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Abstract

Preterm birth isamajor public-health issue because of its increasing incidence combined with the
frequent occurrence of subsequent behavioral, neurological, and psychiatric challenges faced by
surviving infants. Approximately 10-15% of very preterm children (born < 30 weeks gestational
age) develop cerebral palsy, and 30 — 60% of them experience cognitive impairments. These
adverse outcomes are related to a confluence of abnormal brain devel opment along with white
(WM) and gray matter (GM) injury sustained during the neonatal period. It is becoming apparent
that the extra-uterine environment during this critical period (24—40 weeks gestation) in brain
development has a profound and long lasting impact on the premature infant. Magnetic resonance
imaging in the neonatal period and infancy provides anon-invasive, “in vivo” assessment of brain
development and extent of brain injury. This not only helps understand the extent and timing of
injury but also identifies infants who may benefit from early intervention to minimize the impact
of theinjury.

Learning outcomes: (1) Readers will be able to appreciate the diverse impact of prematurity on
neurodevelopmental outcome. (2) Readers will be able to recognize the biological vulnerability of
the developing brain in premature infants born between 24-40 weeks of gestation. (3) Readers will
be able to understand the role of magnetic resonance imaging (MRI) as atool to detect abnormal
development and brain injury in premature infants. (4) Readers will be able to see the potential
role for novel MR imaging methods as biomarkers for brain development and injury in premature
infants.
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While the incidence of prematurity continues to rise, survival ratesfor very preterm infants
(born < 30 weeks gestation) have improved dramatically in recent decades due to advances
in perinatal and neonatal care. In contrast to thisimprovement in mortality, the long term
neurodevelopmental outcomes have not improved and are highly problematic.
Approximately 10-15% of very preterm children will develop cerebral palsy, whilst up to
40% will display mild motor deficits (1). The incidence of cognitive deficitsis even higher,
with 30 — 60% of very preterm children experiencing cognitive impairments and learning
disabilities (1,2). These include visual-motor problems,(3) attentiona difficulties,(4)
impaired memory,(5) delayed language skills,(6) and executive dysfunction (7). Not
surprisingly, learning disabilities are more prevalent in this population compared with
controls, particularly in the area of mathematics (8). Awareness has also increased of the
social and emotional difficulties faced by preterm children, such as poor socia skills, higher
rates of social withdrawal, anxiety and depression (9). In addition, an increased prevalence
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of developmental disorders (/.e, attention deficit/hyperactivity disorder (ADHD), autism
and schizophrenia) has been described in the preterm population (10,11).

A greater understanding of the mechanisms responsible for these deficitsin very preterm
childrenisrequired in order to devise targeted interventions that can reduce the frequency
and severity of these impairments. To date, numerous factors have shown correlations with
these neurobehavioral impairments, including birth weight, gestational age, postnatal steroid
use, prolonged ventilation, inotrope use and male gender (12-16). However, these perinatal
risk factors correlate only modestly with neuro-behavioral outcomes, and the major neural
mechanisms leading to these impairments are not yet understood. In order to better define
the cerebral “lesions’ associated with prematurity and neurodevelopmental impairments, it
isimportant to identify borhthe nature/extent of diirect cerebral injury and any secondary
effect on subsequent cerebral developmernt.

With regard to direct cerebral injury, the most common neuropathology reported in the
preterm infant lies within the cerebral WM. WM lesions are characterized by loss of pre-
myelinating O4+/O1+ oligodendrocytes (17,18) axonal damage, and gliosis (19,20).
Autopsy studiesin preterm infants with WM lesions have reported diffuse axonal damagein
the frontal, parietal, and occipital lobes (21) which worsen over time as axonal degeneration
progresses (19). A second region of vulnerability in the preterm infant for direct injury isthe
immature cortical subplate. The subplate is atransient developmental layer present in
humans from 15 weeks gestation to 6 months post-natally (22,23). This region contains
oligodendrocytes, the earliest population of neurons, GABAergic neurons migrating to the
cortex, and traversing axons from multiple neuronal systems. Subplate neurons are required
for normal development of thalamo-cortical projectionsto layer IV of the cortex (24), and
lesions in the subplate early in development lead to afailure of these projections to reach
cortical layer IV (25,26). Considering that the peak of subplate formation and function
correlates with the peak period of vulnerability to injury in preterm infants and the crucial
role of subplate neuronsin cortical development, injury to subplate cells has been implicated
in the causation of “cortical” deficitsin preterm infants (27-29). In the cerebral cortex,
direct cortical damage is not common, but pathological studies of postmortem preterm
infants have demonstrated cortical abnormalities in association with WM lesions, including
neuronal atrophy, neuronal hypertrophy, and a switch from predominantly trans-callosal and
long circuitsto local circuits (19,30). Delayed or arrested dendritic devel opment has also
been reported in preterm infants brains compared with term infants of equivalent post
menstrual age (PMA) (31).

The mechanisms for a secondary disruption of cerebral development in cortical GM in
association with WM injury in the preterm infant are not well understood but can be
considered in relation to two published hypotheses. Based on analyses of pathological
specimens, Marin-Padilla proposed that damage to underlying WM results in an acquired
cortical dysplasiawith de-afferentation of the overlying cortex and resulting cortical
dysfunction (19, 30, 32). A second hypothesisis related to the tension-based theory of
morphogenesis (33), which posits that cortical folding is driven by mechanical tension along
long distance cortico-cortical connections. If lesions or delayed maturation of WM disrupt
specific subsets of cortico-cortical, long distance connections, these altered connectivity
patterns could in turn give rise to specific abnormalitiesin cortical folding patterns. Thus,
WM injury resulting in a secondary disruption of cortical GM development may be a major
mediator of cognitive deficits faced by preterm infants.

Finally, cortical development may be altered in the absence of WM or subplate injury in
preterm infants. In rodent models, prenatal administration of toxins (34) or irradiation
(35,36) during late gestation produce cortical abnormalities without WM lesions, resulting in
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apropensity to seizures. This suggests that damage to cortex without WM lesions during late
gestation could be an important mechanism for “cortical” deficits associated with perinatal
brain damage and preterm birth. Administration of postnatal dexamethasone to preterm
infants has also been shown to be associated with a reduction in the volume of cortical GM
(37) without WM injury.

Magnetic Resonance Imaging (MRI)

MR imaging offers a unique, non-invasive opportunity to study these complex
neurobiological phenomena. For decades, MR imaging was only possible under sedation/
anesthesia adding alayer of complexity in terms of safety and exposure to the vulnerable
brain to yet another potentially injurious cocktail of medications. With the advent of
unsedated MR scanning (62), these scans can be carried out with relative ease in most
neonatal units. Recently, in addition to conventional MRI, volumetric analysis, diffusion
tensor imaging (DTI) methods and novel surface based morphometry (SBM) methods are
being developed that provide additional insights into the developing brain. Thisinformation
provided by MR imaging has the potential to (i) improve current NICU clinical practice by
identifying practices correlated with altered structure and poor outcome, (ii) allow
development of early intervention strategies for therapy services by providing the means of
identifying those infants who would most benefit from intervention, and (iii) promote the
development of neuro-protective agents targeted in time and cerebral region.

Conventional MR Image Evaluation

MRI is apotent tool with high sensitivity for delineating aterations in the developing brain.
Conventional MRI is more sensitive than cranial ultrasound for the detection of cerebral
injury in the preterm infant, especially within the WM (40-42). The most common
abnormality reported isin the cerebral WM, with 75% of preterm infants displaying
qualitative abnormalities, including signal abnormalitiesin the WM, ventriculomegaly and
thinning of the corpus callosum (43,44). Qualitative alterations in the cerebral WM are very
common, with up to 70% of alarge cohort of preterm children having abnormalities and
20% of the cohort displaying very significant abnormalitiesin WM (45). WM abnormality
at term equivalent is the strongest independent predictor of neurodevel opment at 2 years of
age when compared with other perinatal factors. Children with moderate to severe WM
injury (Fig. 1) were 3 times more likely to exhibit severe cognitive impairment, 10 times
more likely to have severe motor impairment, and 9 times more likely to have cerebral palsy
(46). In addition, qualitative delay in gyral development was very common, occurring in
50% of infants, and was associated with a 4-fold increase in significant cognitive delay,
motor delay and cerebral palsy.

These qualitative MRI scores were better predictors than any other clinical or imaging
measure, there was clearly still a deficiency in their predictive power for adverse outcomes,
with the most common abnormality of mild WM injury (50% of infants) being associated
with very poor outcomes in 20% of infants.

Quantitative volumetric MRI techniques

V olume changes during normal maturation of cerebral tissue between 29 and 41 weeks
gestation have been defined /n vivousing MR tissue segmentation of the brain (47). Early
dataindicate that preterm infants have regional reductionsin cortical GM volumes by term
equivalent and in later childhood (38,39). In astudy using volumetric MRI Inder et a
showed that preterm infants (< 1500 g and < 32 weeks) with WM lesions had a 17%
reduction in absolute cortical GM volume (o< 0.001) as well as a 25% reduction in absolute
myelinated WM volume (= 0.01) compared with preterm infants without WM lesions (48).
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Neurodevel opmental outcome assessed at 1 year showed that infants with moderate to
severe disabilities had significantly smaller cortical GM volume at term equivalent,
compared with former preterm infants without disabilities (48). Volumetric MRI studies
conducted in school-aged preterm children have reported smaller corpus callosum (39,49),
hippocampus (50), basal ganglia (39), and amygdala (39) aswell as enlarged lateral
ventricles (50). Altogether, these studies demonstrate that cerebral structural development is
altered for many children born preterm. The functional significance of these volume
reductions has been explored in school-aged preterm children, for whom regional reductions
in brain volumes have been shown to be associated with neuropsychological impairment.
For example, reductionsin @) hippocampal volumes are associated with memory and
learning deficits (51); b) corpus callosum volumes are related to impaired verbal fluency
(49); and c) sensori-motor and temporal volumes correlate with lower 1Q (39). These
findings demonstrate that MRI volumetric abnormalities defined in childhood for preterm
children are of clinical relevance, providing some insight into brain-behavior relationships.

Surface-based analyses of cerebral cortex

In adults, studies of cortical folding patterns and their variability across individuals and
groups have been greatly aided by surface-based approaches. Surface-based analysis
(cortical cartography) offers inherent advantages in terms of visualization. A recent study of
Williams Syndrome (52) revealed statistically-significant cortical folding abnormalities
compared to control subjects. Moreover, quantitative analyses of shape characteristics
indicate that surface-based methods have diagnostic utility at the level of individual subjects.
Folding abnormalities have also been demonstrated in autistic spectrum disorder (ASD)
using this approach. This modality of MR imaging is currently being evaluated in neonates.

Diffusion MR

Diffusion tensor imaging (DTI) is based on measurement of the displacements of water
moleculesin tissue. One parameter describing these displacementsis the “ apparent”
diffusion coefficient (ADC) which reflects the overall average water displacementsin a
tissue region. ADC values are commonly used clinically for the detection of acute cerebral
injury. ADC aso appears a sensitive marker for the presence of injury in preterm infants.
High ADC values have been found for WM in preterm infants with diffuse signal
abnormalities on T2-weighted images (53) and focal WM signal abnormalities on T1- and
T2-weighted images (54). In the absence of injury, changesin ADC values reflect normal
cerebral development. ADC values decline steadily during gestation, likely as aresult of
decreases in tissue water content (55,56).

Another parameter available from DTI is diffusion anisotropy, which provides information
about the local environment. ADC values are higher when measured parallel to axons than
perpendicular to them owing to the diffusion barrier imposed by myelin sheaths. This spatial
variation in ADC is known as diffusion anisotropy. Anisotropy values for white matter show
a steady increase during devel opment, particularly when fiber tracts undergo myelination
(55,56). Preliminary datareveal areduction in white matter RA in preterm infants with WM
lesions compared to those without WM lesions and term controls (47). Age-dependent
increasesin WM anisotropy values are smaller in preterm infants with WM lesions when
compared to GA-matched infants with no evidence of WM lesions (57). Two important
points are worth making: a) Preterm infants with no WM abnormality had cognitive
outcomes that were identical to that of the term control cohort, emphasizing that preterm
infants, even at extremes of immaturity, can have normal outcomes. b) Increasing severity of
WM abnormality was associated with increasing impairment in awide range of cognitive
domains, emphasizing the association of WM pathology with cognitive impairments.

J Commun Disord. Author manuscript; availablein PMC 2013 January 24.
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Anisotropy measured can also be applied to GM maturation. In adult human brain, water
displacementsin cortical GM are approximately isotropic (equal in al directions) suggesting
that the distribution of glial, axonal, and dendritic processes restricts water displacement
approximately equally in all directions. In developing cortex, cortical architectureis
dominated by the radial orientation of the apical dendrites of pyramidal cells and radial glia
cells (58). Asaresult, water displacements are greatest radially (59), parallel to these
processes. The loss of anisotropy associated with maturation can be used to assess cortical
development and reflects varying rates of development among different cortical areas (60).
These gestationally regulated cortical DTI changes noted on MRI were correlated with
histopathology in a primate model of neonatal brain injury confirming that the devel oping
cortex has lower ADC values and anisotropy with increasing maturation, likely related to the
increasing complexity in tissue organization in the mature cortex (61).

Conclusion

Thereis exponential growth in the human brain in the last trimester of pregnancy. It is often
during this vulnerable time in gestation (24—40 weeks) that the premature neonate isin the
NICU where components of the environment are relatively “hostile” to the developing brain.
A combination of altered brain development and injury result in long term
neurodevelopmental delay ranging from cerebral palsy to severe cognitive delay aswell as
ADHD and memory disorder in childhood.

MR imaging is emerging as the modality of choice in the anatomic diagnosis of this
spectrum of abnormalities. While conventional MR imaging and DTI are widely availablein
clinical practice, volumetric analysis, tractography and SBM are available in research
laboratories. These MR imaging “biomarkers” measured in the neonatal period may help
identify premature infants who are at high risk for adverse neurodevel opmental outcomes.
This information can then be used to target early intervention therapy services to these
infants.
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Appendix

Continuing education

1. The most commonneurodevel opmental disability seen in premature infants on
follow upis

a. Cerebral palsy

b. Mild motor deficits
c. Cognitive delay

d. Seizures

e. Language disorder

2. Which of the following components of the developing brain are most vulnerable to
injury in premature infants?

a. Oligodendroglial cell lineage
b. Sub-plate neurons

c. Migrating neuronal cells

d. Axons

e. all of the above

3. Themost common abnormality in premature infants detected on conventional MR
imaging at term equivalent age is

a. Cerebellarinjury

b. Basal gangliainjury

c. White matter injury

d. Hippocampa injury

e. Injury to theinternal capsule

4. Diffusion tensor imaging yields apparent diffusion coefficient (ADC) and fractional
anisotropy (FA) vaues. Which of the following is true?

a. ADC valuesincrease in white matter with advancing gestational age
b. FA valuesdecrease in the white matter with maturity

c. ADC values decrease and FA values increase with advancing white matter
meaturation

d. ADC valuesincrease and FA values decline with advancing white matter
meaturation

e. ADC and FA valuesin white matter remain relatively stable throughout
gestation

5. DTI of the cerebra cortex shows a progressive declinein FA and ADC vaues with
advancing gestational age

a. True
b. Fase
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Answers:
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Figure 1.
WMI score. T1 weighted sagittal images of three premature infants at term equivalent age

showing Mild, Moderate and Severe WM|.(46)
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