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Sweden; Neonatal Unit K78, Children’s Hospital, Huddinge University Hospital, S-141 86 Huddinge,
Sweden [M.B.]; and Division of Child Health, University of Bristol Medical School, Southmead Hospital,

Bristol BS10 5NB, United Kingdom [A.W.].

Posthemorrhagic ventricular dilatation (PHVD) is closely
associated with white matter injury and neurologic disability in
the preterm infant. An important factor in periventricular white
matter damage may be the specific vulnerability of iron-rich
immature oligodendroglia to reactive oxygen species toxicity.
Non-protein-bound iron (NPBI) is a potent catalyst in the gen-
eration of hydroxyl radicals (Fenton reaction). Our objective was
to determine whether NPBI is increased in cerebrospinal fluid
(CSF) from preterm infants with PHVD compared with preterm
control infants. Samples of CSF were obtained from 20 infants
with PHVD and 10 control subjects. The level of NPBI was
determined by a new spectrophotometric method using batho-
phenanthroline as a chelator. To evaluate the effect of hemolysis,
CSF and blood were mixed in different proportions, spun, frozen
and thawed, and then analyzed for NPBI. NPBI was found in
75% (15 of 20) of infants with PHVD and in 0% (0 of 10) of
control infants (p 5 0.0002). Hemolysis induced in vitro did not

result in any significant levels of NPBI. Within the group with
PHVD, NPBI concentrations in CSF did not correlate with
disability, parenchymal brain lesions, or the need for shunt
surgery. NPBI was increased in CSF from preterm infants with
PHVD, and the increase could not be explained by hemolysis
alone. Free iron may help to explain the association between
intraventricular hemorrhage and white matter damage. (Pediatr
Res 49: 208–212, 2001)

Abbreviations:
BPS, bathophenanthroline disulfonate
CSF, cerebrospinal fluid
IVH, intraventricular hemorrhage
NPBI, non-protein-bound iron
PHVD, posthemorrhagic ventricular dilatation
ROS, reactive oxygen species

Periventricular white matter damage is the main cause of
permanent neurologic impairment in the preterm infant (1, 2).
It has also been demonstrated that IVH, particularly in associ-
ation with ventriculomegaly, is strongly correlated with the
subsequent development of white matter damage (3). At least
two possible, but not mutually exclusive, etiologies for white
matter damage are widely accepted: ischemia-reperfusion in-
jury in an area with specific vascular characteristics (4–9) and
proinflammatory cytokines released in response to infection
(e.g. chorioamnionitis) or hypoxia-ischemia (10–13). The spe-
cific mechanisms triggered by these factors are not fully un-
derstood, but it has been suggested that immature iron-rich

oligodendroglia may be the primary target cells for periven-
tricular white matter injury and that ROS toxicity is important
in this process (14). Immature oligodendroglia express an
intrinsic vulnerability to ROS-mediated injury in vitro, and free
radical scavengers protect immature oligodendroglia from in-
jury (15, 16). Cerebral ischemia in fetal sheep induces produc-
tion of ROS (17), and asphyxia in fetal lambs showed high
levels of ROS associated with white matter damage (18). The
hydroxyl radical is a highly reactive oxygen species that
initiates lipid peroxidation as well as direct DNA damage (19).
The hydroxyl radical is generated from hydrogen peroxide, a
reaction that requires a transitional metal, most importantly
NPBI (via Fenton reaction) (20). The iron-chelator deferox-
amine reduces brain injury after cerebral ischemia in the
neonatal rat as well as after hypoxia-ischemia in newborn
lambs (21, 22). In cell cultures deferoxamine prevents injury to
oligodendroglia in a similar way as free radical scavengers (16,
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23). In spite of experimental studies supporting a role for iron
in neonatal brain damage, the link between white matter dam-
age in the preterm infant and iron-induced ROS activation is
mostly based on studies in cell cultures. In term infants with
asphyxia and adverse outcome, the level of NPBI in plasma is
elevated (24), but to our knowledge there are no clinical studies
on NPBI in relation to white matter injury in the preterm infant.

In this study we use a new method for determining NPBI
that specifically measures the level of non-protein-bound fer-
rous iron, the reactive form of NPBI that directly acts as a
catalyst in the formation of hydroxyl radicals. In addition, all
NPBI in CSF is likely to be in its reduced ferrous state (25),
and the level of ferrous iron will directly reflect the total
amount of NPBI.

The purpose of this study was to determine whether NPBI is
increased in CSF from preterm infants with PHVD and sub-
sequent high risk of developing white matter damage compared
with preterm control infants.

METHODS

Patients. Twenty infants with gestational age #36 wk with
IVH and PHVD were included in the study. Infants with
systemic infection with positive cultures from blood or CSF
were excluded. The diagnoses IVH, PHVD, and associated
white matter lesions were established by repeated ultrasonog-
raphy of the brain. PHVD was diagnosed when IVH was
followed by a progressive increase in ventricular width to 4
mm over the 97th centile (26). Dilatation driven by CSF under
pressure was differentiated from dilatation caused by atrophy
of periventricular tissue by 1) ballooning of the lateral and third
ventricles, 2) normal or accelerated head expansion over time,
and 3) CSF pressure . 6 mm Hg (27). Parenchymal brain
lesions in the white matter were identified as 1) parenchymal
echodensities in continuity with the ventricle which subse-
quently become echolucent, or 2) persistent periventricular
echodensities or echolucencies separate from the ventricular
margin. The surgical insertion of a ventriculoperitoneal shunt
was recorded. All surviving infants were followed up for 12
mo to 8 y, and the neurologic outcome was divided into 1)
within normal limits for age, 2) motor disability alone, or 3)
multiple disability. The control group consisted of 10 infants
with gestational age #36 wk with clinical signs of infection but
with negative cultures from blood and CSF and no findings
suggesting CNS pathologic disease. The infants were treated in
the neonatal intensive care units at Aker Hospital, Oslo; South-
mead Hospital, Bristol; Huddinge University Hospital, Stock-
holm; and The Queen Silvia Children’s Hospital, Göteborg.

CSF sampling. CSF was obtained by spinal or ventricular
taps performed for diagnostic or therapeutic reasons. After
samples for diagnostic purposes had been obtained, an extra
volume of #1 mL/kg was collected. In the case of therapeutic
taps, larger volumes were obtained. The samples were spun at
4000 rpm for 10 min, and the supernatant was frozen at
270°C. Parental consent was obtained for the extra amount of
CSF taken, and the study was approved by the research ethics
committee of each hospital.

In vitro hemolysis. Blood from an adult who had taken iron
supplementation for 3 wk was mixed with CSF from a preterm
infant (gestational age 32 wk) with cerebral malformation and
normal cell and protein counts. Two different proportions were
used for blood in CSF, 1:50 and 1:100. The background
absorption of these samples was similar to that of the samples
collected from the study infants. The mixed samples as well as
CSF without blood were incubated at 37°C for up to 1 wk. At
days 0, 1, 3, and 7, samples were analyzed for NPBI. The
samples were frozen and thawed; spun, frozen, and thawed; or
frozen, thawed, and spun before analysis. Hemolysis was
induced in several samples after 3 d and in all samples after 7 d
of incubation.

NPBI analysis. NPBI was analyzed by a new method using
bathophenanthroline disulfonate to chelate ferrous iron, thus
forming a complex that could be analyzed by spectrophotom-
etry. The standard curves are linear up to concentrations of 50
mM and are similar in plasma, CSF, and water, which allows
the absorbance in CSF samples to be quantified against stan-
dards conveniently made up in water as described below. The
presence of zinc or copper does not interfere with the mea-
surements of iron. The detection level is 0.5 mM (UA Nilsson,
M Bassen, K Savman, I Kjellmer, manuscript submitted).

Chemicals. BPS (4,7-diphenyl-1,10-phenanthroline disul-
fonate) and ferrous ammonium sulfate [(NH4)2Fe(SO4)2] of the
highest purity commercially available were purchased from
local suppliers (Sigma-Aldrich Chemical Co., Stockholm
Sweden).

Materials. Samples were filtered using the Millipore Multi-
Screen Filtration System (MAHV N45 10), including Multi-
Screen Vacuum Manifold and MultiScreen-HV clear plates
with 0.45 mm hydrophilic low protein binding Durapore mem-
brane and lid. After filtration the samples were pipetted into
polystyrene 1⁄2 area 96-well plates (Costar 3690). Absorbances
were read with a plate reader from Molecular Devices (SPEC-
TRA max plus) operating under Softmax Pro 2.4 software.

Standard curves. A 50 mM stock solution of the ferrous iron
chelator BPS was prepared by dissolving 28.2 mg BPS in 1000
mL of deionized pyrogen-free water. A standard curve was
constructed by dissolving 196 mg of ferrous ammonium sulfate
in 500 mL of deionized pyrogen-free water, giving a 1 mM
stock solution of ferrous ion. This was further diluted with
water to produce solutions of 0.1 mM to 50 mM. Then 10 mL
of the BPS stock was added to 490 mL of each of these
solutions. After mixing, the samples were left for 15 min, and
then 50 mL of each sample was transferred to a 96-well plate.
Finally, absorbance was read in the plate reader at 535 nm
against a water blank.

Measurements in CSF. Forty-nine microliters of CSF was
pipetted into wells, and absorbance was read at 535 nm to give
the blank absorbance for each sample. Then 1 mL of the BPS
stock solution was pipetted into each well. After mixing, the
plate was left for 15 min, and the absorbance was again read at
535 nm. After subtraction of the blank values, the readings
were quantified against the standard curve

Statistical analyses. All results are given as medians and
interquartile range unless stated otherwise. Fisher’s exact test
was used to test the difference in NPBI occurrence between
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groups. The Kruskall-Wallis test and the Mann-Whitney U test
were used to test differences in iron level between groups with
different outcome or need for shunting. The Spearman rank test
was used to test correlation between age at lumbar puncture
and NPBI level.

RESULTS

Group data on the PHVD group and the control group are
given in Table 1. Thirteen of 20 infants with PHVD had white
matter lesions on ultrasound. The outcome in the PHVD group
was normal in 6 of 20 infants, motor disability was found in 8
of 20 infants, and severe multiple disability in 6 of 20 infants.
Three infants, all with severe brain damage and obvious mul-
tiple disability, died before 12 mo. In the PHVD group 6 of 17
surviving infants developed permanent hydrocephalus requir-
ing ventriculoperitoneal shunting, while the PHVD resolved
spontaneously in the rest of the surviving infants. The outcome
was normal in all control infants.

NPBI was present in CSF in 75% (15 of 20) of infants with
PHVD and 0% (0 of 10) of control infants (p 5 0.0002,
Fisher’s exact test). The individual values are shown in Figure
1. There was no difference in NPBI levels between infants with
or without need for shunting (Mann-Whitney U test), between
infants with or without white matter lesions (Mann-Whitney U
test), or between infants with normal outcome, motor disabil-
ity, or multiple disability (Kruskall-Wallis test).

Hemolysis induced in vitro by incubation or by freezing and
thawing did not result in any significant levels of NPBI.

There was no correlation between the age at lumbar puncture
and the NPBI level within the PHVD group (Spearman rank
test).

DISCUSSION

NPBI was found frequently and at high levels in CSF from
preterm infants with PHVD and associated white matter dam-
age. No iron was found in CSF from preterm control infants.

Iron is the most abundant transitional metal in the brain.
Studies in neonatal rats show that the uptake and concentration
of iron is high in the developing brain (28, 29). Ferritin-bound
iron can be found in white matter of the human brain in the
second trimester (30), and iron is later required for active
myelination (31). In spite of its crucial importance to normal
metabolism and development of the brain, NPBI is potentially
harmful through its capacity to generate hydroxyl radicals and
induce oxidative damage. Iron in the brain is thus normally
sequestered within storage proteins such as ferritin, and in CSF
and plasma it is bound to transferrin (32). Ferritin synthesis in
oligodendroglial cell cultures is induced by hypoxia, and fer-

ritin synthesis can be increased in oligodendroglial cells by
addition of exogenous iron or hydrogen peroxide. Furthermore,
ferritin synthesis can be blocked by iron chelators or base (33,
34). Thus ferritin appears to be a protective mechanism against
oxidative damage after hypoxia or acidosis. Our findings of
high levels of NPBI in CSF suggest that iron is either released
in excess or that the ability to bind and inactivate NPBI is
inadequate in the preterm infant with PHVD.

There are several possible sources of NPBI including release
of iron from ferritin and ferrous iron liberated during heme
catabolism. Several conditions associated with hypoxia-
ischemia and subsequent ROS activation have the capacity to
release iron from ferritin including acidosis (35) and superox-
ide radicals (36). A recent study in neonatal rats demonstrates
that iron reaction product accumulates in injured neurons as
early as 4 h after hypoxia-ischemia, indicating a relocation of
iron within the brain (37). High concentrations of NPBI in CSF
would require release from ferritin as well as leakage from
iron-containing cells. In a previous study of infants with
PHVD, high levels of brain-specific proteins (NFP, S-100, and
GFAP) were found in CSF, indicating cellular injury and
protein-leakage from neurons as well as glial cells (38). It is

Table 1. Clinical data on the studied infants

Group GA (wk) Birth weight (g) Age at LP (d) Sex (M/F)

PHVD (n 5 20) 27 (26–29) 1015 (805–1480) 19 (15–23) 11/9
Controls (n 5 10) 29 (27–30) 1207 (1062–1485) 16 (4–21) 8/2

NS NS p 5 0.02 NS

Values as median (interquartile range). For statistical analysis Mann-
Whitney U test and Fisher’s exact test were used. GA 5 gestational age, LP 5
lumbar puncture, NS 5 not significant.

Fig. 1. Individual levels of NPBI (mmol/L) in CSF from preterm infants with
PHVD (n 5 20) and from preterm control infants (n 5 10) are shown.
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likely that leakage of iron could also occur under these
circumstances.

Iron released during heme catabolism is another possible
source of NPBI in CSF, especially because degrading blood is
already present in the ventricular system of infants with
PHVD. Hb can without further degradation potentiate excito-
toxic injury in neuronal cultures, and the neurotoxic effect is
attenuated by free radical scavengers as well as by deferox-
amine (39), implicating iron and ROS in Hb toxicity. Lipid
peroxidation is induced in rat brain by injections of Hb but only
if iron is present in the protoporphyrin ring (40). The degra-
dation of heme and release of iron is catalyzed by heme
oxygenase, an enzyme induced in brain after ischemia as well
as after intracerebral hemorrhage in rat (41, 42). Heme-induced
oxidative damage in cell cultures stimulates the production of
both heme oxygenase and ferritin (43). Ferritin has a very
strong cytoprotective effect through its capacity to sequester
iron (43), suggesting that the breakdown of Hb will also result
in protective measures to prevent oxidative damage.

In this study we performed in vitro experiments on hemo-
lysis in a mixture of adult blood and preterm CSF subjected to
incubation, freezing, and thawing without being able to detect
any significant amounts of NPBI. This could serve as a check
on our methodology, confirming that handling of samples
containing heme iron did not result in the release of NPBI, but
it could not be used to demonstrate that such a release does not
take place in vivo. The degradation of heme requires activated
cells as well as an intact enzyme system (44), and it is also
possible that the binding capacity for iron in adult blood
exceeds that of the preterm infant (45).

There are several studies that point to the fact that the
iron-binding capacity is low in the newborn infant. The iron-
binding capacity in plasma is lower and the level of NBPI is
higher in neonates compared with adults (45, 46). Cord blood
plasma has a limited capacity to prevent iron-induced lipid
peroxidation and may instead stimulate peroxidation (45), and
the iron-binding capacity is lower in preterm infants with IVH
than control infants (47). CSF in itself has also a low binding
capacity that is close to saturation under normal conditions
(32).

In our study we found no correlation between the absolute
level of NPBI and outcome or between NPBI and the degree of
white matter damage. Such a correlation would have strength-
ened the connection between NPBI and white matter damage if
NPBI is toxic to white matter in a linear dose-dependent
manner. NPBI is, however, likely to exert its harmful effect as
a catalyst in hydroxyl formation, a process in which ferrous
ions are turned into ferric. This process is not likely to be
classically dose dependent. CSF, at least from adults, has also
a very high ratio of ascorbate to ceruloplasmin. Any iron in
CSF that is not bound to transferrin is therefore likely to be
reduced to its active ferrous form until all ascorbate is con-
sumed (25).

The timing of the sampling is another factor that may
influence the level of NPBI and its correlation to outcome.
Serial ultrasounds have demonstrated that 90% of IVH in
preterm infants occur within the first 3 d after birth (4). The
infant’s age at sampling will thus roughly reflect the duration

of the bleeding. We found no correlation between the age at
lumbar puncture and the level of NPBI, but only frequent serial
measurements—not performed in this study—would give in-
formation on the time course of NPBI levels and any connec-
tion between peak levels and outcome.

In conclusion, our study demonstrated that NPBI was found
frequently and at high levels in CSF from preterm infants with
PHVD, the majority of who had white matter lesions and
subsequent disability. Irrespective of its origin, NPBI has the
capacity to initiate and maintain oxidative stress and may
contribute to white matter damage as well as provide a link
between IVH and white matter damage.
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