffusion models, and 2-year Bayley-
III outcomes (Vassar et al., 2020), including studies using this cohort,
which found stronger associations with 1-year Bayley-III outcomes over
2-year outcomes, and greater associations using fixel-based rather than
DTI metrics (Pannek et al., 2020). In future work we plan to include MRI
derived measures from images acquired at Early and TEA time-points, as
well as to combine metrics of brain structure and microstructure to see if
there is an enhanced prediction of later outcomes. In future, we also plan
to replace the FSL ‘bet’ brain masking with artificial neural-network ap-
proaches (Isensee et al., 2019) to minimize the amount of manual mask
correction. A further limitation of this study is that the dHCP tissue at-
las groups all anatomies bilaterally, groups the functionally distinct hip-
pocampus and amygdala as one label, and additionally groups cortical
measures by lobe. As in previous studies (Moeskops et al., 2017), this
was done to minimize model complexity and avoid overfitting given
the current sample size (n = 181), however as a result it ignored func-
tional differences between the hippocampus and amygdala, and struc-
tures bilaterally in general. Another potential limitation of this work
was that the sample may have been skewed towards infants at lower
risk of adverse neurodevelopmental outcomes, because infants with the
highest severity of illness during the 29-35 week PMA interval were less
likely to be recruited for reasons of feasibility and safety of performing
the MRI. Furthermore, for those participants whose adverse outcomes
were associated with severe brain abnormality, these MRIs were also
more likely to fail at the dHCP segmentation. Additionally, the PMA at
MRI range of this cohort at this ‘Early’ time point is quite wide (median
age = 32 weeks, range = 29-35 weeks), and although accounted for in
the model, there is a known bias in our cohort where infants scanned
later at this time point had poorer outcomes as they were not clinically
stable enough to have the MRI earlier. This may explain why PMA at
MRI was found to be consistently negatively associated with Bayley’s
composite outcomes, and positively associated with NSMDA functional
grade (Table 2). One final limitation with the prediction LASSO mod-
els is that they tend to underestimate high assessment scores and over-
estimate low assessment scores, making predictions much closer to the
mean (Fig. 4). What this means is that prediction of the numeric Bayley-
III composite score is not accurate in terms of MAE (Table 3), however
clinically these models could accurately predict those with adverse out-
comes (<1 SD from the mean) based on the AUC (Table 3), potentially
allowing earlier follow-up and interventions for those infants.

There is a need to look beyond 2-year outcomes and see if Early
MRI imaging can reveal developmental outcomes at childhood age.
This is important as intellectual, learning and behavioural outcomes
cannot be fully determined at 1-3 years CA. Later follow up beyond
3 years is required to evaluate the true predictive accuracy of Early
MRI. While the relationship between MRI at TEA and childhood out-
comes has been demonstrated at preschool age (Vanes et al., 2021) and
at 7 years (Anderson et al., 2017; Thompson et al., 2014) in preterm
infants, these studies however have been limited by sample size, MR
field strength, limiting image resolution and quality (Anderson et al.,
2017; Loh et al., 2017), and only investigated neonatal MRI taken at
TEA (Anderson et al., 2015; van’t Hooft et al., 2015). Integration of
diffusion MRI-based white matter measures, including fixel-based mea-
sures, will be important in addition to the macro measures used in this
study to explain the impact of preterm birth on brain development and
later outcomes (Pannek et al., 2018). We are currently following up this
cohort at 6 years as part of the PREBO-6 study (George et al., 2020),
when a diagnosis of CP, ASD and school readiness outcomes can be re-
liably obtained. This longitudinal information data is key, increasing
the value of the PPREMO/PREBO cohort and potentially the predictive
potential of the early MRI.

5. Conclusions

In this study we perform state-of-the-art structural image analysis
on one of the largest cohorts of infants born preterm who underwent
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Early 3T MRI (29-35 weeks PMA). Using LASSO regression, we iden-
tified several biomarkers predictive of motor, cognitive and language
function at 2-years of age, including GM volume, CSF and ventricular
volume, cortical thickness and sulcal depth across the cortex, and key
covariates including socio-economic status, Early GMAs classification,
sex and GA at birth, which has been identified previously as important
factors driving outcomes. Furthermore, using these models revealed ac-
curate prediction of outcomes on an independent test set, indicating that
Bayley-III motor and cognitive composite scores and NSMDA functional
grades could be estimated as early as 29 weeks PMA. Accurate predic-
tion of outcomes derived from early MRI would facilitate interventions
to be provided to at-risk infants much earlier and may assist with more
effective intervention strategies if delivered during this optimal early
period of neuroplasticity. Ultimately, we hope to use this information
to improve clinical outcomes for infants born preterm.
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