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1. Introduction

The purpose of this Commentary is to discuss
recent evidence that primary impairment of neuronal
maturation of gray matter structures in the human
preterm infant is common, important and likely mod-
ifiable. The major cellular element of gray matter
structures in the human brain is the neuron. The
principal gray matter structures, especially the cere-
bral cortex, basal ganglia, and thalamus, are crucial
determinants of cognitive and related higher func-
tions, developing subsequent to the newborn period.
Impaired cognitive functions, including overall intel-
lect, language, behavior, and socialization, occur in
at least 50% of survivors of very preterm birth [1].

In the last trimester of human gestation, develop-
ment of the cerebral cortex is especially prominent
[2]. The principal anatomic features are development
of a complex dendritic arbor, elaboration of axonal
ramifications, onset of synaptogenesis and estab-
lishment of connectivity between cortical regions
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and deep nuclear structures. A variety of imaging
studies in survivors of preterm birth have shown
disturbances in maturation of gray matter structures
[1], manifested by deficits in volumetric growth,
microstructure and functional connectivity. The pre-
vailing concept has been that injury to the vulnerable
developing cerebral white matter leads secondar-
ily to neuronal dysmaturation [3]. This secondary
neuronal dysmaturation results because the pre-
oligodendrocyte fails to ensheath axons, thereby
causing, by anterograde and retrograde mechanisms,
impairment of neuronal maturation. Recent exper-
imental studies, however, suggest that impaired
neuronal maturation also may be a primary event (see
later), not related to white matter injury. Moreover,
studies of very preterm human infants have shown
impaired cognitive functions in the absence of defi-
nite white matter injury (see later). The occurrence of
primary neuronal dysmaturation has important impli-
cations for elucidating the anatomic substrate for the
cognitive deficits observed in survivors of preterm
birth, and, critically for interventions to restore nor-
mal maturation and improve outcome. The following
will review the principal experimental and human
studies supportive of primary neuronal dysmaturation
in the very preterm infant and of potential restorative
interventions.
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2. Experimental studies

Utilizing an excellent, established animal model of
the very preterm infant, i.e., fetal sheep at 0.65 ges-
tation, Back and coworkers demonstrated a marked
disturbance in hippocampal neuronal maturation
after only a brief (30 minutes) episode of fetal hypox-
emia (without ischemia) [4]. Elegant neurobiological
techniques showed no neuronal death but, rather,
alterations in both basal and apical dendritic arboriza-
tion over the next several weeks. The anatomical
disturbance was accompanied by neurophysiological
disturbances characteristic of impaired connectiv-
ity and subsequent cognitive disturbances, especially
involving working memory. Such functional deficits
and impaired hippocampal growth are observed in
human preterm survivors [5-7]. Indeed, chronic dis-
turbances of episodic and working memory have been
shown to persist into adulthood in very preterm sur-
vivors [8, 9].

In a similar experimental paradigm, McClendon
et al. showed that transient hypoxemia, without
ischemia, chronically disrupted maturation of sub-
plate neuronal arborization and physiological activity
[10]. Importantly, subplate neuronal death did not
occur. This impaired maturation of subplate neurons
would have major consequences for development of
cerebral cortex and thalamus, as described elsewhere
[3]. In human brain from 24-32 weeks, the subplate
neuronal layer reaches its maximal size. The den-
dritic arbor of subplate neurons receives ascending
afferents from thalamus and other cortical regions
and extends axon collaterals to the overlying cerebral
cortex to promote cortical neuronal differentiation,
synaptogenesis and cerebral connectivity (thalamo-
cortical, commissural-cortical, cortico-cortical) [3].

The clinical relevance of these experimental stud-
ies is substantial. During human pregnancy transient
or chronic intrauterine hypoxemia may occur sec-
ondary to maternal, placental or fetal causes. In the
neonatal period very preterm infants experience tran-
sient periods of hypoxemia from respiratory disease,
apneic episodes, sepsis or cardiac disease. Indeed,
recent studies have delineated cortical neuronal dys-
maturation with congenital heart disease in which
hypoxemia is prominent [11]. Perhaps of most rel-
evance in this context, exposure to hypoxemia in
very preterm infants is associated with subsequent
neurodevelopmental disability [12]; such infants may
experience up to 600 transient hypoxic episodes per
week [13]. Thus, unlike the pathogenesis of overt
preterm brain injury, e.g., hypoxic-ischemic white

matter injury, the experimental data indicate that
primary neuronal dysmaturation can occur as a con-
sequence of hypoxemia alone.

Other apparent examples of primary neuronal dys-
maturation are described in related experimental
studies of preterm sheep [14, 15]. Neurons of cere-
bral cortex and caudate nucleus sustain persistent
neuronal dysmaturation under conditions of hypoxia-
ischemia. However, in this paradigm it cannot be
ruled out that the neuronal dysmaturation is related
secondarily to concomitant white matter injury.

In summary, the experimental studies show that
dysmaturation involving hippocampal and subplate
neurons occurs following transient hypoxemia. The
involvement of hippocampal cortex is consistent with
demonstrations of impaired hippocampal growth in
human preterm survivors [5-7]. The involvement
of subplate neurons is consistent with demonstra-
tions of impaired cerebral and thalamic growth,
shown by advanced MRI techniques in similar
infants [1].

3. Human studies

Primary neuronal dysmaturation, i.e., not sec-
ondary to preceding cerebral white matter injury,
is indicated by several studies. The most com-
pelling human study involved 95 premature infants
studied by advanced MRI methods at two time
points in the neonatal period (32 and 40 weeks
post-conception) [16]. The serial design was crit-
ical to assess maturation. The central finding was
evidence for delayed microstructural development
of cerebral cortical gray matter at multiple corti-
cal sites. The diffusion-based measurements showed
delayed microstructural development in cerebral cor-
tex, but not cerebral white matter, in association with
impaired somatic growth. The principal finding was
a blunting of the normal developmental decline in
fractional anisotropy (FA) in cortex, whereas in cere-
bral white matter the normal increase in FA was
not affected. The developmental decline in FA in
cortex is related to the exuberant dendritic devel-
opment in human premature brain [2], the same
aspect of neuronal development shown to be impaired
in the experimental studies of McClendon et al.
[15] (see earlier). The preservation of the expected
increase in FA in cerebral white matter, related to
pre-oligodendroglial development and ensheathment
of axons [17, 18], is consistent with the absence of
concomitant cerebral white matter injury.
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The association of impaired cortical dendritic
development with impaired somatic growth in the
study of Vinall et al. [16] raises the possibility that
undernutrition is particularly involved, but detailed
data regarding nutrition, caloric intake, and feed-
ing were not available. However, several studies
of premature newborns with intrauterine growth
retardation also showed a particular involvement
of cerebral cortical development, including reduced
cortical volume, reduced cortical surface area, and
impaired gyral development [19-22]. Although these
latter data concerning intrauterine growth retarda-
tion suggest a relation between impaired nutrition
in the third trimester of human gestation and pri-
mary dysmaturation of cerebral cortical neurons,
concomitant white matter involvement cannot be
ruled out.

Pain and stress may represent another mediator of
primary neuronal dysmaturation in the preterm infant.
Pain and stress in the neonatal period, common expe-
riences for the preterm infant, have been shown to
have adverse effects on neurodevelopmental, behav-
ioral and cognitive outcome [23-27]. Abnormalities
of brain development have involved such neuronal-
rich areas as cerebral cortex, hippocampus and
thalamus, as well as functional connectivity among
these structures [26-31]. The studies have quanti-
tated pain and stress (either number of stressful events
or number of painful procedures). Although most
abnormalities were detected at term equivalent age,
cerebral cortical thinning, especially in frontal and
parietal areas, was identified at a mean age of 7.9
years [30].

A large body of experimental literature suggests
that neuronal maturation and impairment thereof can
be influenced by such experiential factors as auditory
and visual input [32]. Concerning auditory input, a
modulatory effect of the neonatal auditory environ-
ment on cortical neuronal development and language
outcome is suggested by recent clinical studies [33,
34]. Because of concern about excessive sound lev-
els of neonatal units, ventilators, etc., many units have
been designed to minimize such noise, often by main-
taining infants in single rooms. That this approach
may have an adverse effect on language and cere-
bral cortical neuronal development is suggested by a
study of 136 preterm infants assigned to either open-
ward or single-room bed spaces. Interestingly, the
infants cared for in single-patient rooms had lower
language scores at age two years and, importantly,
abnormalities of cerebral cortical folding in the supe-
rior temporal area [33]. The difference in outcomes

was attributed to differences in exposure to language
in the open areas versus single rooms. In a subsequent
study, outcomes were assessed for infants from both
single-patient rooms and open-ward bed spaces while
quantitating maternal involvement [34]. Infants with
high maternal involvement from both single-patient
and open-ward bed spaces had higher cognitive and
language scores at age 18 months than did infants
with lower maternal involvement. The effect size
was greater for infants in single rooms. The latter
study suggests that the level of language exposure,
the likely crucial effector, depends on a variety of fac-
tors, including room type and maternal characteristics
that allow maternal verbal contact with the infant.
That these findings reflect experience disturbing or
enhancing neuronal maturation is supported by the
concurrence during the last 10—12 weeks of gestation
of critical events relating to neuronal development
involved in the establishment of auditory connections
between brainstem and temporal lobe/auditory cortex
[35, 36].

Neonatal visual experience also may play arole in
neuronal maturation. Development of the visual cor-
tex is very active during the premature period and into
infancy [2]. Central visual impairment is a common
neurological sequela in very preterm infants and may
reflect, in part, neuronal dysmaturation in visual cor-
tex. (White matter injury likely also plays a role in
this impairment.). Primary neuronal dysmaturation in
visual cortex of human infants has not been studied
directly, but considerable data indicate that visual cor-
tical neuronal maturation is active and thereby likely
vulnerable [2]. Such maturation could be influenced
by the visual experience of premature infants. Thus,
the latter experience is associated with accentuation
of the development of the visual evoked potential, a
finding consistent with experimental studies [37, 38].
Experimental studies of normal and preterm monkeys
showed that premature visual stimulation resulted
in increases in size and proportions of synapses
in visual cortex, presumably by activity-dependent
alterations in synaptogenesis, synaptic modification
or synapse elimination [39]. Visual deprivation has
opposite and unfavorable effects, consistent with pri-
mary neuronal dysmaturation. More data are needed
to address how visual experience could enhance
development of the cerebral visual system in the
human infant and perhaps counteract the effects of
dysmaturation.

Many of the specific factors described in the pre-
ceding paragraphs, e.g., nutrition, stress, experience,
occur in various combinations, often grouped under
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such rubrics as parenting, educational and socio-
economic factors, and appear to influence neuronal
maturation. Indeed, primary neuronal dysmaturation
appears to be the likely anatomic substrate of the
impaired cognition, language and behavior associ-
ated with disturbances of such factors in survivors
of prematurity. Many studies in recent years support
this contention [40—47]. Initial research with MRI
has identified impaired volumetric growth of such
neuronal-rich areas as cerebral cortex, hippocampus,
and thalamus and maturation of functional connec-
tivity among these regions [46—49]. The particular
importance of early parenting behavior, particu-
larly maternal affective involvement, parent-child
synchrony and positive and responsive parent-
ing, has been delineated and raises the possibility
that such characteristics could counteract neuronal
dysmaturation.

The relation of the combination of factors asso-
ciated with socio-economic status to neuronal
dysmaturation has been delineated in normal term-
born children [50]. Brain imaging has identified
disturbances in development of cerebral cortex, tha-
lamus and hippocampus with lower socio-economic
status scores. These disturbances might be expected
because, post-term, neuronal maturation (elaboration
of axonal and dendritic processes, synaptogenesis)
is a very active process in the months and early
years of infancy. Areas involved in language, learning
and memory have been especially affected. Particular
involvement of “stress-sensitive” brain regions, e.g.,
amygdala and hippocampus, also has been identified
[50]. Notably, experimental studies suggest that envi-
ronmental enrichment can counteract the structural
and functional disturbances [50]. Initial data from
human studies support the notion that such factors
as sensitive parenting, reduction of stress, improved
nutrition and early childhood intervention, similarly
improve outcome, perhaps by enhancing neuronal
maturation [50].

4. Conclusions

The experimental and human studies described in
this Commentary support the notion that primary dys-
maturation of neurons in key areas of the preterm
and early infant brain is common and a media-
tor of subsequent cognitive, language, behavioral,
socialization deficits observed beyond infancy.
Recognition of this dysmaturation is important
because specific interventions could prevent, amelio-

rate or counteract the deficits. Recent experimental
work suggests that recognition and management of
hypoxemia in the neonatal intensive care unit set-
ting are important. Also, however, multiple human
studies show that factors related to nutrition, pain
and stress, auditory and visual experience, par-
enting, education and socio-economic factors are
important in pathogenesis. Moreover, these factors
are amenable to modification to ensure optimal
neuronal maturation in the neonatal period and
beyond.
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