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Abnormal brain maturation in preterm
neonates associated with adverse
developmental outcomes

ABSTRACT

Objective: Our objective was to determine the association of early brain maturation with neurode-
velopmental outcome in premature neonates.

Methods: Neonates born between 24 and 32 weeks’ gestation (April 2006 to August 2010) were
prospectively studied with MRI early in life and again at term-equivalent age. Using diffusion
tensor imaging and magnetic resonance spectroscopic imaging, fractional anisotropy (FA) (micro-
structure) and N-acetylaspartate (NAA)/choline (metabolism) were measured from the basal
nuclei, white matter tracts, and superior white matter. Brain maturation is characterized by
increasing FA and NAA/choline from early in life to term-equivalent age. In premature neonates,
systemic illness and critical care therapies have been linked to abnormalities of these measures.
Of the 177 neonates in this cohort, 5 died and 157 (91% of survivors) were assessed at
18 months’ corrected age (adjusted for prematurity) using the Bayley Scales of Infant and Toddler
Development III motor, cognitive, and language composite scores (mean 5 100, SD 5 15).

Results: Among these 157 infants, white matter injury was seen in 48 (30%). Severe white matter
injury, in 10 neonates (6%), was associated with a decrease in motor (218 points; p, 0.001) and
cognitive (28 points; p 5 0.085) scores. With greater severity of adverse neurodevelopmental
outcomes, slower increases in FA and NAA/choline were observed in the basal nuclei and brain
white matter regions as neonates matured to term-equivalent age, independent of the presence
of white matter injury.

Conclusions: In the preterm neonate, abnormal brain maturation evolves through the period of neo-
natal intensive care and is associated with adverse neurodevelopmental outcomes. Neurology®

2013;81:2082–2089

GLOSSARY
Bayley-III 5 Bayley Scales of Infant and Toddler Development, third edition; DTI 5 diffusion tensor imaging; FA 5 fractional
anisotropy; IQR 5 interquartile range; IVH 5 intraventricular hemorrhage; MRSI 5 magnetic resonance spectroscopic imag-
ing; NAA 5 N-acetylaspartate; WMI 5 white matter injury.

In children born prematurely, a spectrum of white matter injury (WMI) is recognized with diag-
nostic MRI, but it does not fully account for the burden of neurodevelopmental disability fre-
quently recognized in these infants.1–3 WMI is associated with widespread abnormalities of brain
maturation, even in areas remote from WMI.4–6 Diffusion tensor imaging (DTI) and magnetic
resonance spectroscopic imaging (MRSI) now provide a simple paradigm for evaluating micro-
structural and metabolic brain development.5,7–9

Although a large body of work has linked advanced magnetic resonance parameters of brain
development at term-equivalent age to long-term outcomes,10213 little is known about the trajectory
of development from early in preterm life, the period when intensive care interventions are occur-
ring. When preterm neonates are imaged at term-equivalent age, decreased cortical and subcortical
gray matter volumes and abnormal white matter microstructure are associated with neurodevelop-
mental disabilities.13215 In preterm neonates scanned serially with MRI, the rate of cerebral cortical
growth predicted cognitive, but not motor, skills in childhood.16 Despite emerging links between

From the Departments of Pediatrics (S.P.M.), Divisions of Neurology (V.C.) and Neonatology (A.S., R.E.G.), Radiology (K.J.P.), and Statistics (R.B.), BC
Children’s & Women’s Hospitals and University of British Columbia, and the Child & Family Research Institute (V.C., A.S., R.E.G., K.J.P., R.B., S.P.M.),
Vancouver; and Department of Pediatrics (S.P.M., V.C.), Neurology, the Hospital for Sick Children and University of Toronto, Canada.

Go to Neurology.org for full disclosures. Funding information and disclosures deemed relevant by the authors, if any, are provided at the end of the article.

2082 © 2013 American Academy of Neurology

mailto:steven.miller@sickkids.ca
http://www.neurology.org/
http://neurology.org/


systemic illness17221 and critical care therapies22

and impaired white matter and subcortical
brain microstructure and metabolism, the
impact of early abnormal maturation of these
structures on neurodevelopmental outcomes
needs to be determined.

The objective of this prospective cohort study
of preterm neonates studied with serial brain
MRI was to determine the association of brain
microstructural and metabolic maturation with
neurodevelopment at 18 months’ corrected age.
We hypothesized that adverse neurodevelopmen-
tal outcomes are associated with impaired brain
maturation in the white matter and basal nuclei.

METHODS Standard protocol approvals, registrations,
and patient consents. This study was approved by the Univer-
sity of British Columbia Clinical Research Ethics Board. After

informed consent was obtained from parents, study participants

were recruited prospectively from April 2006 to August 2010 at

the British Columbia Women’s Hospital, the major provincial

tertiary-level neonatal intensive care unit.

Study population. Newborns were eligible if they were born

between 24 and 32 weeks’ gestation. Exclusion criteria comprised 1)

congenital malformation or syndrome, 2) antenatal congenital infec-

tion, or 3) ultrasound evidence of a large parenchymal venous hemor-

rhagic infarction (.2 cm). All parents of eligible infants were

approached if their child was admitted for more than 1 week and if

they accepted to meet with a study team member. Of the parents

approached (figure e-1 on the Neurology® Web site at www.

neurology.org), 188 consented to participate in this study; 177 of

them had at least one MRI scan. Of this cohort, 5 newborns

(3.5%) died and 157 (91% of survivors) came to follow-up. This

mortality rate is similar to other Canadian neonatal intensive care

units.23 Enrolled patients were younger (median: 27.0 vs 29.0 weeks’

gestation; p 5 0.0001) and smaller (median: 991 vs 1,165 g; p 5 0.

0001) at birth, compared with the nonparticipating newborns.

Clinical data collection. Systematic detailed chart reviews were

performed to collect clinical information about pregnancy, labor,

delivery, and perinatal course (table e-1; see e-Methods for clinical

definitions).

MRI studies. With a magnetic resonance–compatible isolette

(Lammers Medical Technology, Lubeck, Germany) and special-

ized neonatal head coil (Advanced Imaging Research, Cleveland,

OH), newborns were studied twice with MRI: once within the

first few weeks after birth when clinically stable and again at term-

equivalent age. Detailed imaging methods applied in this cohort

have been described previously.5,19 MRI studies were performed

without pharmacologic sedation on a Siemens 1.5T Avanto scan-

ner (Erlangen, Germany) with 3-dimensional coronal volumetric

T1-weighted images and axial fast spin echo T2-weighted

images.5,19 An experienced neuroradiologist (K.P.), blinded to

the newborn’s medical history, rated the severity of WMI, intra-

ventricular hemorrhage (IVH), ventriculomegaly, and cerebellar

hemorrhage using scores that have high intraobserver reliabil-

ity.1,5,24 The severity of WMI was scored as minimal (#3 lesions

of,2 mm), moderate (.3 lesions or lesions.2 mm, but involv-

ing no more than 5% of the hemisphere), or severe (.5% of

hemispheric involvement).1

Using DTI (see e-Methods), we measured fractional anisotropy

(FA) from 7 white matter regions and 5 gray matter regions as

reported previously.5,19 With white matter development, FA increases

in parallel with the maturation of the oligodendrocyte lineage and

early myelination.7 For analyses, regions of interest were grouped as

follows: 1) basal nuclei (caudate, lentiform nuclei, and thalamus); 2)

white matter tracts (genu and splenium of corpus callosum, posterior

limb of the internal capsule and optic radiations); and 3) superior

white matter (anterior, central, and posterior white matter). These

regions of interest were grouped to reflect similarities in anatomical

connectivity or proximity.

MRSI (see e-Methods) assesses brain regional metabolism by

measuring the relative concentration of certain metabolites. The

N-acetylaspartate (NAA)/choline ratio reflects neuronal integrity

and metabolism, and increases with brain maturation.8 NAA/cho-

line was measured from 4 gray matter regions and 3 white matter

regions.5,19 As for DTI, these regions were grouped as gray matter

(group 1) and white matter (groups 2 and 3). In previous studies

examining the relationship between early brain injury and systemic

illness with brain maturation, FA and NAA/choline demonstrated

the most robust associations.5,19,21

Neurodevelopmental outcomes at 18 months of age. At 18
months’ corrected age, 154 children underwent a neurodevelop-

mental assessment conducted by examiners who were unaware of

the MRI findings (median 18.7 months’ corrected age; interquar-

tile range [IQR] 18.3–19.2 months). Three children missed their

18-month follow-up appointment, but were assessed around 33

months of age for a total of 157 infants with follow-up data. Of

these 157 children who came to follow-up, all were scanned at

least once and 140 were scanned twice. The examiners assessed

neurodevelopment using the Bayley Scales of Infant and Toddler

Development, third edition (Bayley-III), with separate composite

scores (mean 100 6 SD 15) for cognition, language (receptive

and expressive), and motor skills (fine and gross). Given previous

findings that the Bayley-III seems to overestimate neurodevelop-

ment,25 for statistical analysis purposes, the cohort was divided

into 4 outcome categories: 1) normal (.100), 2) low normal

(85–100), 3) mild impairment (70–84), and 4) significant

impairment (,70). One patient was too delayed to be reliably

tested and was assigned a score of 49 for each domain of the

Bayley-III. Maternal education was described as a measure of

socioeconomic status.26

Data analysis. Statistical analysis was performed using Stata 11 soft-

ware (StataCorp, College Station, TX). Clinical characteristics of the

newborns were compared using 2-tailed Fisher exact test and Kruskal-

Wallis test for categorical and continuous data, respectively. Linear

regression was used to evaluate the association of brain injury (e.g.,

WMI) with Bayley-III domains at each scan. Using generalized esti-

mating equation modeling for repeated measures, adjusting for gesta-

tional age at birth, postmenstrual age at MRI scan, and multiple

regions of interest, mean values of FA and NAA/choline ratios from

both scans were compared across outcome groups. To address our

primary hypothesis, interaction terms for outcome groups by post-

menstrual age at MRI were examined to determine whether param-

eters of brain maturation evolved differently across outcome groups.

RESULTS Clinical characteristics of the newborns. The
total cohort comprised 177 preterm newborns (90
males) delivered at a median age of 27.6 weeks’ gesta-
tion (range 24.0–32.0; IQR 25.9–29.7 weeks). Patients
had their first MRI scan at a median age of 32.1 weeks’
gestation (range 27.1–46.3; IQR 30.5–33.9 weeks). Of
those, 141 had a second scan at 40.3 weeks (range
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32.0–46.4; IQR 38.7–42.1 weeks). Five children died
before 18 months of age. The clinical features of chil-
dren lost to follow-up are provided in table e-1.

In general, motor scores were lower than cognitive
and language scores (table 1). The children in each
outcome group had similar clinical characteristics,
except those with significant motor delay (scores
,70) were born at lower gestational age, were smaller
at birth, required more support in the first day of life,
and were more likely to have postnatal infection.
Maternal education categories (Hollingshead) were
similar across the motor outcome groups.

Brain injury and neurodevelopmental outcomes. Brain
MRI scans were normal in only 56 (34%) of the new-
borns (tables 2 and 3). On diagnostic MRI, only WMI
was associated with motor, cognitive, or language out-
comes. In linear regression models adjusting for gesta-
tional age at birth, severeWMI (grade 3) on both scans
was significantly associated with abnormal motor out-
comes (table 3), but not the range of IVH or cerebellar
hemorrhage observed in this cohort. Cystic periventric-
ular leukomalacia was seen in 3 infants; another 4 new-
borns were found to have hemorrhagic WMI, which
may evolve into cystic periventricular leukomalacia.
Interestingly, 18 newborns without evidence of WMI
on the first MRI eventually were found to have some
motor delay, including 8 children without overt IVH,

ventriculomegaly, or cerebellar hemorrhage on MRI
(table 2). Of these 18 newborns, only one infant devel-
oped mild WMI on the second scan (IVH grade 2 on
first MRI). Of the 8 newborns with completely normal
scans, most hadmild motor delay but no cerebral palsy.
Only 1 of the 8 was severely delayed and hypotonic;
this child was considered to have a genetic syndrome.

Basal ganglia injury was seen in 4 newborns, which
was concurrent with grade 3 WMI or small parenchy-
mal venous hemorrhagic infarction. Of these, 2 died
within a few months of life, one had low normal motor
outcome (mild atrophy in the posterior body of the cau-
date), and one had spastic quadriparesis at her 18-month
follow-up (signal abnormality in the lentiform nuclei
bilaterally).

Brain maturation and neurodevelopmental outcomes.

Motor outcomes. In basal nuclei, mean FA showed a slower
increase across motor outcome groups (overall interac-
tion p 5 0.11), especially in children with significant
delay (p 5 0.037); and NAA/choline augmented less
rapidly with increasing severity of adverse motor out-
comes (overall interaction p 5 0.02) (figure 1A). In
white matter tracts, FA did not show an interaction
across the motor outcome groups. However, FA was
lower in the children with mild (p 5 0.02) and signif-
icant (p 5 0.009) motor delay. In superior white mat-
ter, FA and NAA/choline were not associated with

Table 1 Clinical features of the newborns, by motor outcome group on Bayley-III

Clinical features

Bayley-III (motor functions)

>100 (n 5 76) 85–100 (n 5 51) 70–84 (n 5 17) <70 (n 5 13) Death (n 5 5) p Value

Male (n 5 162) 38 (50) 29 (57) 11 (65) 4 (31) 3 (60) 0.26

Gestational age at birth, wk (n 5 162) 28.0 (26.1–30.0) 27.8 (25.8–29.7) 25.7 (25.0–27.5) 27.4 (26.1–27.7) 26.0 (25.8–26.4) 0.04a

Birth weight, g (n 5 162) 1,067 (841–1,325) 1,055 (795–1,285) 820 (730–940) 815 (638–1,170) 945 (896–946) 0.02a

Head circumference at birth, cm (n 5 148) 26.0 (24.2–28.0) 26.0 (22.5–28.0) 23.5 (22.5–24.5) 23.8 (22.5–26.3) 24.5 (21.0–24.8) 0.005a

SNAP-II (n 5 148) 9 (5–22) 14 (9–22) 19 (14–27) 17 (9–36) 14 (9–34) 0.04a

Hypotension (n 5 152) 29 (43) 15 (31) 10 (59) 6 (46) 3 (60) 0.20

Infection (n 5 161) 28 (37) 26 (51) 10 (59) 10 (77) 3 (60) 0.03a

PDA (n 5 162) 29 (38) 27 (53) 10 (59) 8 (62) 4 (80) 0.16

NEC (n 5 161) 12 (16) 12 (24) 6 (35) 3 (23) 0 0.29

CLD (n 5 156) 22 (29) 18 (38) 9 (50) 7 (54) 2 (40) 0.11

Maternal education categories (n 5 158) 6 (5–6) 6 (5–6) 5 (5–6) 5 (5–6) 4 (4–4) 0.24

Motor composite scores (n 5 155) 107 (100–110) 91 (88–94) 79 (76–82) 61 (58–67) —

Gross motor subscores (n 5 152) 10 (10–11) 8 (6–9) 4 (3–6) 2 (1–3) —

Fine motor subscores (n 5 152) 12 (11–13) 10 (9–10) 8 (7–10) 4 (3–7) —

Cognitive composite scores (n 5 155) 110 (105–117) 100 (95–110) 95 (85–100) 80 (75–80) —

Language composite scores (n 5 154) 106 (97–112) 94 (86–103) 94 (79–100) 71 (68–83) —

Abbreviations: Bayley-III 5 Bayley Scales of Infant and Toddler Development, third edition; CLD 5 chronic lung disease; NEC 5 necrotizing enterocolitis;
PDA 5 patent ductus arteriosus; SNAP-II 5 Score for Neonatal Acute Physiology–II.
Data are no. (%) or median (interquartile range).
a Significant value.
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outcomes, independent of age at birth and WMI
(table 4). When these analyses were done separately
for gross motor and fine motor functions, these findings
persisted for the gross motor functions only.

Cognitive outcomes. With increasingly adverse cogni-
tive outcomes, FA showed a slower increase in the basal
nuclei (overall interaction p 5 0.002), white matter
tracts (p 5 0.05), and superior white matter (p 5

0.03). Similarly, NAA/choline increased less rapidly
in the gray and white matter (both p , 0.0001).

Language outcomes. In basal nuclei, FA was not asso-
ciated with language outcomes, but NAA/choline
ratios increased more slowly (overall interaction p 5

0.03), especially in the children with significant lan-
guage delay (p5 0.04). In white matter tracts, FA values

did not show an interaction with age across the language
outcome groups. However, the values were lower in the
children with significant (p5 0.001) language delay. In
superior white matter, FA values showed a slower
increase with increasing adverse language outcomes
(overall p, 0.0001; figure 1B). However, NAA/choline
ratios in white matter did not show a significant associ-
ation (overall p 5 0.82).

In all outcome domains (motor, cognitive, and lan-
guage), microstructural abnormalities, reflected in FA,
were due to impairment of radial (l2 and l3) rather than
axial (l1) diffusivity, mostly in white matter tracts and
to a lesser extent in superior white matter (table e-2).
Sex did not alter the associations noted in these statis-
tical models.

Table 2 Brain injuries as seen on the first MRI scan, by motor outcome group on Bayley-III

Bayley-III (motor functions)

>100 (n 5 76) 85–100 (n 5 51) 70–84 (n 5 17) <70 (n 5 13) Death (n 5 5) p Value

White matter injury 0.007a

0 58 (76) 33 (65) 11 (65) 7 (54) 2 (40)

1 10 (13) 8 (16) 1 (6) 1 (8) 0

2 8 (11) 6 (12) 1 (6) 3 (23) 2 (40)

3 0 4 (8) 4 (23) 2 (15) 1 (20)

Intraventricular hemorrhage 0.02a

0 48 (63) 22 (43) 9 (53) 6 (46) 0

1 7 (9) 9 (18) 1 (6) 1 (8) 1 (20)

2 20 (26) 19 (37) 6 (35) 5 (38) 2 (40)

3 — — — — —

PVHI 1 (1) 1 (2) 1 (6) 1 (8) 2 (40)

Cerebellar hemorrhage 10 (13) 7 (14) 6 (35) 2 (15) 2 (40) 0.11

Abbreviations: Bayley-III 5 Bayley Scales of Infant and Toddler Development, third edition; PVHI 5 parenchymal venous
hemorrhagic infarction.
Data are no. (%). Note that in this cohort, no grade 3 intraventricular hemorrhage was seen (i.e., ventriculomegaly caused
by direct expansion by blood in the ventricles).
a Significant value.

Table 3 Differences in mean neurodevelopmental outcomes for different grades of WMI (relative to no injury)

WMI No. (%) Motor (95% CI) p Value Cognition (95% CI) p Value Language (95% CI) p Value

First scan 177

1 20 (13) 20.43 (27.4 to 6.5) 0.90 3.0 (23.8 to 9.8) 0.38 0.94 (26.8 to 8.7) 0.81

2 18 (11) 24.8 (212.1 to 2.5) 0.19 23.1 (210.2 to 4.1) 0.40 1.2 (26.9 to 9.3) 0.78

3 10 (6) 218.2 (227.7 to 28.7) ,0.001a 28.1 (217.4 to 1.1) 0.09 21.7 (212.2 to 8.8) 0.75

Second scan 141

1 12 (9) 21.5 (210.3 to 7.3) 0.74 1.8 (26.6 to 10.3) 0.67 4.7 (24.7 to 14.0) 0.33

2 14 (10) 23.4 (211.6 to 4.8) 0.41 1.6 (26.3 to 10.3) 0.70 3.4 (25.3 to 12.1) 0.44

3 8 (6) 215.3 (225.9 to 24.7) 0.005a 29.2 (219.4 to 0.94) 0.08 28.8 (220.0 to 2.4) 0.12

Abbreviations: CI 5 confidence interval; WMI 5 white matter injury.
These differences across different domains of neurodevelopmental outcomes were tested using a multivariable linear
regression model adjusting for gestational age at birth.
aSignificant value.
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DISCUSSION In this prospective cohort of preterm
newborns, studied serially with DTI and MRSI, we
demonstrate that abnormal brain maturation detected
early in life is associated with abnormal neurodevelop-
mental outcomes at 18 months’ corrected age. This
novel finding builds on previous observations that
brain injury on diagnostic MRI in premature new-
borns, both before1 and at term-equivalent age,2,3 is
associated with adverse early neurodevelopment. In
the current study, we find that while significant
WMI on MRI is associated with adverse motor out-
comes, impaired maturation of brain microstructure
and metabolism from early in life is even more
robustly associated with early cognitive and language
outcomes. Given previous findings linking abnormal-
ities of brain structure at term-equivalent age with
adverse neurodevelopmental outcomes, our findings
stress the importance of early-life brain health for
functional neurodevelopmental outcomes.

Despite current efforts to understand the neurobi-
ology and outcomes of children born preterm, there is

wide variation in functional outcomes among preterm
infants, even those born at the same gestational age.
Some preterm children ultimately exhibit neurodeve-
lopmental disability or cerebral palsy in the absence of
visible brain lesions on diagnostic imaging.2 It is
increasingly apparent that a number of clinically impor-
tant systemic conditions are associated with abnormal
early brain maturation.2,13215,17222 Data from the cur-
rent study indicate that both early brain maturation and
structural brain lesions are critical pathways from sys-
temic illness to adverse outcomes. Because MRI has
limited sensitivity for some aspects of WMI,27 these
observations underscore the fact that apparent injuries
on MRI, whether in early life1 or at term-equivalent
age,2 are only one dimension of the detectable brain
abnormalities prevalent in the preterm newborn.

Given the focus on WMI in the preterm newborn,
it is important to note that impairments of microstruc-
ture and metabolism in the basal nuclei were strongly
associated with adverse outcomes in all developmental
domains. The observation of microstructural and met-
abolic development abnormalities in the basal nuclei in
the preterm neonate preceding adverse neurodevelop-
mental outcome is consistent with a previous observa-
tion of disrupted thalamocortical connections in
preterm newborns with WMI,12 resulting in significant
motor delay and cognitive challenges. Other studies
have found that preterm birth is associated with smaller
regional brain volumes, including the cerebral cortex,
thalamus, and cerebellum,28230 and that reduced brain
volumes in preterm children (measured in late child-
hood, i.e., at 8 years of age) are associated with abnor-
mal cognitive outcomes.28,31 In line with Volpe’s
concept of “encephalopathy of prematurity,”32 the
abnormalities in brain microstructure and metabolism
detected in our study from early in life are neither
transient nor limited to the white matter.

Together with recent experimental findings, our ob-
servations call for a refocus of the paradigm of brain
injury in the premature newborns as a nonprogressive
lesion to that of a dynamic process that evolves over
the weeks newborns are cared for in the neonatal inten-
sive care unit. Beyond the visible lesion seen on MRI,
there are microstructural and metabolic abnormalities
that seem to evolve over time. WMI has been linked
to vulnerability of the oligodendrocyte lineage injury.6

However, recent experimental and human autopsy
data indicate that myelination failure primarily relates
to arrested maturation of the oligodendrocyte lineage at
the preoligodendrocyte stage, rather than depletion of
the preoligodendrocyte pool.6 The persistence of this
“susceptible” cell population also maintains white
matter vulnerability to recurrent insults.33 These
experimental findings of impaired oligodendrocyte mat-
uration are supported in this study, with the major
differences in FA being attributable to components of

Figure 1 Nonadjusted scatter plots of mean NAA/choline ratios and mean
fractional anisotropy on the Bayley-III

These nonadjusted scatter plots, by gestational age at MRI scan and measured on Bayley-III,
show (A) the mean NAA/choline ratios in the basal nuclei for motor outcomes, and (B) the mean
fractional anisotropy in the superior white matter for language outcomes. Bayley-III 5 Bayley
Scales of Infant and Toddler Development, third edition; NAA 5 N-acetylaspartate.
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radial (glial), as opposed to axial (axonal), diffusivity.
Because the spectrum of brain abnormalities extends
well beyond the boundaries of multifocal WMI and
evolves over a considerable period of time, efforts to
reduce exposure to hypoxia-ischemia and inflammation
may prevent brain injury and optimize brain matura-
tion. Furthermore, efforts to reduce systemic illnesses
associated with abnormal early brain maturation, such
as nosocomial infections, may provide new avenues to
improve the brain health and neurodevelopmental out-
come of the preterm newborn.

There are a number of limitations to our study. The
lack of association of IVH and cerebellar hemorrhage
with 18-month outcomes likely reflects the mild nature
of these abnormalities in the context of this cohort’s
sample size. Nevertheless, the mortality rate and patient
characteristics of our cohort are similar to those of other
Canadian neonatal intensive care units.23 Furthermore,
the limitations of MRI at clinical field strengths need to
be acknowledged. In the preterm fetal sheep model of

WMI, high-field MRI demonstrated promise for
early detection of microscopic necrosis and gliosis asso-
ciated with preoligodendrocyte maturation arrest.27

While scanning at clinical field strengths may lack the
resolution required to detect microscopic necrosis, FA
nevertheless provides a robust marker of the early pro-
gression of the oligodendrocyte lineage and the vulner-
able cell lineage in the preterm brain,7 and ratios of NAA
to choline provide a clinically relevant measure of neu-
ronal metabolism. Our ability to probe the full spectrum
of higher order neurocognitive disabilities evident only
later in childhood34,35 is also limited by the age of this
cohort. Even in preterm children with broadly normal
intelligence, processing impairments can be seen and
may include attention deficit and executive dysfunctions
(e.g., cognitive flexibility, inhibitory control, working
memory),35,36 and vulnerability of visually based infor-
mation processing.35,37 Recent data with fMRI38 and
magnetoencephalography39 point to altered cortical con-
nectivity and synchronization during cognitive tasks

Table 4 Differences in mean FA and mean NAA/choline ratios in children with different outcome groups

Low normal (85–100) Mild delay (70–84) Significant delay (<70)

Coefficient p Value Coefficient p Value Coefficient p Value

Motor outcomes

DTI

Mean FA

Basal nuclei See text for description of outcomes over time interaction

White matter tracts 10.0017 0.81 20.0266 0.02a 20.0274 0.009a

Superior white matter 10.0082 0.11 20.0041 0.68 20.0079 0.38

MRSI

Mean NAA/choline

Basal nuclei See text for description of outcomes over time interaction

Superior white matter 10.0032 0.75 20.0275 0.14 20.0226 0.18

Cognitive outcomes See text for description of outcomes over time interaction

Language outcomes

DTI

Mean FA

Basal nuclei 20.0061 0.03a 20.0024 0.37 10.0087 0.277

White matter tracts 20.0029 0.70 20.0024 0.96 20.0377 0.001a

Superior white matter See text for description of outcomes over time interaction

MRSI

Mean NAA/choline

Basal nuclei See text for description of outcomes over time interaction

Superior white matter 20.0011 0.92 20.0127 0.34 20.1327 0.46

Abbreviations: DTI 5 diffusion tensor imaging; FA 5 fractional anisotropy; MRSI 5 magnetic resonance spectroscopic
imaging; NAA 5 N-acetylaspartate.
A multivariable linear regression model adjusting for gestational age at birth and presence of white matter injury and
intraventricular hemorrhage was used to test the mean FA (brain microstructure) and mean NAA/choline ratios (brain
metabolism) in children with different Bayley score groups compared with those with normal neurodevelopment (.100).
aSignificant value.
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relative to full-term controls, even in the absence of
significant disability. Alterations in thalamocortical
connectivity are now detectable in the neonatal period
in the preterm population.12,22,40 Together, these
findings suggest that while altered brain maturation
begins in early life in neonates born very preterm,
these children may compensate for early brain
adversity by recruiting different patterns of cortical
activation. How this compensation is affected by
abnormal brain maturation in the neonatal period,
particularly of the basal nuclei, is now a critical
question and will be addressed with long-term
follow-up of this cohort. Furthermore, as this cohort
matures through childhood we will be able to test
the hypothesis that the maturation of individual
brain regions or pathways predicts specific neuro-
psychological functions.

In this prospective cohort of preterm neonates stud-
ied serially with MRI and high follow-up rates to 18
months’ corrected age, abnormal brain maturation as
measured by DTI andMRSI from early in life to term-
equivalent age is associated with adverse neurodeve-
lopmental outcome. Therefore, brain abnormalities
in preterm newborns related to adverse neurodevelop-
mental outcomes are not limited to structural brain
lesions. These widespread abnormalities in brain matu-
ration are not static or limited to the visible white matter
lesions, but rather an evolving process that occurs dur-
ing a period of intensive care, and possibly even beyond.
Potentially modifiable risk factors for abnormal brain
maturation include postnatal infections, lung disease,
and pain.17222 Establishing the link between abnormal
brain maturation and adverse neurodevelopmental out-
come now points to new opportunities to improve the
brain health of preterm newborns.
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It’s Time to Plan for ICD-10, and the AAN Can Help
All health care providers are required to transition to ICD-10 on October 1, 2014. Claims for
services performed on or after this date with an ICD-9 code will not be processed and payments
will be delayed. The AAN provides information and resources to help you make this a smooth
transition, and has partnered with Complete Practice Resources to provide you with an affordable
online project management tool to help walk you through each phase of the necessary preparation
to ensure you’re ready. Learn more at AAN.com/view/ICD10 and start your transition today!
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