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1. Introduction

The principal focus of this Commentary is the late
preterm (LPT) infant and, especially, the generally
underappreciated, enormous burden of neurodevel-
opmental disability (NDD) observed subsequently
in these infants. LPT infants, defined by birth at
34–36 completed weeks of gestation, i.e., at 34–366/7

weeks, comprise by far the largest proportion of
preterm infants (37 weeks’ gestation or less). In
2019 in the US LPT infants accounted for 7.46%
of the 3,745,540 live births in the US, i.e., approxi-
mately 280,000 such infants and approximately 75%
of all preterm births [1]. The rate of LPT births
has increased steadily over the past 5 years. LPT
infants have increased rates of perinatal morbidities
as well as subsequent NDD (see later). However,
importantly, a major proportion of the NDD occurs
in the absence of recognized perinatal problems [2].
The absolute number of LPT infants with subsequent
NDD yearly is approximately 3,500 [3]. The enor-
mous emotional and financial costs for families and
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society attributable to such disability are extensive
[3]. As will be discussed, although the neuroanatomic
basis of this large burden of disability remains to be
defined clearly, disturbance of cerebral cortical devel-
opment appears central. This notion is supported by
clinical and imaging data. Recent studies based on
advanced MRI also have elucidated particularly rapid
developmental events involving cerebral cortex in
normal human brain at the particular time period of
LPT birth (see later). These recent findings suggest
an especial vulnerability of the developing cerebral
cortex of the LPT infant and suggest opportunities for
interventions to reduce the large burden of disability.

2. Neurodevelopmental disability in LPT
infants

A large series of recent studies have elucidated
the specific deficits encompassed by the subsequent
NDD in LPT infants [2, 4–8, 9]. Although the spe-
cific deficits are not marked, they are appreciable
enough to lead to impaired academic performance.
Cognitive areas affected include executive function,
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literacy skills, verbal memory, attention, processing
speed and overall school performance. Behavioral
problems, autism and later psychiatric disturbances
have been noted. Notably, in one expansive review
that excluded LPT infants with “postnatal morbidity”
(20% of the total), the deficits still could be defined
clearly [10]. The array of deficits are most consistent
with disturbances of various areas of cerebral cortex
and their interconnections.

Although motor deficits are generally not empha-
sized, approximately 0.6–1.0% of LPT infants are
reported to develop “cerebral palsy”. Thus, approxi-
mately 2,000 cases per year of such significant motor
disturbance may be attributable to LPT infants in
the USA. These infants are principally those that
experience such perinatal morbidities as low Apgar
scores, need for resuscitation at birth, neonatal sepsis,
intracranial hemorrhage or hypoglycemia [11, 12].
(Note that the large group of infants with cognitive
and related deficits described above did not experi-
ence serious neonatal morbidities.)

3. Brain abnormality in LPT infants

The general approach to definition of brain
abnormality underlying neurological deficits in LPT
infants, as at older ages, relies on postmortem neu-
ropathological studies and imaging assessments on
living infants. Both such studies in LPT infants have
provided valuable and complementary information.

The most detailed neuropathological evaluations
suggested that white matter injury (WMI) is com-
mon in LPT infants. Thus, Haynes et al. [13] studied
16 LPT infants and identified periventricular leuko-
malacia (PVL) in 63%. The cellular features were
similar to those observed in early PT infants [14],
not unexpectedly because the principal cellular tar-
get in PVL, the pre-myelinating oligodendrocyte,
comprises the majority of the oligodendroglial lin-
eage during the LPT period [15]. Neuronal and axo-
nal injury occurred in a minority of the cases and was
confined to the thalamus. Importantly, because con-
ventional neuropathology cannot detect the hallmarks
of neuronal maturation, e.g., dendritic develop-
ment, impaired neuronal development could not be
assessed. Importantly, also, these deceased infants
had experienced serious neonatal morbidities, e.g.,
respiratory distress syndrome, necrotizing enterocol-
itis, sepsis, unlike the large proportion of LPT infants
described earlier with cognitive deficits but no major
neonatal morbidities. It is, however, likely that the

WMI underlies the cerebral palsy described earlier in
LPT infants with neonatal morbidities.

Studies of living LPT infants with MRI meth-
ods appear to provide better insights into the neuro-
anatomic substrate of the cognitive deficits described
earlier. Thus, although there is some evidence for
impaired microstructural development in cerebral
white matter [16, 17], the preponderance of evidence
indicates more important disturbances of cerebral
cortical development. Studies utilizing various MRI
methods and supporting this conclusion have shown
in LPT infants, smaller cerebral cortical volumes,
impaired cortical gyral development, and altered
cerebral connectivity [16, 18–26]. The findings have
been observed as early as term-equivalent age and
as late as pre-adolescence. Although LPT infants
exhibit increased risk for need for resuscitation, respi-
ratory distress, intermittent hypoxemia, hypothermia,
hypoglycemia, hyperbilirubinemia and feeding diffi-
culties [3, 26, 27], no consistent relationships with
the disturbed cerebral cortical development have been
delineated. The possibilities that these factors oper-
ating in various combinations or that ex-utero life in
the prematurely born infant “reprograms” or other-
wise alters cerebral cortical development are worthy
of consideration. The latter notion is supported by
outcome studies in which such neonatal morbidities
were said to be absent despite impaired neurodevel-
opment. A particular vulnerability of cerebral cortex
likely relates to the rapidity of its development in the
late preterm period, as discussed next.

4. Cerebral cortical development in the LPT
infant

A major clue to the basis of the vulnerability of
cerebral cortex in the LPT infant relates to the extraor-
dinarily rapid and complex development occurring
in the LPT period. This rapidity and complexity ren-
der the cerebral cortex vulnerable to disturbance by
exogenous and endogenous factors related to prema-
ture extra-uterine life (see earlier). This development
has been demonstrated both in anatomic and imaging
studies.

Anatomic data show that overall the brain at 34
weeks still must gain fully 35% of its overall weight
observed at term [13]. At the microscopic level,
the cerebral cortex undergoes dramatic changes in
the third trimester, with the most striking changes
occurring during the last eight weeks [28]. Most
prominent are the elaboration of dendritic and axonal
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ramifications, onset of synaptogenesis, a marked
increase in cortical surface area and rapid gyral devel-
opment [14]. The latter is especially prominent during
the LPT period.

MRI studies with advanced techniques have
described imaging correlates of this rapid cortical
development in utero [29, 30]. Thus, MRI of healthy
fetuses has shown marked increases in cerebral vol-
ume in the third trimester, with volumes higher in
fetuses versus comparably aged premature infants
without observable parenchymal injury. A particu-
larly large fetal MRI series (n = 166) showed a 21-fold
increase in cerebral cortical gray matter in the second
half of gestation, and importantly for this discussion,
the rate of increase from 30 weeks of gestation was
more than twice that prior to 30 weeks. During the
LPT time period cerebral cortical gray matter became
the primary driver of the overall increase in cerebral
volume [30].

Not unexpectedly, MRI studies of living premature
infants have identified the period of 30–40 weeks of
gestation as the time of most rapid increase in cerebral
cortical volume [31–35]. Diffusion-based measure-
ments of cerebral cortex are consistent with the role
of cortical dendritic growth as the principal driver of
the increases in cortical gray matter [34]. Importantly,
the maturational changes become much less promi-
nent after 37 weeks’ gestation, the end of the LPT
period.

Perhaps the most decisive demonstration of the
importance of the LPT period regarding cerebral cor-
tical development is provided by a recent MRI study
utilizing serial scans of the same infants (unlike the
longitudinal and cross-sectional studies of previous
reports) [36]. Thus, although growth of cerebral corti-
cal gray matter volume was prominent over the entire
third trimester, a distinct change in rate was apparent
over the second half of the third trimester, i.e., begin-
ning at 33 to 34 weeks. Thus, cortical gray matter
growth accelerated after 33–34 weeks, with its per-
centage of intracranial volume increasing from 29%
prior to this inflection point to 47% after 33–34 weeks
[36]. Cortical gray matter growth rate increased three-
fold after onset of the LPT period [36].

5. Implications of rapid cerebral cortical
development in the LPT infant

A large clinical and experimental literature sup-
ports the general notion that preterm ex-utero
exposure can lead to impaired brain maturation

[14, 37]. In the case of the LPT infant, cerebral
cortical maturation appears to be the most vulnera-
ble target [34, 36]. Moreover, overt injury to white
matter does not appear to be an important factor,
unlike the cortical dysmaturation observed in very
preterm infants [14]. Experimental studies suggest
that impaired cortical neuronal maturation (reduced
dendritic arbor, dendritic retraction, decreased synap-
tic density) may occur after events as mild as transient
hypoxemia [38] or perinatal stress [39]. A minor-
ity of LPT infants do have increased likelihood of
such factors, as well as difficulties with resuscitation
at birth, respiratory distress, hypothermia, hypo-
glycemia, hyperbilirubinemia and feeding difficulties
[3]. Notably, however, as noted earlier, the majority of
LPT infants have no clear neonatal morbidities and
yet, still exhibit the neurocognitive deficits discussed.

6. Conclusions

Subsequent NDD affects a large absolute number
of LPT infants (see earlier). Most of this disability
affects infants without major neonatal morbidities.
Clinical data suggest that this disability, largely cate-
gorized under the term, “cognitive deficits”, involves
functions of cerebral cortex. Recent imaging data
suggest that the fundamental disturbance is impaired
maturation of cerebral cortex, principally cerebral
cortical neurons. Longstanding anatomic and recent
imaging data indicate that cerebral cortical neuronal
maturation is especially exuberant during the last
weeks of gestation. Notably, one key study (see ear-
lier) indicates that the period corresponding to the
LPT infant is one of especially rapid developmen-
tal events involving cerebral cortex. Taken together,
the findings suggest that the impaired maturation of
cerebral cortex in the LPT infant is a new example
of primary neuronal dysmaturation, previously iden-
tified by experimental and clinical studies in very and
extremely preterm infants [14, 37].

The important question becomes how to prevent or
ameliorate this cortical neuronal dysmaturation. This
topic was addressed in previous discussions of very
and extremely preterm infants [14, 37] and will not be
reviewed in detail here. Notably with the LPT infant,
prevention and treatment of such neonatal morbidities
as hypoxemic events will be useful in the minority of
infants so affected. Perhaps more importantly, in the
total group of LPT infants, longer-term interventions
involving nutrition, experiential factors (e.g., audi-
tory, viscosity, pain and stress, parenting, education,
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and socio-economic factors, as described previously
in detail in relation to very and extremely preterm
infants[14, 37] will be critical in reducing the enor-
mous burden of NDD in LPT infants.
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