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ABSTRACT

Free radical mediated cellular injury has been hypothesized to
play a key role in the pathogenesis of white matter injury in the
premature infant, although direct evidence is lacking. Between
April 1999 and May 2001, 22 very low birthweight infants, 30
term infants, and 17 adults had samples of cerebrospinal fluid
(CSF) collected for clinical indications. Only CSF samples with-
out any evidence of meningeal inflammation were analyzed for
the levels of the lipid peroxidation products, 8-isoprostane and
malondialdehyde (MDA), and protein carbonyls as a measure of
protein oxidation. Chlorotyrosine was monitored as a measure of
neutrophil oxidative activity. In the premature infants with sub-
sequent evidence of white matter injury on magnetic resonance
imaging at term, there was a significant elevation in the CSF
level of protein carbonyls in comparison with the level in healthy
premature infants, term infants, and adult controls (all p <
0.001). A significant difference in the levels of the lipid peroxi-
dation products, 8-isoprostane and MDA, was apparent between

With improved survival of the extremely premature infant,
there is an increasing recognition of long-term adverse neuro-
developmental outcome, with up to 50% of these infants later
experiencing significant neurodevelopmental disability (1).
Periventricular leukomalacia (PVL) in the premature infant is
a distinctive lesion of cerebral white matter associated with
much of this adverse neurologic outcome. The pathogenesis of
cerebral white matter injury in the premature infant is not
entirely clear, although ischemia-reperfusion and infection/
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premature infants with white matter injury and adult controls
(isoprostanes p = 0.02, MDA p = 0.014). There was a trend
toward higher levels of 8-isoprostane in the premature infants
with white matter injury in comparison with those without white
matter injury (p = 0.08), with 5 of the 14 infants with white
matter injury having levels that were more than 10-fold higher
than the top of the adult range. There was no significant differ-
ence in the level of chlorotyrosines among any of the groups.
These preliminary data provide evidence of an association of
elevated oxidative products during the evolution of white matter
injury in the human premature infant. (Pediatr Res 52: 213-218,
2002)

Abbreviations
CSF, Cerebrospinal fluid
MDA, Malondialdehyde
MRI, Magnetic resonance imaging

inflammation appear to be important (2). The unique nature of
this neuropathological lesion in the premature infant is hypoth-
esized to relate in part to an exquisite vulnerability of the
immature oligodendrocyte to free radical damage (2-5). In two
model systems of free radical accumulation, the early differ-
entiating oligodendrocyte has been shown to be exquisitely
vulnerable to free radical attack (2—5). The free radical vulner-
ability appears to be present only during this specific cell stage
of oligodendrocyte development. Moreover, this immature
form, the so-called preoligodendrocyte, has been shown re-
cently to account for 90% of the total population of oligoden-
drocytes in cerebral white matter of infants under the gesta-
tional age of 31 wk (6), the period when the premature infant
is most at risk for white matter injury.

Although free radical mediated cellular injury has been
proposed as a key pathogenetic factor in cerebral white matter
injury in the premature infant (2—4), direct evidence is lacking.
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Because free radicals are too short-lived to be detected directly
in clinical samples, indirect biomarkers of reactive oxidant
production are measured. Biomarkers of lipid peroxidation and
protein oxidation are available. To assess lipid peroxidation in
this study, we have measured the F,-isoprostane, 8-isoprostane
(8-isoprostaglandin F,,). Isoprostanes are stable oxidation
products of arachidonic acid that are formed specifically as a
result of lipid peroxidation (7, 8). They are elevated in a
number of disorders in which free radicals are implicated
(8—10) and are considered to be a highly reliable index of lipid
peroxidation. We have also measured MDA, which is a less
specific and discriminatory biomarker of lipid peroxidation
than 8 isoprostanes. However, when the MDA assay has
included HPLC separation of the products, it has been infor-
mative in a number of studies (11-14). Protein carbonyls,
particularly when measured by ELISA, provide a sensitive
measure of protein oxidation (15-17). A variety of oxidative
mechanisms generate carbonyl groups directly on proteins, or
these groups can arise through covalent attachment of aldehyde
products of lipid peroxidation (16—19). Elevated protein car-
bonyls have been found in association with oxidative stress
(20-23). In this study, we have also monitored chlorotyrosine,
which is produced by the modification of the amino acid
tyrosine by hypochlorous acid. Hypochlorous acid is a unique
product of myeloperoxidase and is therefore a specific marker
of oxidation due to inflammatory cells (neutrophils and mono-
cytes) that contain this enzyme (24). In combination, these
assays can provide important insights concerning associations
of elevated reactive oxidative species with disease states.

The aim of this study was to evaluate the relationship
between the levels of lipid and protein oxidation products in
the CSF of premature infants and the presence of white matter
injury identified at term by MRI. We hypothesized that infants
who exhibited white matter injury would have elevated CSF
levels of the oxidative markers when compared with infants
who did not exhibit white matter injury.

METHODS
Study Population

This longitudinal cohort study was derived from a popula-
tion that comprised any infants admitted to the special care
baby unit or the neonatal intensive care unit at Christchurch
Women’s Hospital, Christchurch, New Zealand between April
1999 and May 2001 who underwent a lumbar puncture study
for clinical indications. The infants included in the analysis for
this study were (1) term infants, greater than 36 wk gestational
age at birth and (2) premature infants with birthweight less than
1500 g or gestational age equal to or less than 32 wk. Samples
collected from adult control subjects at the time of elective
spinal anesthesia were also analyzed.

Informed written consent was obtained from the adult sub-
jects and the parents of all infants in this study. The Institu-
tional Review Board of the Christchurch Women’s Hospital
approved this study.

Clinical information. Information derived from the clinical
setting as well as from the results of CSF examination, includ-
ing CSF culture, cell count, protein, and glucose, was collected
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to identify proven or probable meningitis. Samples were ex-
cluded from further analysis if there was any evidence of
meningeal inflammation, for example, an elevated CSF white
cell count (>5 WBC correcting for red cell count by 1:500) or
positive CSF culture or bacterial antigen testing. In addition,
infants with cerebral dysgenesis were excluded. For all infants
enrolled, there was an extensive review of the records of the
pregnancy, birth history, and neonatal course, including respi-
ratory, cardiovascular and nutritional parameters, and the re-
sults of cranial ultrasound scans, which were performed rou-
tinely in the first 72 h of life, and again at least at 7 and 42 d
of life.

Measurement of Oxidation Products

An additional 1 mL sample of CSF was taken at the time of
the clinically indicated lumbar puncture studies. All samples
were centrifuged within an hour of collection, separated and
stored at —80°C. Protein carbonyl concentrations were deter-
mined by ELISA (17) with the following modification: protein
(Spg in 5 pL) was derivatized with 2.5 mM dinitrophenylhy-
drazine (15 pL) and then diluted to 1 mL in PBS. The assay
was performed on 200 pL aliquots of this solution added to
each well. Chlorotyrosine/tyrosine ratios were assayed on hy-
drolysates from 40 ug protein by stable isotope dilution gas
chromatography/mass spectroscopy (25). 8-Isoprostane levels
in 50 uL CSF samples were determined using an ELISA kit
(Cayman Chemicals, Ann Arbor, MI, USA). MDA was mea-
sured in 20 wL CSF after derivatization with thiobarbituric acid
by HPLC with fluorescence detection (26).

Magnetic Resonance Imaging and Definition
of White Matter Injury

MRI was undertaken as part of a research protocol during
the week of the infant’s expected date of delivery (27). MRI
assessment of the cerebral white matter was defined qualita-
tively as normal or as exhibiting evidence of white matter
injury, the latter based on a modified qualitative assessment
scoring (28). To identify any relationship between the different
forms of white matter injury and the CSF levels of oxidative
markers, the premature infants with any evidence of white
matter injury were further subdivided into groups on the basis
of the presence of (1) cystic white matter injury, (2) signal
abnormality in the periventricular white matter, or (3) isolated
ventriculomegaly without cysts or white matter signal abnor-
mality. Representative examples are shown in Figure 1.

Statistical Analysis

Statistical analyses were performed with SyStat and SPSS
for Windows (SPSS Inc, Chicago, IL, USA). For comparison
of the measures of oxidative products between the four groups,
tests of significance were based on chi-square test of indepen-
dence for dichotomous measures and one-way analysis of
variance for continuous measures. Nonparametric analyses
were undertaken with either Kruskall-Wallis or for ordered
categories between two groups. Contrast was achieved with the
Mann-Whitney U test. Log transformation of the level of
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Figure 1. Representative magnetic resonance images of three different pre-
mature infants with white matter injury to illustrate the three classifications.
Left image, axial T2-weighted image. Cystic white matter (arrow) injury with
ventriculomegaly. Middle image, SPGR coronal image. Signal abnormality
(arrow) in periventricular white matter with ventriculomegaly. Right image,
sagittal image. Isolated ventriculomegaly (arrow) without cysts or white matter
signal abnormality.

8-isoprostane was undertaken before regressional analysis to
allow approximation to normal distribution of the data.

RESULTS
Population Characteristics

Eighty-eight samples were collected from 30 term infants
and 30 premature infants. Eight premature infants and four
term infants, many with repeated samples, were excluded
because of the presence of meningeal inflammation (n = 10) or
cerebral dysgenesis (n = 2). Thus, after exclusion of these
infants, the remaining population consisted of 22 premature
infants and 26 term infants who had only a single CSF sample
available to be analyzed. Seventeen adult control CSF samples
also were analyzed.

The 22 premature infants had a mean gestational age of 27.4
wk (range 23-32 wk) and a mean birthweight of 1090 g (range
5601520 g). Of these 22 infants, 6 had intraventricular hem-
orrhage and 13 had persisting oxygen requirements at 36 wk
post conceptual age. Fourteen of the 22 had evidence of white
matter injury on their MRI scan at term. The injury was
identified as cystic white matter injury with ventriculomegaly
in two infants, periventricular signal abnormality with ven-
triculomegaly in four infants, and isolated ventriculomegaly in
eight infants (Fig. 1).

The CSF samples were taken at a similar postnatal age in the
premature infants with white matter injury [mean = SEM 27 =
8 d (n = 14)]; and in those with no white matter injury [22 =
4.7 d (n = 8)]. The CSF samples from the term infants were
acquired at the earlier postnatal age of 4.0 = 1.1 d.

Relationship of CSF Oxidative Markers
to White Matter Injury

Protein carbonyl levels. Premature infants with evidence of
white matter injury at term had a highly significant elevation in
CSF protein carbonyl levels (generally 2-fold) in comparison
with the premature infants without white matter injury, the
term infants, and the adult subjects (Fig. 2, Table 1, p < 0.001
for all comparisons, Kruskal-Wallis). Posthoc analysis showed
that there were highly statistically significant differences be-
tween the premature infants with white matter injury in com-
parison with each of the other groups (Kruskal-Wallis, p <
0.001 for all comparisons).
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Figure 2. Levels of markers of lipid and protein oxidation in CSF of
premature infants with white matter injury (prem WMI), premature infants
without white matter injury (prem no WMI), term infants, and adults. Values
shown are median levels (25th/75th box; 10th/90th error bars and individual
outliers) of protein carbonyls (upper graph); isoprostanes (middle graph), and
MDA (lower graph).

Lipid peroxidation measures. Analysis of the CSF levels of
the two markers of lipid peroxidation revealed a significant
difference in levels of both among the four groups (Kruskal-
Wallis MDA, p = 0.02; 8-isoprostane, p = 0.04). Posthoc
analysis showed that the statistically significant difference lay
between the premature infants with white matter injury in
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comparison with the adult subjects (Kruskal-Wallis, MDA p =
0.01; isoprostanes p = 0.02). There was no significant differ-
ence between the two groups of premature infants for MDA.
However, there was a trend toward an elevation in the levels of
8-isoprostane in the premature infants with white matter injury
in comparison with those without white matter injury (Kruskal-
Wallis, p = 0.08). Inspection of the individual data showed
two clusters in the white matter injury group. Five samples had
8-isoprostane levels at least 10-fold higher than the top of the
adult range, whereas the other nine levels fell well within this
range. The CSF levels of chlorotyrosine were not elevated in
the premature infants with white matter injury (Table 1).

A relationship could be discerned between the category of
white matter injury and the levels of isoprostanes. The levels of
isoprostanes were significantly higher in the premature infants
with cystic white matter injury in comparison with the levels in
the other two groups, i.e. premature infants with signal abnor-
mality or isolated ventriculomegaly [median values (range)
cystic white matter injury 230 (204-256, n = 2)]; signal
abnormality 84 (9.8-344, n = 3); isolated ventriculomegaly 6
(1-9, n = 8) Kruskal-Wallis p = 0.008). There was no
significant difference in the levels of protein carbonyls and
MDA between these groups of infants with white matter injury.

Relationship of Oxidative Markers to Timing of Sample

The levels of each of the oxidative products were also
analyzed as a function of the timing of the sample. Levels of
isoprostanes were found to be highly elevated (10-fold upper
limit of adult range) only in the first 21 d of life. The levels of
isoprostanes in this period were significantly higher in the
infants with white matter injury compared with the levels in
those without white matter injury (p = 0.02, Kruskall-Wallis).
The protein carbonyl levels appeared to remain elevated for a
more prolonged period of postnatal age.

Correlation of Lipid and Protein Oxidative Markers

Linear regressional analysis of the relationship of the mea-
sures of oxidative products in all CSF samples from all the
patient groups revealed a strong correlation between protein
carbonyls and MDA (r = 0.66, F = 48.23, p < 0.001).
Because of the nonlinear distribution of the levels of isopros-
tanes, log transformation was undertaken before regressional
correlation. There was a weaker correlation between the levels
of isoprostanes and MDA (log-isoprostanes:MDA » = 0.12, p
= 0.12) or protein carbonyls (log-isoprostanes:protein car-
bonyl » = 0.19, p = 0.10).
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DISCUSSION

This study is the first to document an elevation in the early
postnatal period in measures of free radical products in the CSF
of premature infants with cerebral white matter injury later
apparent on MRI at term. The reliability of these findings is
strengthened by the elevations in measures of both lipid and
protein oxidation products determined by newer and more
specific assays for free radical activity. These data provide
evidence of an association of elevated reactive oxidative spe-
cies with cerebral white matter injury in the premature infant.

There are clear limitations to this study, principally our
small sample size, the inability to time the occurrence of the
cerebral injury, the variation in the timing of the CSF samples,
and our definition of cerebral white matter injury. However,
despite these limitations, the data show a correlation between
the levels of oxidative markers and the presence of white
matter injury.

Isoprostanes are regarded as specific markers of free radical
reaction with lipids. Isoprostanes are the products of free
radical damage to arachidonic acid (AA20:4[]6). They are
formed while this fatty acid is esterified to lipid and are
released upon lipid hydrolysis (29, 30). The 8-isoprostane
ELISA measures predominantly the FFA form. 8-Isoprostanes
measured in our study could have been formed either within
the CSF or within cells in the CNS and released after hydro-
lysis. In neurologic diseases, F2-isoprostane levels have been
found to be elevated in the CSF from patients with probable
Alzheimer’s disease early in the course of their dementia (10)
and in Huntington’s disease (9). 8-Isoprostane was highly
elevated in five CSF samples from the 14 infants with white
matter injury, with a clear increase in those with the more
severe cystic white matter injury. The lack of an elevation in
isoprostanes level in some infants with white matter injury
could be a consequence of the timing of the insult in relation to
the timing of the sample, an issue over which we had no
control. Isoprostanes are known to have a short half life (31) in
comparison with protein carbonyls, which persist as long as the
proteins on which they are situated. Alternatively, the lack of
an elevation in isoprostanes in some infants with white matter
injury could reflect the nature of the white matter injury (31).
Our findings of a significant elevation in the level of isopros-
tanes in the premature infants with cystic white matter injury
with ventriculomegaly in comparison with the premature in-
fants with the less severe forms of white matter injury, i.e.
white matter signal abnormality or isolated ventriculomegaly,
is noteworthy. However, our numbers are too small to draw

Table 1. Levels of markers of lipid and protein oxidation in CSF of premature infants with white matter injury (prem WMI), premature
infants without white matter injury (prem no WMI), term infants, and adults

Prem WMI Prem no WMI Term Adult p value
(n=14) (n=28) (n = 26) (n=17) Kruskall-Wallis
Isoprostane (pg/mL) 88.6 £33.4 175+ 178 104 =24 42*09 0.04
MDA (umol) 0.15 = 0.03 0.13 = 0.03 0.13 = 0.01 0.07 = 0.05 0.02
Protein carbonyl (nmol/mg total protein) 0.18 £ 0.02 0.09 = 0.01 0.07 = 0.01 0.08 = 0.01 <0.001
Chlorotyrosine/tyrosine (CT/1000 Tyr) 0.014 = 0.01 0.009 = 0.003 0.009 = 0.005 0.015 = 0.007 NS

Values shown are mean levels = SEM.
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firm conclusions, and further studies are warranted to under-
stand these relationships.

In contrast to CSF levels of isoprostane, no clear relationship
of CSF levels of MDA and severity of white matter injury
emerged, perhaps reflecting the limitations of this lipid peroxi-
dation marker. Of the measures of lipid peroxidation, MDA is
a frequently used measure, but because of the wide variety of
techniques used, this measure must often be interpreted cau-
tiously (11-14). The HPLC methodology with fluorescence
detection (26) used in this study is among the most reliable
methodologies for the detection of this sensitive though non-
specific marker of lipid peroxidation.

We found that CSF levels of protein carbonyls were consis-
tently about 2-fold higher in the infants with white matter
injury. Elevated protein carbonyls have been measured in brain
tissue from Alzheimer patients, with recognition of selectively
modified proteins (23). The specific modification giving rise to
protein carbonyls in the CSF in our premature infants, and the
proteins that are modified, are not known. Although lipid
peroxidation products can bind and contribute to protein car-
bonyl measurements (19), direct oxidation to give carbonyls
appears to be one of the first changes observed with relatively
low oxidative stress (21).

Free radical mediated injury has been hypothesized to be the
final common pathway to oligodendroglial cell death in cere-
bral white matter injury in the premature infant (2). Experi-
mental and neuropathological data suggest a maturation-
dependent window of vulnerability of oligodendroglial
precursors to free radical attack (3, 4), perhaps thereby explain-
ing in part the unique topography and timing of this pattern of
brain injury in the premature infant. The early differentiating
oligodendroglial cell, the preoligodendrocyte, is particularly
vulnerable to free radical mediated cellular injury (3, 4) and
accounts for almost all of white matter oligodendrocytes in the
preterm brain below 31 wk gestation, the time period of highest
risk for PVL (6). The lipid composition of the oligodendroglial
cell may further increase its vulnerability to oxidative injury
(32). Macrophages may also have increased neurotoxic action
on white matter under conditions of oxidative stress (33). In
addition, human immature white matter appears to have a
reduced antioxidant defense system. Houdou et al. (34) dem-
onstrated a delay in catalase expression in white matter glial
cells until approximately 31 wk of gestation and thereafter only
a slow development in a gradient from deep to superficial white
matter. Therefore, the capacity to detoxify hydrogen peroxide
may be limited early in oligodendroglial development. How-
ever, despite these observations, before this report there was
little evidence of a role for free radicals in white matter injury
in the human premature infant.

Excessive free radical production may occur by a wide
variety of mechanisms, many of which are commonly impli-
cated in the pathogenesis of PVL. These mechanisms include
ischemia-reperfusion (35-37), inflammation, and infection (38,
39). The CSF samples analyzed in this series had no evidence
of meningeal inflammation or infection. Moreover, the CSF
levels of chlorotyrosine were not elevated in the infants with
white matter injury. Chlorotyrosine is generated by the modi-
fication of tyrosine by hypochlorous acid and provides a
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marker of neutrophil oxidant activity (24). We have docu-
mented elevated CSF chlorotyrosine in an infant with menin-
gitis (39). The lack of any significant elevation of chloroty-
rosine levels in the premature infants with white matter injury
is consistent with a paucity of neutrophils observed neuro-
pathologically in PVL (40) and suggests that neutrophil acti-
vation did not contribute to the oxidative stress. This study was
not designed to assess whether cerebral ischemia-reperfusion
could have been the cause of oxidative injury in our cases.

The analysis of the CSF levels of oxidative markers as a
function of the age at sampling (Fig. 3) reveals that premature
infants with cerebral white matter injury had elevations in
isoprostane levels only in the first 2 wk of life. In the first 21 d,
the levels of isoprostanes were significantly higher in the
infants with white matter injury in contrast with the levels in
those without such injury. In contrast, protein carbonyl levels
remained elevated for a longer period of time. This may reflect
a more delayed CSF clearance of this protein oxidative prod-
uct. Further studies are warranted to investigate the relation-
ship of the levels of these oxidative markers to the timing and
the nature of cerebral white matter injury in the premature
infant.
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In conclusion, this study documents an association between

elevations in the CSF levels of oxidative products in premature
infants with cerebral white matter injury. These markers of free
radical attack suggest that the generation of reactive oxygen
species is important in pathogenesis. Although these findings
require confirmation and amplification with a larger sample
size and more accurate timing of white matter injury, the data
provide insight into potential pathogenic mechanisms and per-
haps, thereby, potential protective therapies for PVL in prema-
ture infants.
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