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With increasing evidence of neurodevelopmental problems faced by late preterm children, there is a need to
explore possible underlying brain structural changes. The use of brain magnetic resonance imaging has provided
insights of smaller and less mature brains in infants born late preterm, associated with developmental delay at 2
years. Another useful tool in the newborn period is neurobehavioural assessment, which has also been shown to
be suboptimal in late preterm infants compared with tern infants. Suboptimal neurobehaviour is also associated

with poorer 2-year neurodevelopment in late preterm infants. More research into these tools will provide a better
understanding of the underlying processes of developmental deficits of late preterm children. The value of their
role in clinical care remains to be determined.

1. Introduction

Children born late preterm (LP), between 34 and 36 completed
weeks' of gestation, are emerging as a group that deserve more atten-
tion than previously thought. Studies have reported more develop-
mental delays in early infancy extending to school age [1-4]. In fact,
the deficits described are not dissimilar to those described in the very
preterm (< 32 weeks gestation) population, thus prompting the con-
cept of a gestational age gradient [5] for developmental outcomes fol-
lowing preterm birth to extend to the LP period as well.

The human brain is rapidly developing during the later months of
pregnancy. These processes are potentially disrupted by LP birth and its
associated environmental or biological insults. For instance the growth
trajectories of key brain regions such as the cerebral cortex, white
matter, cerebellum, basal ganglia and thalami, and the hippocampus
may be disrupted during this vulnerable period [6]. The functional
organisation of the brain into integrated systems [7] or microstructural
organisation may also be disrupted, including maturation of oligoden-
droglia to form myelin, and proliferation of white matter connections

throughout the brain [8]. These processes can be probed using mag-
netic resonance imaging (MRI), a powerful non-invasive method for
investigating the mechanisms of altered brain structure and function
following LP birth.

Concurrent with the potential for disruption of normal brain de-
velopment is the possibility that normal neonatal neurobehaviour is
also affected by LP birth. This review summarises the current evidence
around neuroimaging and neurobehaviour following LP birth. It is
important to note that many studies combine both infants born in the
LP period and moderate preterm (32-34 weeks gestation).

2. Neuroimaging
2.1. Modalities in newborns

The main modalities of neuroimaging in newborn infants are cranial
ultrasound and brain magnetic resonance imaging (MRI). Cranial ul-

trasound has been used since the 1980s [9] and is still the mainstay
neuroimaging investigation for preterm babies. It is portable and can be
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used for repeated scans even in unwell and unstable preterm infants. It
is sensitive for detecting major brain injury such as intraventricular
haemorrhage and cystic periventricular leukomalacia. These lesions,
however, only make up around 9% of all preterm brain injury in ex-
tremely preterm infants (< 28 weeks gestation) [1,10]. Cranial ultra-
sound is less sensitive for the diffuse white matter lesions, which are
more common compared with intraventricular haemorrhage or cystic
periventricular leukomalacia.

Brain MRI is the most sensitive neuroimaging modality in preterm
newborns. In addition to major brain injury detected on cranial ultra-
sound, brain MRI gives good information about brain maturation and
size [11]. Using advanced MRI, brain volumes, microstructure, meta-
bolism and functional parameters can be quantified. Thus, MRI is cur-
rently considered the reference standard for neuroimaging modalities in
the newborn.

In clinical care, the LP infant does not usually warrant routine brain
neuroimaging unless there are antenatal concerns, or significant post-
natal events such as cardiovascular collapse or severe sepsis. Moreover,
LP infants were previously thought to have very little morbidity com-
pared with full term infants, and thus there was little interest in neu-
roimaging in this group of preterm infants. There is now a growing
body of research suggesting that, akin to greater adverse neurodeve-
lopmental outcomes, neuroimaging findings may also be abnormal in
LP infants.

2.2. Cranial ultrasound

Several studies have reported cranial ultrasound findings in cohorts
that include LP children. A single hospital study performed cranial ul-
trasound scans at 1 and 5 weeks in 1172 LP infants (34-36 weeks
completed gestation) [12]. “Unfavourable” cranial ultrasound, defined
as persistent periventricular hyperechogenicity, cysts, intraventricular
haemorrhages, arterial strokes or venous malformations, were reported
in 1.8% of cases at 5 weeks. Predictors of “unfavourable” scans included
lower gestational age, Apgar score < 5at 5min and presence of co-
morbidities such as respiratory distress and hypoxic-ischaemic en-
cephalopathy. Another single centre study of 724 infants born between
33 and 36 weeks reported cranial ultrasound abnormalities in 13% of
the cohort, with the highest rates in those born most preterm (27.1% in
33 week infants compared with 3.7% in 36 week infants) [13]. The
abnormalities included intraventricular haemorrhages, periventricular
leukomalacia, cysts, or venous thrombosis. The study identified several
perinatal associations with abnormal cranial ultrasound, including a
head circumference measurement of < 3rd centile, ventilation or sur-
factant at birth, an Apgar score <6 at 5 min, and abnormal neurological
examination in the neonatal period [13]. The higher rates in the second
study likely reflect inclusion of more preterm babies compared with the
first study.

A major limitation of these studies was the lack of correlation with
neurodevelopmental outcome, which would have identified the clinical
significance of such cranial ultrasound findings in LP infants.

2.3. Magnetic resonance imaging

2.3.1. Qualitative imaging and brain metrics

Magnetic resonance imaging (MRI) has revolutionised the under-
standing of brain development in very preterm newborns [14]. Many
studies have demonstrated the presence of brain alterations as early as
term-equivalent age in infants born < 32 weeks gestation compared
with controls. Widely described findings are those of diffuse white
matter injury, with decreased brain size of gray and white matter, deep
nuclear gray matter and cerebellum in very preterm infants compared
with term controls [14]. These MRI findings are associated with neu-
rodevelopmental deficits, which have led to the concept of “en-
cephalopathy of prematurity.” However, there is little research in the
LP group compared with their more immature counterparts.
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Neuropathological studies suggest that the spectrum of brain injury
described in the LP infant is similar to that found in very preterm in-
fants [15]. This has been supported by findings from a recent MRI study
of 199 moderate and late preterm (MLP) infants at term-equivalent age,
and which compared neuroimaging findings with 50 term controls
[16]. Using simple brain metric measurements, MLP infants had on
average smaller brain measures (biparietal diameter, corpus callosum,
deep nuclear gray matter and cerebellum), less mature brains (less
myelination of the posterior limbs of the internal capsule and gyral
folding) and larger extracerebral spaces, compared with controls.
However, there was low prevalence of brain injury including white
matter signal abnormalities, cysts or intraventricular haemorrhages
compared with other studies in very preterm infants.

2.3.2. Quantitative imaging: brain volumes

As brain metric measures correlate with three-dimensional brain
volumes [17], it would be expected that the alterations in three-di-
mensional brain volumes to be similar to that reported in qualitative
MRI studies [16]. Brumbaugh et al. reported group differences of higher
cerebrospinal fluid volumes and smaller total tissue volumes in LP
6-13-year-olds compared with full term controls [18]. The tissue vo-
lume differences were mostly driven by cortical and subcortical brain
tissue, including the thalamus. In agreement with Brumbaugh et al.,
another study of LP children aged 6-12 years also reported smaller total
brain volumes on average, and differences in gray matter volumes and
cortical surface area in LP compared with term controls [19]. Inter-
estingly, there are reports of differential findings in regional brain vo-
lumes between MLP infants at term equivalent age and controls. Alex-
ander et al. [20] reported smaller brain volumes on average in some
regions (such as cerebral white matter, middle temporal gyri, amyg-
dalae, pallidum, and brainstem) but larger in other regions such as the
primary visual, motor and somatosensory cortices with lower gesta-
tional ages. The differential finding of brain volumes in association with
gestational age may reflect increased cortical development in response
to increased sensory input and unrestricted motor output with greater
time ex utero [21,22]. Another study reported the correlation between
high density lipoprotein triglyceride levels with reduced gray matter
volumes in LP infants at term-equivalent age compared with controls.
This finding may suggest the possibility of high density lipoprotein
triglyceride contributing to fatty acid transport and gray matter de-
velopment during the postnatal period [23]. Clearly, more studies are
needed in this area to replicate findings with larger cohorts.

2.3.3. Quantitative imaging: diffusion imaging

Diffusion MRI gives us a window into the microstructure of the
brain. Although well studied in the very preterm infant, few studies
have used this technique in the LP infant. Using a whole-brain approach
(tract-based spatial statistics) in MLP infants at term-equivalent age
compared with full term infants [24], Kelly et al. reported lower frac-
tional anisotropy and higher mean, axial and radial diffusivities in
moderate and LP infants compared with controls in the majority of the
brain's major white matter fiber tracts. These widespread brain white
matter microstructural alterations were consistent with delayed or
disrupted white matter microstructural development [24]. Altered
brain structural connectivity in LP compared with term-born in-
dividuals have also been reported in adolescence [25,26], which sug-
gests that some of these differences persist long term.

Some studies have explored the complexity of brain network orga-
nisation using diffusion imaging, concluding that longer gestation was
associated with more mature organisation of the brain in terms of
communication within brain networks [27,28]. These studies would
suggest that LP birth is associated with a less mature and organised
brain compared with children born full term.

2.3.4. Quantitative imaging: resting state functional MRI
Resting state functional MRI (fMRI) is used to evaluate regional
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interactions of the brain that occur in a “resting” state, i.e. when the
participant is not particularly engaged in any task. Studies comparing
resting state fMRI between moderate and LP newborns and term con-
trols have reported altered neural activity in certain regions of the
brain, such as the primary sensory and motor cortices, and primary
somatosensory cortex [29]. Functional connectivity is also altered in
adolescence, for those born moderate and LP compared with term
controls [25,26].

2.3.5. Association with perinatal factors

Early life predictors (birthweight z-score, multiple birth, sex, post-
natal growth and social risk) of brain volumes and brain microstructure
in preterm children have been reported but there is little published
specifically in the LP infant. Lower birthweight z-score and male sex are
associated with diffusion measures that reflect a “less mature” brain, in
many regions including the optic radiation, corpus callosum, and
corona radiata [24]. There needs to be more work done in this area to
identify risk factors associated with smaller brain volumes and “less
mature” brain microstructural development in LP children.

2.3.6. Association with neurodevelopment

Although important to determine structural differences in the brain
of LP children compared with term controls, the significance of these
differences lies in any structure—function relationships. In a cohort of
MLP infants, larger total brain tissue and white matter volumes were
associated with higher cognitive and language scores at 2 years cor-
rected age; and larger cerebellar volumes were associated with better
language and motor scores, even after adjustment for other perinatal
factors [30]. There may also be regional brain vulnerability that is as-
sociated with poorer function. Rogers et al. reported greater anxiety
symptoms in 6-12-year-old LP children, which was mediated by the
relative decrease in right temporal lobe volume [19].

Even less has been documented on the significance of the diffusion
MRI findings in LP children in association with long-term neurodeve-
lopment. It will be important to follow LP children into childhood and
beyond, to track long-term brain development following LP birth, and
how this relates to functional neurodevelopment.

2.3.7. Recommendations for neuroimaging for LP infants

There is currently insufficient evidence to recommend cranial ul-
trasound or brain MRI as a screening tool for LP infants. Given the large
population of LP infants, and resource limitations, the current role of
neuroimaging is mainly within the research context of understanding
the underlying mechanisms and brain-behaviour relationships asso-
ciated with LP birth.

3. Neurobehaviour
3.1. Neurobehavioural assessments in newborns

An infant's neurobehaviour encompasses their neurological status,
such as muscle tone, reflexes, quality of movement and motor responses
to stimuli, as well as their behavioural responses, including their ability
to regulate and organise their state, and attentional, interactional
capabilities [31]. How an infant responds during a neurobehavioural
assessment provides insight into the integrity of their central nervous
system, as well as their individual behavioural vulnerabilities and
strengths [31,32]. Clinicians use neurobehavioural assessments to
identify infants who may require additional developmental assessment
and intervention, and to help parents understand and sensitively re-
spond to their infant's individual behaviour to guide their development
[32]. Much of the literature on neurobehavioural assessments has fo-
cused on infants born very preterm (< 32 weeks gestation) [33,34].
However, recent studies indicate that infants born MLP have alterations
in their neurobehaviour as early as term-equivalent age, compared with
term-born peers, and, importantly, these alterations are related to later
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developmental outcome, as well as neuroimaging findings [35,36].
Higher rates of brain abnormality are associated with higher rates of
poorer neurobehaviour in MLP infants, and there is a clear continuum
of neurobehavioural development with better neurobehavioural per-
formance inversely related to decreasing gestational age, including
within the MLP age group [35,36].

There are several neurobehavioural assessments available; the
purpose of the assessment informs the clinician's choice of tools, and a
combination of assessments provides a more comprehensive picture of
the infant's abilities than a single assessment tool in isolation [32,37].
We outline three neurobehavioural assessments with robust psycho-
metrics and clinical utility for MLP infants that provide complementary
assessment of infant's neurobehaviour: the Hammersmith Neonatal
Neurological Examination (HNNE) [38], the Neonatal Intensive Care
Unit Network Neurobehavioral Scale (NNNS) [39], and Prechtl's qua-
litative General Movements Assessment (GMA) [40].

3.2. Hammersmith Neonatal Neurological Examination

The HNNE focuses on the infant's neurological status as well as some
behavioural responses. It includes 34 items across six subscales: tone,
tone patterns, reflexes, spontaneous movements, abnormal neurological
signs and behaviour; these are added for a total score. An overall op-
timality score is calculated from the total score with suboptimal per-
formance defined as scores < 10th centile according to healthy term
infant norms [38,41], and reference values are available for infants
born < 35 weeks gestational age at term-equivalent age [42]. At term-
equivalent age in a cohort of 197 MLP infants, 25% had suboptimal
total scores on the HNNE, as well as more variability in neurobehaviour
compared with healthy term infants [41]. When followed up at 2 years
corrected age, those infants with suboptimal HNNE spontaneous
movements (odds ratio (OR): 3.13; 95% confidence interval (CI):
1.29-7.6; P = 0.012), abnormal signs (OR: 2.58; 95% CI: 1.19-5.61;
P = 0.016), and total scores (OR: 2.98; 95% CI: 1.42-6.27; P = 0.004)
had increased odds of cognitive delay on the Bayley III [36].

Suboptimal performance on the HNNE increases with decreasing
gestational age, even within the LP age group [43]. In a study of 375 LP
infants (born between 34 and 36 weeks gestation) assessed at term-
equivalent age using the HNNE, infants born at 34 weeks had a different
profile of scores than those born at 35 and 36 weeks gestation, and
presented with lower flexor limb tone, poorer head control and visual
orientation, than the infants born at the later weeks gestation [44]. This
may be related to rapid brain growth and organisation occurring within
this period; higher abnormality scores (global, white matter and cere-
bellar abnormality) are associated with lower HNNE scores on con-
current brain MRI [35]. When assessed in the first three days after birth,
LP infants also have a wider range and variability in scores on the
HNNE compared with term infants with lower trunk and leg flexor tone,
and more abrupt movements, tremors, and startles [43].

3.3. Neonatal Intensive Care Unit Network Neurobehavioral Scale

The NNNS [39] assesses neurological function as well as the infant's
behavioural organisation, and stress responses during the assessment.
There are 45 administered items and the infant's behavioural responses
are observed, comprising a total of 115 items. Thirteen summary scales
are calculated according to term infant norms, with higher scores on the
habituation, attention, regulation, and quality of movement scales in-
dicating better neurobehaviour, and higher scores on the handling,
arousal, excitability, lethargy, non-optimal reflexes, asymmetrical re-
flexes, stress, hypertonia, and hypotonia scales indicating worse neu-
robehaviour. Whereas the NNNS was originally developed for assessing
drug-exposed infants [39], with specific poor neurobehavioural profiles
on the NNNS at a corrected age of one month (poor regulation, tone
abnormalities, high levels of stress and lethargy) being associated with
adverse learning and behavioural outcomes at 4.5 years for infants
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exposed to maternal substance use [45], there is evidence that the
NNNS can also assist clinicians and researchers in understanding MLP
neurobehaviour for infants that are not drug-exposed.

Prior to term-equivalent age, MLP infants have less mature neuro-
behaviour on the NNNS than term infants; in a study of neurobehaviour
in the first two weeks after birth, MLP infants (n = 209) had worse
mean and median scores for attention, quality of movement, hypoto-
nicity, excitability, non-optimal reflexes, lethargy and stress compared
with full-term infants (n = 201) [41]. In a smaller study (n = 36), LP
infants (16) had poorer attention (P = 0.04), arousal (P = 0.01), reg-
ulation (P < 0.001), and quality of movement (P < 0.001), and higher
rates of non-optimal reflexes (P < 0.001), and hypotonicity (P = 0.03)
compared with term infants assessed in the first 24-72h after birth;
however, infants were not followed up at later ages.

When assessed at term-equivalent age, alterations in MLP infant
neurobehaviour are still evident. In a study of term-equivalent neuro-
behaviour of infants born across gestational age groups (very preterm,
n = 149; MLP, n = 200; full-term n = 200) MLP infants had double or
greater rates of suboptimal neurobehaviour on NNNS for five subscales
(regulation, arousal, quality of movement, excitability, and stress)
compared with full-term infants [35]. Of note, at term-equivalent, MLP
infants had similar rates of suboptimal attention, regulation, arousal,
handling, quality of movement, and excitability on the NNNS as infants
born very preterm, who are higher risk developmentally. Whereas very
preterm infants had higher rates of non-optimal reflexes, hypertonicity,
and hypotonicity than MLP infants, early indicators of behaviour (such
as attention and stress) were considerably worse in the MLP than the
full term group, and may provide early markers for later behavioural,
cognitive and language difficulties seen in the MLP population [1].

In follow-up studies of MLP infants, suboptimal excitability (OR:
3.42; 95% CI: 1.67-7.02; P = 0.001), regulation (5.15; 2.47-10.75;
P < 0.0001), and arousal (2.14; 1.04-4.40; P = 0.038) at term-
equivalent were associated with increased odds of cognitive delay, and
suboptimal lethargy scores were associated with increased odds of
language (5.64; 1.33-23.85; P = 0.019) and motor delay (6.86;
1.64-28.71; P = 0.008) at two years corrected age on the Bayley III
[36].

3.4. General Movements Assessment

Observation of the LP infant's quality of movement is an important
component of the neurobehavioural assessment, and Prechtl's GMA
[40] has high predictive validity for neurodevelopmental impairment.
The GMA involves observation of specific spontaneous movements,
termed general movements (GMs); these are whole body movements
that are assessed according to age-specific characteristics, from prior to
term, up until corrected age of 4 months. Normal GMs involve complex,
fluent and variable movement patterns, whereas abnormal GMs tend to
be monotonous in speed and amplitude, showing less fluency and
lacking movement complexity [40]. Abnormal GMs are an early marker
for cerebral palsy [46] and other neurodevelopmental impairments in
preterm infants [47], and are associated with brain injury, white matter
abnormality and poor brain growth [48,49]. There is a continuum of
poorer quality of movement on the GMA with higher rates of abnormal
GMA occurring with lower gestational ages [35,50]. In the first two
weeks after birth, 75% MLP infants (n = 80) and 68% of LP infants
(n = 129) had abnormal GMA, compared with 10% of full term infants
(n = 201) [41]. In a study including 103 preterm infants (born < 36
weeks gestational age), and 12 term infants with brain injury, GMA had
sensitivity of 100% and specificity of 84% for predicting neurodeve-
lopmental outcome at 18 months corrected age [51]. Smaller studies
using the GMA have included infants born MLP, predicting IQ at 7-11
years with sensitivity of 67% and specificity of 71% at 7-11 years [52],
and high sensitivity (100%) but lower specificity (21%) for predicting
motor impairment at 5-6 years [53] (Table 1).
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Table 1
Relationships between neurobehavioural assessments and neurodevelopment.
Neurobehavioural assessment Cognitive Language Motor
delay delay delay
Hammersmith Neonatal Neurological v/
Examination [36] Poor v
spontaneous movement v
Abnormal signs
Lower total score
Neonatal Intensive Care Unit
Network Neurobehavioral Scale
[36] v
Suboptimal excitability v
Suboptimal regulation v v v
Suboptimal arousal
Suboptimal lethargy
General Movements Assessment [53] v/ v

Trajectory

3.5. Recommendations for early neurobehavioural assessment for LP
infants

We recommend using a combination of the GMA with a neurobe-
havioural assessment tool such as the HNNE or the NNNS. The optimal
timing would be at a corrected age of term-equivalent, and at 3 months
corrected age for the fidgety GMs. The GMA strength is assessing the
overall integrity of the central nervous system, whereas the neurobe-
havioural examination focuses on specific strengths and vulnerabilities.
The HNNE was designed to be easily administered in clinical settings
and requires no formal training. It is ideal for use in routine clinical
practice to screen MLP infants prior to discharge from hospital or at
early follow-up appointment near term age. The NNNS was designed for
research purposes and is a more comprehensive assessment. This has
advantages in that it provides greater detail across a number of neu-
robehavioural domains and has excellent reliability but does require
formal training.

4. Future directions of research

There is more to be learnt about the underlying brain structure—
function relationships of children born LP. Recent evidence points to
brain alterations associated with LP birth, and emerging evidence
suggests that these alterations are associated with poorer neurodeve-
lopment in early childhood. There is a need to replicate these findings
in larger cohorts, and to focus efforts on identifying predictors of brain
alterations and interventions that can modify outcomes. It is essential to
follow these LP cohorts into later childhood, with neuroimaging, to see
whether the alterations noted at term-equivalent persist into later
childhood. Such studies would enable us to determine whether the
differences in brain structure at term equivalent persists or improves
with time. In addition, it would be vital to assess relationships between
early neuroimaging and school-age neurodevelopment to determine the
clinical significance of structural differences reported at term equiva-
lent. This information will be critical to determine the clinical utility of
brain MRI in LP children.

It is also encouraging to see the potential of early standardised
neurobehavioural assessments in identifying LP children at high risk of
neurodevelopmental deficits. An advantage of neurobehavioural as-
sessment is the feasibility of translation to clinical practice, in that
many clinicians already working with LP babies can be trained to
perform these assessments to assist in their day-to-day clinical practice.

5. Conclusions

Late preterm children are at higher risk of developmental problems
in early childhood than those born full term. Whether this is a result of
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ex-utero growth in the LP period, or the underlying reason for LP de-
livery, is yet to be determined. The insights into underlying brain al-
terations from neuroimaging, as well as aberrant early neurobehaviour,
help us to understand the mechanisms and early predictors of poor
outcomes in LP children.
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Practice points

e Late preterm children have on average smaller and less mature
brains than term children, but overall prevalence of major brain
injury is low.

® Brain alterations seen on MRI are associated with poorer neurode-
velopment at 2 years.

o Neonatal neurobehaviour is less optimal in LP infants than in term
infants.

e Suboptimal neurobehaviour in LP infants is associated with poorer
neurodevelopment at 2 years.

Research directions

o Determine whether differences in brain structure persist or improve
with time.

® Assess relationships between early neuroimaging and neurobeha-
viour with school-age neurodevelopment.

o Identify risk factors that are associated with brain structure and
abnormal neurobehaviour in LP children.

e Establish clinical utility of neonatal neuroimaging and neurobeha-
viour.
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