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Abstract

With advances in neonatal care, preterm neonates are surviving with an evolving constellation of 

motor and cognitive disabilities that appear to be related to widespread cellular maturational 

disturbances that target cerebral gray and white matter. Whereas preterm infants were previously 

at high risk for destructive brain lesions that resulted in cystic white matter injury and secondary 

cortical and subcortical gray matter degeneration, contemporary cohorts of preterm survivors 

commonly display less severe injury that does not appear to involve pronounced glial or neuronal 

loss. Nevertheless, these milder forms of injury are also associated with reduced cerebral growth. 

Recent human and experimental studies support that impaired cerebral growth is related to 

disparate responses in gray and white matter. Myelination disturbances in cerebral white matter 

are related to aberrant regeneration and repair responses to acute death of premyelinating late 

oligodendrocyte progenitors (preOLs). In response to preOL death, early oligodendrocyte 

progenitors rapidly proliferate and differentiate, but the regenerated preOLs fail to normally 

mature to myelinating cells required for white matter growth. Although immature neurons appear 

to be more resistant to cell death from hypoxia–ischemia than glia, they display widespread 

disturbances in maturation of their dendritic arbors, which further contribute to impaired cerebral 

growth. These complex and disparate responses of neurons and pre-OLs thus result in large 

numbers of cells that fail to fully mature during a critical window in development of neural 

circuitry. These recently recognized forms of cerebral gray and white matter dysmaturation raise 

new diagnostic challenges and suggest new therapeutic directions centered on reversal of the 

processes that promote dysmaturation.

Premature birth is a major public health issue internationally affecting 13 million babies 

worldwide. In the United States, the rate of preterm birth continues to rise, with prematurity 

now complicating 1 in 8 deliveries.1 Many neonates delivered preterm require care in a 

neonatal intensive care unit (NICU). Despite improved NICU therapies that have reduced the 
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mortality of preterm neonates, neurodevelopmental morbidity persists at very high rates.2 

Among children born very preterm, 5 to 10% have major motor deficits, including cerebral 

palsy (CP), and more than half have significant cognitive, behavioral, or sensory deficits, 

which makes prematurity a leading cause of neurodevelopmental disability in North 

America.3–13 Despite efforts to improve the brain health and outcomes of children born 

preterm, there continues to be wide variation in functional disabilities among preterm 

infants, even those born at the same gestational age.14

The functional consequences of injury to the immature developing brain may involve several 

domains: motor, cognition, language and behavior, and vision and hearing. Disabilities in 

these domains often co-occur.15 For example, severe white matter injury (WMI), such as 

cystic periventricular leukomalacia (PVL), usually results in spastic diplegic CP and visual 

dysfunction, often with deficits in cognition and learning. There is increasing recognition 

that following perinatal brain injury, cognitive deficits can occur in the absence of significant 

motor impairments and cerebral palsy.16 In preterm children with broadly normal IQ, 

processing deficits include problems in attention and executive functions (eg, cognitive 

flexibility, inhibitory control, working memory)5,17,18 and visually based information 

processing and language.19–24 Importantly, cognitive and behavior problems persist to 

young adulthood.10–12,22,23,25,26 These prevalent neurocognitive impairments point to 

widely distributed brain abnormalities or problems with brain connectivity.27 Systemic 

illnesses, such as infections, are common in the very preterm neonate and further affect the 

normal trajectory of brain maturation.28 The diverse spectrum of neurocognitive and motor 

outcomes following preterm birth, and the increasing recognition of abnormal brain 

maturation in this population, underscore the need for refined cellular–molecular 

mechanisms and high-resolution brain imaging to ascertain what aspects of early brain 

development are mostly related to long-term outcome.

Until recently, the extensive brain abnormalities in preterm neonates appeared to be related 

mostly to destructive processes that lead to substantial deletion of neurons, axons, and glia 

from necrotic lesions in the developing brain. However, advances in neonatal care coincide 

with a growing body of evidence that the preterm gray and white matter frequently sustain 

less severe insults, where tissue destruction is the minor component. As discussed below, 

these milder insults primarily comprise distinctly different forms of pathology in cerebral 

white and gray matter involving aberrant responses to injury that disrupt the maturation of 

glial progenitors and neurons. Late oligodendrocyte (OL) progenitors (preOLs) are highly 

susceptible to early ischemic cell death that triggers a maladaptive regeneration and repair 

response where the surviving progenitor pool expands but fails to differentiate and 

myelinate. By contrast, several types of immature projection neurons are resistant to cell 

death, but nevertheless fail to generate a normal arbor of dendritic processes and spines. 

These emerging findings suggest that brain injury in the majority of preterm survivors 

involves a primary cerebral dysmaturation disorder that may ultimately be amenable to 

strategies directed at promoting brain maturation and improved neurological outcome.
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The Spectrum of WMI and Its Relevance to White Matter Dysmaturation

WMI in preterm newborns is linked to ischemia, infections, and inflammation.3,29–32 A 

broad spectrum of WMI severity is observed in the human preterm infant and in 

experimental models, which ranges from cystic necrotic lesions to diffuse gliotic lesions that 

lack overt necrosis. Cystic necrotic WMI has been widely appreciated since the classical 

descriptions of PVL by Banker and Larroche >50 years ago.33–39 Cystic PVL causes 

degeneration of all cell types, including glia and axons.40,41 On pathological examination, 

the cysts are typically >1mm. Whereas cystic PVL was previously the major form of WMI 

in preterm survivors, the incidence has markedly declined.42–45 In several recent series, 

focal cystic lesions were detected by magnetic resonance imaging (MRI) in <5% of cases.
42–47

Despite the pronounced reduction in cystic PVL, small foci of necrosis continue to be 

defined by neuropathological examination. These discrete foci of microscopic necrosis 

(microcysts) typically measure <1mm.48 Similar to cystic PVL, microcysts evolve to lesions 

enriched in cellular debris, degenerating axons, and phagocytic macrophages (Fig 1A–C).49 

The significance of microcysts is an important but clinically inaccessible question, because 

MRI currently cannot visualize these lesions at clinical field strengths of 3T. The extent to 

which microcysts contribute to disability or are clinically silent is unclear. Microcysts were 

visualized by MRI at ultrahigh magnetic field strength (12T) in a model of preterm WMI in 

fetal sheep (see Fig 1D).50 In this model and recent human autopsy cases including archival 

and contemporary cases,49 microcysts were observed in ~35% or more of cases. However, in 

both human and experimental studies, they comprised only ~1 to 5% of total lesion burden 

(see Fig 1F). Importantly, the overall burden of human necrotic WMI (cystic PVL and 

microcysts) was decreased by ~10-fold in contemporary cohorts relative to retrospective 

cases from earlier decades, which underscores the importance of the diffuse component of 

WMI.49

Diffuse WMI is the characteristic pattern of brain injury most frequently observed in 

contemporary cohorts of premature newborns (see Fig 1F). The extent of these lesions is 

difficult to define by conventional neuropathology. However, recent quantitative studies of 

the burden of reactive astrocytes and microglia in chronic human WMI found that these 

lesions displayed a very diffuse inflammatory reaction that extended considerably beyond 

foci of microcysts (see Fig 1F).49 As discussed below, the chronic lesions evolve from early 

WMI, where the human OL lineage is particularly susceptible to oxidative damage51 of a 

magnitude consistent with hypoxia–ische-mia.52,53 Initially, this diffuse WMI causes 

selective degeneration of late preOLs, and axons are mostly spared except in necrotic foci.
40,41

Diffuse WMI is often readily identified on diagnostic MRI as multifocal lesions that are seen 

in approximately one-third of preterm newborns at 24 to 32 weeks gestation when scanned 

in the first weeks of life.3,29 Although MRI-defined focal lesions are associated with an 

elevated risk of neurocognitive and motor dysfunction, they are likely to underestimate the 

full extent of injury and do not fully account for the burden of neurodevelopmental disability 

in this population.3,54–57 These early multifocal lesions are followed by more widespread 
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abnormal microstructural (eg, fractional anisotropy [FA]) and metabolic brain development 

as premature newborns grow to term age.29,58–60 Importantly, brain dysmaturation observed 

in the preterm neonate is not transient, but persists through childhood with altered brain 

structure and connectivity, and is associated with adverse long-term neurodevelopmental 

outcomes.27,55,61–66

Mechanisms of Abnormal Myelination: Overview and Role of Axonal Injury

The major cell types that may degenerate during the initial phase of WMI are the axon and 

OL lineage cells. As WMI evolves, the responses of these 2 cell types are quite distinct and 

are discussed in this and the next section. Essentially complete myelination failure occurs in 

necrotic foci as a consequence of the degeneration of all cellular elements in these relatively 

uncommon but clinically significant lesions (Fig 2A, upper pathway). The mechanisms of 

abnormal myelination in diffuse WMI have received increased attention with the recognition 

that these are the most extensive lesions in preterm neonates. Disturbances in the normal 

patterns of myelination in diffuse WMI (see Fig 2A, lower pathway) are initiated by 

“selective vulnerability” of late preOLs that are enriched in cerebral white matter during 

restricted windows in development.67

Axonal injury is a prominent feature of WMI where necrosis is present.40,68 Necrotic lesions 

are a minor component of WMI in both human and experimental models and comprise only 

about 5% of the total burden of WMI.49,50 Such necrotic lesions often contain dystrophic 

axons and axonal spheroids, which degenerate during the early phase of coagulative 

necrosis.33,48,49,69–72

The contribution of axonal injury to diffuse WMI has been more controversial. Axonal 

injury has been observed in regions of chronic human diffuse WMI that are adjacent to 

regions of necrosis,40 but these dystrophic axons are likely to be structurally continuous with 

the degenerating axons in necrotic foci. During the acute phase of diffuse WMI in preterm 

fetal sheep, acute axonal injury was rarely observed,53 and in chronic diffuse WMI no 

significant axonal degeneration, axonal loss, or shift in the distribution of axon calibers was 

observed by quantitative electron microscopy studies.41,50

In vitro studies have defined glutamate-mediated maturation-dependent mechanisms that 

define the susceptibility of developing axons to oxidative stress and hypoxia–ischemia.73–75 

Larger caliber axons, which are preparing to myelinate, are particularly susceptible to injury 

in contrast to smaller caliber unmyelinated axons, which are more resistant.76 Hence, overt 

axonal degeneration localizes to discrete foci of necrosis related to severe energy failure. 

Axonal degeneration does not appear to be a major component of diffuse WMI prior to 

active myelination. Hence, the major sites of axonal degeneration are necrotic lesions, and 

axons appear to be mostly intact in diffuse WMI.
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Mechanisms of Abnormal Myelination in Diffuse WMI: Degeneration and 

Dysmaturation of Glial Progenitors

Abnormal myelination in diffuse WMI is initiated by selective degeneration of late preOLs, 

which extensively populate normal human cerebral white matter throughout the high-risk 

period for diffuse WMI.77 The timing of appearance and spatial distribution of susceptible 

OL lineage cells coincides with the magnitude and distribution of acute ischemic injury in 

several experimental models of WMI. In particular, preOLs are highly susceptible to 

hypoxia–ischemia and inflammation,78,79 whereas earlier and later OL stages are markedly 

more resistant.52,53,80 The enhanced susceptibility of preOLs is a cell intrinsic property that 

is independent of the perinatal age of the animal81 or the location of these cells in the 

forebrain.53 The increasing developmental resistance of cerebral white matter to hypoxia–

ischemia is related to the onset of preOL differentiation to premyelinating OLs that display 

reduced susceptibility to hypoxia–ischemia.52 The changes in white matter FA seen on MRI 

with brain maturation correspond closely with maturation of the OL lineage.82,83

Despite the pronounced selective degeneration of preOLs in acute diffuse WMI, abnormal 

myelination in these lesions is defined by more complex responses of the OL lineage that are 

related to a cellular dysmaturation process (see Fig 2A, lower pathway). Although it was 

initially hypothesized that abnormal myelination arises from a persistent loss of pre-OLs,84 

subsequent findings have supported an alternative mechanism where myelination 

disturbances involve a potentially reversible process linked to arrested pre-OL maturation. 

Depletion of total OL lineage cells has surprisingly not been observed in chronic human or 

experimental lesions.49,50,72,80,85 Despite substantial acute and delayed preOL degeneration 

after hypoxia–ischemia, surviving preOLs in preterm-equivalent rats rapidly increased in 

number to regenerate depleted preOLs.80,86,87 This preOL expansion appeared to be driven 

mostly by preOLs that proliferated locally at the sites of WMI80 or cortical injury88 rather 

than from the subventricular zone, where less robust generation of OL lineage cells has been 

observed.89–91 Hence, regeneration of preOLs from the surviving preOL pool compensates 

for preOL death, but these newly generated preOLs display persistent arrested differentiation 

in chronic lesions and fail to myelinate intact axons (see Fig 2B, C). Recently, arrested 

maturation of preOLs was shown to contribute to myelination failure in diffuse WMI in both 

preterm fetal sheep and humans,49,50 where lesions were typical of that seen in 

contemporary cohorts of preterm infants. A robust expansion of human preOLs was also 

defined in chronic lesions, which was unexpected, given the significant loss of these cells 

during the acute phase of WMI.51 Hence, chronic diffuse WMI is characterized by an 

aberrant response to acute injury, which involves a disrupted regeneration and repair process, 

where preOLs are regenerated but they remain dysmature.

preOL maturation arrest may adversely influence subsequent white matter maturation in 

several ways. Recent studies support that viable OLs and myelination are critical for axon 

survival,92 raising the possibility that preOL arrest could also adversely affect the functional 

integrity of axons in chronic lesions. Chronic WMI may also coincide with an expanded 

developmental window during which preOL maturation-arrest persists and confers an 

enhanced risk for recurrent and potentially more severe WMI. In neonatal rat chronic WMI, 
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preOLs with arrested maturation displayed a markedly increased susceptibility to recurrent 

hypoxia–ischemia that triggered a massive selective apoptotic degeneration of preOLs.80 

Serial neuroimaging studies are needed to better define the progression of WMI in human 

preterm infants at risk for recurrent insults.57,93–95 Prior studies have identified clinical 

features that identify infants at risk for exacerbation of initial cerebral injury (eg, preterm 

newborns with postnatal sepsis). Recurrent and systemic illness is an important risk factor 

that may increase susceptibility to progressively more severe WMI.29,30

Molecular Mechanisms of preOL Maturation Arrest and Abnormal 

Myelination

There continues to be a significant proportion of preterm infants for whom WMI derives 

from poorly defined antenatal or perinatal factors. Hence, there is a need for alternative 

therapies that enhance myelination and promote regeneration and repair of chronic WMI that 

may not be recognized until after birth. Strategies to reverse myelination failure in multiple 

sclerosis and other demyelination disorders have been extensively reviewed.96–98 preOL 

maturation arrest appears to be related to a complex array of intrinsic, extrinsic, and 

epigenetic factors that regulate OL precursor cell (OPC) cell cycle exit, OL lineage 

progression, and myelination.99–103 Inhibitors of voltage-activated potassium channels and 

membrane depolarization block proliferation and differentiation of preOLs.104,105 Sox17 

expression regulates cell cycle exit in OPCs, transgenic overexpression promotes OL 

differentiation,106 and enhanced Sox17 expression occurs in OLs in active remyelinating 

lesions.107 Numerous genes are activated by oxidative stress, which regulate OL maturation, 

and oxidative stress promotes global histone acetylation, which can block OL differentiation.
108–112 Post-transcriptional control by microRNAs regulates OL differentiation, and OPCs 

that lack mature microRNAs display arrested maturation.113,114

Multiple molecules likely act in concert with other signals in chronic white matter lesions to 

prevent preOL maturation and normal myelination. A number of these signals appear to be 

linked to reactive astrogliosis.115 Diffuse WMI is highly enriched in reactive astrocytes and 

microglia that overlap with areas of preOL maturation arrest.49 Reactive astrogliosis is the 

most distinct pathological feature of diffuse WMI.68 From recent quantitative studies, 

astrogliosis was found to be much more extensive than expected from standard 

histopathological approaches.49 Hence, diffuse WMI is characterized by a diffuse chronic 

inflammatory response that may disrupt normal myelination.

In diffuse WMI, the extracellular matrix (ECM) is a rich source of hyaluronic acid (HA) and 

one of its receptors, CD44.49 During chronic human neonatal WMI,49 CD44-positive 

reactive astrocytes synthesize high molecular weight HA (ie, >106Da), a nonsulfated, 

protein-free glycosaminoglycan that accumulates in the ECM.116 Arrest of preOL 

maturation is stimulated both in vitro and in vivo by high molecular weight forms of HA that 

are digested to bioactive forms by a central nervous system (CNS) enriched hyaluronidase, 

PH20 that is glycosyl-phosphatidylinositol anchored and has both neutral and acidic pH 

optima.117,118 PH20 is expressed by OPCs and reactive astrocytes, and its expression is 

particularly elevated in demyelinated lesions. Overexpression of PH20 inhibits preOL 
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differentiation in vitro, and HA fragments generated by PH20 block remyelination in vivo. 

Pharmacological inhibition of PH20 promotes OL maturation in vitro and myelination in 

vivo, which is accompanied by enhanced nerve conduction.

Reactive astrocytes also increase their expression of bone morphogenetic proteins that 

inhibit preOL differentiation with concurrent promotion of astrocyte differentiation.119 

Similarly, the Notch ligand Jagged1 is elevated on reactive astrocytes in demyelinating 

lesions and activates Notch signaling on preOLs, preventing their maturation.120 

Dysregulation of Wnt/β-catenin signaling in preOLs promotes preOL arrest, delays normal 

myelination, and disrupts remyelination.121–126 The glycogen synthase kinase 3β (GSK3β) 

is a component of the Wnt signaling cascade, which also has been implicated in the 

regulation of preOL maturation, and inhibitors of GSK3β promote remyelination in adult 

white matter via mechanisms that include decreasing Notch1 signaling.127 Not only does 

constitutive expression of the epidermal growth factor receptor (EGFR) in neonatal white 

matter promote pronounced proliferation of pre-OLs,128 but enhanced EGFR signaling 

stimulates adult CNS myelination and remyelination.129 EGFR activation via an intranasally 

administered form of EGF reduced OL death from neonatal chronic hypoxia, promoted OL 

maturation and myelination, and led to functional improvement.130 Other astrocyte-derived 

growth factors also may contribute to preOL arrest. Insulinlike growth factors promote OL 

lineage cell survival and myelination and protect against preOL loss in fetal and neonatal 

models of WMI.131–133 Bone morphogenetic proteins both repress OL differentiation and 

regulate myelin protein expression.119,134–136

Although neuroimaging studies have defined impaired growth of central white matter 

pathways in preterm survivors, future studies are needed in relevant experimental models as 

well as human autopsy studies to define the evolution of cerebral white matter lesions over 

months to years to identify the relative contributions of dysmyelination and axonal 

dysfunction to functional disabilities in preterm survivors. Such information is of critical 

importance to define the period over which chronic WMI may be repaired and to better 

identify mechanisms to promote additional regeneration and repair of WMI.

Potential Mechanisms of Impaired Cerebral Gray Matter Growth in Preterm 

Survivors

As proposed by Volpe with the concept of an “encephalopathy of prematurity,” impaired 

growth of the cerebral gray matter of preterm survivors may involve both destructive and 

developmental disturbances.32 It is now apparent that premature newborns have more 

extensive gray matter abnormalities than “injuries,” as identified by signal abnormalities on 

conventional MRI. Even children and adults born preterm with normal neurocognitive 

function nonetheless express altered cortical activation and functional connectivity during 

language and visual processing.27,137–140 Preterm newborns at term age also exhibit reduced 

functional connectivity between the cortex and thalamus on functional connectivity MRI.141 

Altered functional connectivity in children and adolescents born preterm is now recognized 

as a critical risk factor for adverse neurocognitive outcomes.64,137,138
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Several large human neuroimaging studies have identified that preterm survivors display 

significant reductions in the growth of cortical and subcortical gray matter structures that 

include the basal ganglia, thalamus, hippocampus, and cerebellum.61,142–145 Impaired 

growth has been commonly associated with perinatal risk factors, varying degrees of focal or 

diffuse WMI, and ventriculomegaly without significant overt necrotic WMI in most cases.
146–152 As discussed below, at least 2 potentially complementary mechanisms may explain 

this impaired cerebral growth. The first mechanism involves impaired growth related to 

widespread primary degeneration of neurons in multiple cortical and subcortical gray matter 

structures or secondary neuronal degeneration related to axonal injury in foci of white matter 

necrosis. This may include selective primary loss of subplate neurons (SPNs), a transient 

cell population required to establish thalamocortical connections.153 SPNs are vulnerable to 

perinatal hypoxia–ischemia in rodents154,155 and are reduced in association with PVL,156 

and thalamocortical connections are disrupted in preterm newborns with WMI, resulting in 

visual dysfunction.157 A second mechanism involves disturbances in neuronal maturation 

that disrupt the growth of large distinct populations of neurons in multiple cortical and 

subcortical gray matter structures.

Factors Related to the Extent of Neuronal Degeneration in Preterm Gray 

Matter

Cerebral neurons in the full-term neonate are highly susceptible to hypoxic–ischemic 

degeneration that is mediated via both excitotoxic neuronal necrosis and neuroapoptosis.
158–163 However, the susceptibility of preterm neurons to hypoxia–ischemia is more variable 

and appears to be related to the severity of the underlying insult and the associated severity 

of WMI. As summarized in Figure 3 (left panel), insults that trigger significant white matter 

necrosis are accompanied by neuronal degeneration in cerebral gray and white matter. In 

experimental studies, the magnitude of preterm neuronal degeneration increased with more 

prolonged hypoxia–ischemia. Widespread neuronal death was triggered by prolonged 

hypoxia–ischemia that also caused cystic necrotic WMI.53 Significant neuronal loss has also 

been seen in the human cortex, basal ganglia, thalamus, and cerebellum in association with 

necrotic WMI,48,156,164,165 but not in cases where diffuse WMI occurred without significant 

necrosis.48 Secondary neuronal loss appears to principally arise from retrograde axonal 

degeneration that occurs in association with necrotic WMI (see Fig 3, left panel).40,41

In contrast to the extensive neuronal loss seen in association with white matter necrosis, 

immature neurons do not appear to significantly degenerate under conditions that primarily 

generate diffuse WMI (see Fig 3, right panel). As discussed above, diffuse WMI triggers 

selective preOL degeneration but spares axons. Numerous neurons are also present in 

regions of diffuse WMI, but do not degenerate under conditions that trigger early preOL 

degeneration in preterm fetal sheep.53,166 The resistance of the preterm gray matter to 

neuronal degeneration is further supported by quantitative cerebral blood flow studies in 

preterm fetal sheep, where the magnitude of global ischemia was very similar in superficial 

cortex and deeper cerebral structures including the caudate nucleus and periventricular white 

matter.53,167 This similar degree of ischemia in gray and white matter resulted in diffuse 

WMI and significant preOL degeneration, but largely spared neurons in the gray and white 
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matter. In human autopsy cases with early diffuse WMI and preOL degeneration, neither the 

preterm gray matter nor white matter displayed evidence of significant oxidative stress or 

degeneration that involved neurons or axons.51 The magnitude of oxidative stress in preterm 

white matter was quite substantial and similar to that sustained by gray matter in term 

infants diagnosed with severe hypoxic–ischemic encephalopathy. In the preterm gray matter, 

significant loss of neurons thus appears to be related to more severe ischemia that causes 

destructive WMI. Neuronal degeneration is not significantly associated with acute diffuse 

WMI.

Gray Matter Injury and Neuronal Dysmaturation

Reduced growth of cerebral gray matter can also occur in response to conditions that disrupt 

neuronal maturation without neuronal loss (see Fig 3, right panel). We recently analyzed 

preterm fetal sheep at ~28 weeks gestation that have cerebral development similar to 

humans. In response to cerebral ischemia, these animals acquired diffuse WMI, as well as a 

progressive reduction in cortical growth that was not explained by delayed neuronal 

degeneration.168 Stereological cell counts of total cortical neurons confirmed that there was 

no chronic loss of neurons. Cortical volume loss was thus accompanied by an increased 

packing density of neurons. This unexpected result was explained by detailed analysis of the 

maturation of the dendritic arbor of pyramidal neurons, the major population of cortical 

projection neurons. During normal development, pyramidal neurons are highly immature in 

the preterm cerebral cortex, but in near-term animals the dendritic arbor becomes highly 

arborized, which coincides with a marked increase in cortical volume (Fig 4). In response to 

preterm ischemia, cortical growth impairment was accompanied by a significant reduction in 

the complexity of the dendritic arbor, consistent with the notion that neuronal maturation 

was disrupted in the setting of cerebral ischemia. Compared to controls, the ischemic 

animals displayed neuronal dysmaturation that was reflected in a reduction in the total 

dendritic length as well as the number of branches, branch endings, and branch points. 

Notably, the dendritic arbor was most simplified closer to the cell body, where synaptic 

integration occurs.

This neuronal dysmaturation response was not restricted to the cerebral cortex but has been 

observed in other brain regions. Disturbances in dendritic arborization have also been 

reported in CA1 pyramidal neurons in the hippocampus in a near-term rodent model of 

hypoxia–ischemia in which dendritic arborization disturbances occurred as a response to 

significant necrotic cerebral injury and neuronal loss.169 The caudate nucleus also displayed 

reduced growth in response to ischemia but with no apparent loss of γ-aminobutyric 

acidergic (GABAergic) medium spiny projection neurons or interneurons.166 Deletion of 

GABAergic interneurons has been proposed to occur during their migration through human 

white matter during the period of high risk for WMI.170 However, reduced growth of the 

caudate was not explained by loss of GABAergic neurons, but rather by a significant 

disruption in the dendritic arbor of caudate projection neurons. Neuronal dysmaturation was 

defined by disrupted maturation of the dendritic arbor. Hence, widespread disturbances in 

maturation of cortical and caudate projection neurons occurred in association with 

nondestructive cerebral lesions that had diffuse WMI but lacked significant neuronal 

degeneration.
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Neuronal Dysmaturation and Disturbances in Synaptic Activity

A role for neuronal dysmaturation in cognitive and behavioral disturbances in preterm 

survivors is suggested by analysis of dendritic spines, the key sites for synaptic activity. In 

response to ischemia, reduced numbers of spines were observed on the dysmature dendrites 

of projection neurons in both the cortex168 and caudate,166 which suggests that widespread 

disturbances in neuronal connectivity may contribute to the global disturbances in 

neurodevelopment seen in preterm survivors.

Because disturbances in neuronal maturation occur at a critical window in the establishment 

of neuronal connections, even transient neuronal dysmaturation may have persistent global 

effects on the subsequent development of CNS circuitry. Consistent with this hypothesis, 

recent electrophysiological studies in the caudate nucleus employed patch clamp recordings 

on medium spiny neurons (MSNs) and identified significant abnormalities in excitatory 

synaptic activity mediated by N-methyl-D-aspartate (NMDA) and α-amino-3-hydroxy-5-

methylisoxazole-4-propionic acid (AMPA) receptors in fetal ovine survivors at 1 month after 

preterm hypoxia–ischemia.166 Evoked excitatory postsynaptic currents (eEPSCs) in the 

ischemic animals were reduced in magnitude consistent with the reduced spine density on 

MSNs. The eEPSCs displayed a shorter duration and reduced current flow. A shorter 

duration of the eEPSCs was related to a shorter decay time of the fast AMPA/kainate 

receptor component of the eEPSC. A reduction in current flow was related to a reduction in 

the magnitude of the slow NMDA receptor component of the eEPSC.

The aforementioned disturbances in spine density and excitatory synaptic activity of MSNs 

may have several potential effects on the maturation of neuronal circuitry in the preterm 

caudate nucleus. A reduction in total afferent excitation of MSNs may occur, as well as a 

shorter time window for integration of multiple synaptic inputs onto these projection 

neurons. Moreover, disturbances in NMDA receptor-mediated synaptic activity may disrupt 

neuronal migration, synapse formation, and dendritic pruning.171–174 As a consequence, a 

vicious cycle of neuronal dysmaturation may be established that results in further disruption 

in the normal maturation of neuronal circuitry. Such abnormalities in synaptic activity in the 

caudate may contribute to a wide variety of neurobehavioral abnormalities in preterm 

survivors that include motor dyspraxias and transient dystonia as well as disturbances in 

learning, memory, attention, and executive function.

Imaging Dysmaturation Processes in Preterm WMI

MRI has been widely applied for the safe and reliable diagnosis of injury in the developing 

brain on conventional T1-weighted, T2-weighted, and diffusion-weighted images.175 As 

early as the newborn period, advanced imaging methods can now detect several types of 

developmental abnormalities of brain structure or function that evolve from the acute to 

recovery phases (Table 1). Recent observations with these advanced magnetic resonance 

techniques indicate that cerebral injury and some prevalent clinical conditions impede brain 

maturation in areas that appear normal on conventional MRI.29,58,59,95 Despite the 

widespread clinical application of diagnostic MRI, it is nonetheless important to recognize 

the limitations of MRI at regularly used clinical field strengths (eg, 1.5 or 3T). This is 
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particularly relevant for the diagnosis of the full spectrum of WMI, where MRI may not 

fully define early diffuse WMI and has limited sensitivity for detection of microscopic foci 

of necrosis.50 Definition of diffuse WMI by MRI is of particular clinical interest, given that 

these lesions correspond to foci of white matter dysmaturation with preOL maturation arrest 

and abnormal myelination.

To experimentally define cellular mechanisms of MRI-defined WMI in both diffuse WMI 

and necrotic lesions, registration algorithms were developed that permitted high field (12T) 

ex vivo MRI data to be aligned at high resolution with the corresponding histopathological 

data from the same white matter regions.50 WMI was generated by cerebral ischemia in a 

preterm fetal sheep model that closely reproduces the spectrum of WMI seen in human 

preterm survivors. At ultra–high-field strengths, 3 classes of MRI-defined chronic WMI 

were defined during the subacute phase of WMI at 1 and 2 weeks after ischemia. Each 

lesion type displayed unique astroglial and microglial responses that corresponded to distinct 

forms of necrotic or diffuse WMI.

Figure 5 compares the MRI characteristics of lesions defined on diagnostic MRI and at 12T. 

On diagnostic MRI scans, pronounced necrotic WMI is visualized as cystic lesions or 

manifests as volume loss of major white mater tracts such as the corpus callosum. At 12T, 

large necrotic lesions were visualized as focal hyperintense signal abnormalities (F-hyper) 

on T2-weighted images. These subacute large necrotic foci corresponded to histological 

lesions highly enriched in macrophages and activated microglia but with a progressive 

reduction in astrocytes. High-field MRI also detected discrete microscopic foci of necrosis 

<1mm in diameter. As noted above, these microcysts are not detected at clinical MRI field 

strengths (1.5 or 3T), but have been resolved by microscopic pathology studies.48,49

The imaging characteristics of diffuse WMI differ substantially at clinical field strengths 

compared to high field. On diagnostic MRI, WMI without apparent necrosis is indicated by 

discrete focal or diffuse areas of magnetic resonance signal abnormalities (see Fig 5). 

Structural or biochemical abnormalities related to diffuse WMI also may be detected by 

advanced MRI techniques such as diffusion tensor imaging (DTI) and spectroscopic 

imaging. It is currently unknown whether these advanced imaging modalities can define 

lesions that correspond to preOL arrest. At 12T, diffuse hypointense signal abnormalities are 

seen on T2-weighted images. These diffuse hypointense signal changes corresponded to 

diffuse WMI characterized by reactive astrogliosis and coincided with myelination 

disturbances related to arrested maturation of preOLs.50 Similar to human autopsy studies, 

this form of fetal ovine WMI was the major form identified and comprised nearly 90% of 

the total volume of WMI. The majority of such lesions were large (>2.5mm3) and detected 

with high sensitivity and specificity. Axonal degeneration was not observed within diffuse 

WMI except within foci of microscopic necrosis.41

These findings suggest the need for additional studies at clinical MRI field strengths to 

achieve greater sensitivity to detect early diffuse WMI as well microcysts, and to apply more 

advanced technologies such as DTI and spectroscopic imaging. The ability to define these 

lesions would be a major advance to support the earlier diagnostic detection of WMI and 

provide an early surrogate outcome measure for monitoring during therapeutic trials.
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Neuronal Dysmaturation and MRI-Defined Abnormalities in Cortical FA

MRI-defined changes in FA have been extensively studied as a noninvasive means to define 

the progression of normal cortical maturation. A progressive decline in FA accompanies 

cortical maturation in human176 and nonhuman primates.177–179 This progressive loss of FA 

was proposed to relate to the global maturation of the process arbor of cortical neurons 

during cortical development.176 Support for this hypothesis derives from recent experimental 

studies that found that progressive maturational complexity of the process arbor of cortical 

neurons coincides with the decline in FA.180

Disrupted maturation of cortical pyramidal neurons was also recently shown to provide an 

explanation for FA disturbances arising after global cerebral ischemia. Two recent human 

studies found that the normal progressive loss of cortical FA was delayed in human preterm 

survivors with impaired postnatal growth145 or reduced cortical growth.181 We made similar 

observations in preterm fetal sheep exposed in utero to global cerebral ischemia.168 These 

animals displayed impaired cortical growth, and MRI measurements of cortical FA were 

significantly higher in the hypoxic–ischemic animals relative to controls. To explain this 

observation, a mathematical model was developed to calculate FA based upon the 

morphology of control and ischemic neurons defined by Golgi stain (eg, Fig 4A, B). The FA 

values derived from MRI and neuronal morphology were very similar.168 Moreover, the FA 

values derived from neuronal morphology also demonstrated that the cortex in the hypoxic–

ischemic group displayed higher FA values consistent with less random water diffusion 

along the processes of these more immature neurons (see Fig 4E, red). The decrease in FA in 

the controls (see Fig 4E, blue) was related to the increased complexity of the dendritic arbor 

of these neurons related to more random water diffusion. Interestingly, one factor associated 

with abnormal micro-structural cortical growth in human preterm neonates was impaired 

somatic growth (weight, length, and head circumference), even after accounting for 

coexisting brain injuries on MRI (eg, WMI) and other aspects of systemic illness (eg, 

infection).145 Hence, multiple factors including nutritional status and exposure to cerebral 

ischemia may contribute to the pathogenesis of neuronal dysmaturation in preterm survivors. 

Impaired cortical growth and function were also recently related to stressful procedures 

sustained by preterm neonates during intensive care.140,182,183

Role of Systemic Illness in Brain Growth and Maturation in Premature 

Neonates

The conditions that influence brain growth and dysmaturation are multifactorial. It is 

increasingly apparent that postnatal illness severity is a better predictor of brain health than 

gestational age at birth.67,148 Furthermore, postnatal illness severity is a stronger predictor of 

brain health than are many prenatal factors.28,29,59,145,184 In preterm neonates, risks of brain 

injury and adverse outcomes are altered by complex systemic illness. Postnatal infection in 

preterm newborns is associated with a significantly increased risk of WMI,29,31 including a 

progressive form of WMI that is more readily evident on MRI scans at term-equivalent age.
30 Postnatal infections have been linked to altered development of white matter pathways59 

and widespread impairments in brain development.28 Importantly, infections, even without 
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positive cultures, have been associated with impaired neurodevelopmental outcome 

consistent with neonatal brain imaging findings.3,14,31

Bronchopulmonary dysplasia (BPD), with lung injury and inflammation requiring prolonged 

treatment with mechanical ventilation and supplemental oxygen, is a strong predictor of 

cognitive outcome, even after controlling for birth weight and neurological morbidity.185 

BPD and days of ventilation have been linked to adverse development of the white matter 

and cortex.186–188 Recent data indicate that postnatal exposure to corticosteroids, used for 

the treatment of BPD or low blood pressure, is associated with impaired growth of the 

cerebellum.189

During a period of rapid brain maturation, preterm infants in the NICU are exposed to 

multiple painful and stressful procedures. Recently, this procedural pain and stress has also 

been linked to altered brain maturation that involves gray and white matter structures, as 

well as impaired brain function.182,183 Procedural pain in preterm neonates has also been 

associated with impaired postnatal growth,190 a predictor of poor cortical development.145 

Importantly and consistent with these neonatal brain imaging observations, pain is 

associated with poorer neurodevelopment, a relationship moderated by parent–child 

interaction.191,192 The influence of parent–child interaction on outcomes illustrates that 

factors outside of the NICU, such as parental stress and anxiety, are also important 

determinants of neurodevelopmental outcomes in preterm infants.193,194 Preterm infants 

exposed to a parental intervention demonstrated enhanced maturation and connectivity on 

MRI at term-equivalent age.195 There are now converging experimental and human studies 

highlighting the potential of parent–infant interaction to compensate for compromised early 

brain maturation and adversity, indicating a wide window for optimizing brain development 

and outcome.192,196–199

Conclusions

Our understanding of the pathogenesis of brain injury in the premature infant has recently 

undergone significant redefinition, which coincides with advances in neonatal care that have 

markedly reduced the overall severity and extent of the destructive processes associated with 

cerebral injury. Significant improvement in the care of premature neonates has also 

coincided with the emergence and application of improved brain imaging, which has 

provided better resolution of some of the key features of cerebral injury during the period of 

most rapid changes in brain growth and maturation.

Surprisingly, what is emerging is the potential that the chronic disabilities in preterm 

survivors may not arise primarily from irreversible destructive lesions, but rather from a 

primary diffuse cerebral dysmaturation disorder that may ultimately be amenable to 

strategies directed at promoting brain maturation and improved neurological outcome. The 

activation of dysmaturation processes is a key factor that disrupts regeneration and repair in 

the preterm brain after injury. Glial progenitors respond to WMI by partially but 

incompletely mounting a repair process that regenerates and expands the preOL pool, which 

is blocked from maturation. The maturation block may involve both intrinsic and extrinsic 

factors that prevent OL maturation and myelination. In response to ischemia, some 
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populations of immature projection neurons similarly fail to normally mature. In contrast to 

mature neurons in the full-term neonate that degenerate from activation of excitotoxic and 

apoptotic pathways,200 these immature neurons survive with a simplified dendritic arbor that 

contributes to reduced cerebral growth. Thus, cellular dysmaturation in gray and white 

matter may disrupt a critical developmental window that coincides with rapid brain growth 

and enhanced neuronal connectivity related to elaboration of the dendritic arbor, 

synaptogenesis, and myelination. Consistent with this notion, changes in neuronal gene 

expression and glial cell commitment to a neuronal fate have been observed in response to 

chronic hypoxia in mice and were reversible in response to environmental enrichment.201,202 

Thus, disturbances in cerebral maturation could be multifactorial and exacerbated by 

postnatal factors such as intermittent hypoxia related to chronic lung disease.

The timing and nature of future interventions to prevent or reverse cellular dysmaturation 

may differ for gray and white matter. Factors such as improving infant nutrition, preventing 

infections, reducing neonatal stress, and implementing earlier behavioral interventions may 

all play a role in mitigating the impact of neuronal dysmaturation. Pharmacological 

interventions aimed at blocking the inhibitory pathways that sustain preOL maturation arrest 

may reverse or prevent myelination failure with the potential for enhanced connectivity of 

CNS pathways. There are thus a wealth of potential new opportunities to promote enhanced 

brain maturation and growth that were not feasible even a decade ago, when impaired brain 

development was largely attributable to irreversible injury related mostly to destructive 

processes and encephalomalacia.
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FIGURE 1. 
Microscopic necrosis has a high incidence but constitutes a small fraction of preterm 

cerebral white matter injury (WMI). (A) Typical sparse distribution of human microcysts 

visualized by staining for β-amyloid precursor protein, a marker of axonal degeneration. 

Note that axonal degeneration is usually restricted to microcysts and is not visualized in the 

surrounding regions of diffuse WMI. Sample is from a human autopsy brain at 32 weeks 

postconception. (B) Detail of the degenerating axons in the microcyst seen in the box in A. 

Degenerating axons were visualized both in the core and at the periphery of the microcyst. 

(C) Detail of the degenerating axons in the box in B shows numerous swollen and 

dystrophic-appearing axons. (D) A microcyst visualized by high-field (12T; T2) ex vivo 

magnetic resonance imaging as a focal hypointense lesion (F-hypo). Chronic WMI was 

analyzed 2 weeks after global cerebral ischemia in a fetal sheep model of preterm cerebral 

injury.50 Note that the surrounding diffuse WMI appeared as a diffuse hyperintense signal 

(D-hyper). (E) Pie chart showing the approximate relative percentages of human diffuse 

WMI, cystic periventricular leukomalacia (PVL), and microscopic necrosis, adapted from 

Pierson et al48 and Buser et al.49 (F) Schematic diagram showing the relative burden of 

human microcysts (dots) relative to diffuse WMI (within dotted lines), which typically 

comprises >80% of the total burden of WMI. Scale bars: A, 500μm; B, 100μm; C, 25μm. 

[Color figure can be viewed in the online issue, which is available at 

wileyonlinelibrary.com.]
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FIGURE 2. 
Myelination failure in chronic diffuse white matter injury (WMI) coincides with lesions 

highly enriched in reactive astrocytes, activated microglia, and oligodendrocyte progenitors 

(preOLs) that are arrested in their maturation. (A) Distinctly different pathogenetic 

mechanisms mediate abnormal myelination in necrotic lesions (periventricular leukomalacia 

[PVL]; upper pathway) versus lesions with diffuse WMI (lower pathway). Hypoxia–

ischemia (HI) is illustrated as one potential trigger for WMI. More severe HI triggers white 

matter necrosis (upper pathway) with pancellular degeneration that depletes the white matter 

of glia and axons. Severe necrosis results in cystic PVL, whereas milder necrosis results in 

microcysts. Milder HI (lower pathway) selectively triggers early preOL death. preOLs are 

rapidly regenerated from a pool of early preOLs that are resistant to HI. Chronic lesions are 

enriched in reactive glia (astrocytes and microglia/macrophages) generating inhibitory 

signals that block preOL differentiation to mature myelinating oligodendrocytes. 

Myelination failure in diffuse WMI thus results from preOL arrest rather than axonal 

degeneration. The molecular mechanisms that trigger preOL arrest are likely to be 

multifactorial and related to factors intrinsic and extrinsic to the preOLs. Note that the lower 

pathway is the dominant one in most contemporary preterm survivors, whereas the minor 

upper pathway reflects the declining burden of white matter necrosis that has accompanied 

advances in neonatal intensive care. (B) Typical appearance of normal early myelination of 

axons in a perinatal rodent at postnatal day 10.80 Axons are visualized by staining for 

neurofilament protein (NF; red). Early myelination of axons is visualized with the O4 

antibody (green). (C) preOL arrest in a chronic white matter lesion where numerous preOLs 

(green) are seen, but the axons (red) are diffusely unmyelinated. Scale bars = 100μm.
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FIGURE 3. 
In premyelinated white matter (WM), the cellular mechanisms and extent of neuroaxonal 

degeneration and myelination failure are distinct for necrotic and diffuse WM injury (WMI). 

WM necrosis (cystic periventricular leukomalacia/microcysts; left panel) is characterized by 

loss of all cellular elements in necrotic foci (glia, axons, and interstitial neurons). 

Degeneration of axons and oligodendrocytes (OLs) both contribute to myelination failure. 

Retrograde degeneration of axons in necrotic foci contributes to neuronal loss in cerebral 

gray matter. Diffuse WMI (right panel) involves selective degeneration of OL progenitors 

(preOLs) with sparing of premyelinating axons and interstitial neurons. Note that recent 

experimental data support a role for selective vulnerability of larger caliber early 

myelinating axons that appear later in white matter development as myelination progresses.
76 Myelination failure is related to a failure of preOL differentiation (preOL arrest) to OLs. 

The mechanism of neuronal dysmaturation is unclear and may involve a direct effect of gray 

matter ischemia on maturation of dendrites and spines as well as axonal factors related to 

chronic white matter inflammation.
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FIGURE 4. 
The preterm brain is enriched in immature neurons that do not degenerate in response to 

ischemia, but are highly susceptible to impaired maturation that manifests as a less mature 

dendritic arbor with reduced spine density. (A) A typical pyramidal neuron from the preterm 

cerebral cortex of a control fetal sheep. Note the paucity of processes in contrast to the 

highly complex dendritic arbor of a pyramidal neuron from a near-term animal (B).168 (C, 

D) In response to preterm ischemia, cortical pyramidal neurons display disrupted 

maturation. Note that the typical control cell (C) is more highly arborized in contrast to the 

response to transient cerebral ischemia that resulted in a more simplified dendritic arbor (D). 

The relative complexity of the cells can be appreciated from the overlay of the red 

concentric Scholl rings, which illustrates that the processes of the dysmature neurons 

intersect less frequently with the rings. The yellow, white, pink, green, and blue lines 

represent first-, second-, third-, fourth-, and fifth-order branches, respectively, from the 

soma. Note the overall reduction in the size and complexity of the branching pattern in D. 

(E) Reductions in cortical growth also manifest as disturbances in cortical anisotropy. Note 

the normal progressive decline in fractional anisotropy (FA) in controls (blue) between 

preterm and near-term cortical development, as adapted from Dean et al.168 In response to 

ischemia, higher cortical anisotropy (more restricted water diffusion) was observed in 

response to ischemia (red) relative to control (blue), which was related to the reduced 
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complexity of the dendritic arbor of the ischemic neurons (eg, in D) versus controls (eg, in 

C). Scale bars = 20nm. HI = hypoxia–ischemia.
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FIGURE 5. 
Diagnostic and experimental magnetic resonance imaging (MRI) approaches to define 

dysmaturation processes related to white matter injury (WMI). (A, B) MRI (1.5T; T1) 

appearance of marked cystic necrotic human WMI (A; arrowhead) adjacent to the lateral 

ventricle, which is associated with white matter volume loss that involves the corpus 

callosum (B; arrowhead). (C) High-field MRI–defined focal necrotic WMI and 

corresponding histopathological features. WMI was analyzed at 1 or 2 weeks after global 

cerebral ischemia in 0.65 gestation fetal sheep (adapted from Riddle et al50). At left is a 
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representative T2-weighted image of a large focal hyperintense (F-hyper) lesion detected at 

1 week. Note the hypointense diffuse WMI (D-hypo), discussed in G, below. In the center is 

a typical necrotic lesion defined by focal staining for reactive microglia and macrophages 

with Iba1 (red and inset) and a paucity of glial fibrillary acidic protein (GFAP)-labeled 

astrocytes. Nuclei in the inset are visualized with Hoechst 33342 (blue). At right, by 2 weeks 

after ischemia, necrotic WMI displayed a progressive decrease in GFAP-labeled astrocytes 

and a pronounced increased in Iba1-labeled macrophages and microglia. *p < 0.05; bar in C 

= 100μm. n.s. = nonsignificant. (D) Diffuse human WMI on diagnostic MRI (1.5T; T1) has 

the appearance of bilateral multifocal signal hyperintensities (arrows). (E) Diffusion tensor 

imaging (DTI) defines the microstructure of white matter tracts and can be used to follow 

the chronic progression of diffuse WMI. (F) Magnetic resonance spectroscopic imaging 

(MRSI) can be applied to define biochemical and metabolic abnormalities associated with 

diffuse WMI. Both DTI and MRSI detect abnormalities beyond the areas of signal 

abnormality on T1-weighted images. (G) Diffuse fetal ovine WMI defined at 12T as in C.50 

At left is a representative image of diffuse hypointense (D-hypo) WMI seen on a T2-

weighted image at 1 week after ischemia. In the center are typical histopathological features 

of diffuse WMI: pronounced astrogliosis defined by staining of reactive astrocytes with 

GFAP (green) and a less activated population of Iba1-labeled microglia/macrophages (red 

and inset). At right, quantification of the area fraction (a.f.) of astrocytes and microglia in 

diffuse WMI at 2 weeks after ischemia is shown. There was significantly elevated GFAP and 

Iba1 staining, consistent with a diffuse gliotic response to WMI. *p < 0.05; bar in G = 

100μm. Images in A and B are courtesy of Dr Patrick Barnes, Stanford University.
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TABLE 1

Neuroimaging Modalities for Analysis of Different Types of Brain Injury in Preterm Survivors

Modality Examples of Specialized Analyses Types of Data Acquired

High-resolution MRI Volumetrics, deformation-based morphometry Volumes and growth of cortical and subcortical brain 
structures

DTI Region of interest–based analyses, tract-based spatial 
statistics, tractography

Brain microstructure, myelination

MTR Myelination

MRSI Measures of regional brain metabolites reflecting regional 
brain development and injury including N-acetyl-aspartate and 
lactate

FCMRI Map of the developing brain connectome including pathways 
relevant to specific functional outcomes, such as motor and 
vision control, as well as “resting state” network

DTI = diffusion tensor imaging; FCMRI = functional connectivity MRI; MRI = magnetic resonance imaging; MRSI = magnetic resonance 
spectroscopy and spectroscopic imaging; MTR = magnetization transfer ratio.
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