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a b s t r a c t

Low bilirubin kernicterus in preterm neonates, though rare, remains an unpredictable and
refractory form of brain injury. Hypoalbuminemia, co-morbid CNS insult(s), infection, and
inflammation are contributing causes that, in many cases, appear to interact in potentiat-
ing bilirubin neurotoxicity. Despite compulsive attention to serum bilirubin levels, and
clinical and laboratory indices of neurotoxicity risk, low bilirubin kernicterus continues to
be seen in contemporary NICUs. While efforts to refine and improve current treatment
guidelines are certainly needed, such revision(s) will also have to take into account the
risks and benefits of any intervention, including phototherapy.

& 2014 Elsevier Inc. All rights reserved.

Introduction

Chronic bilirubin encephalopathy, including kernicterus at
postmortem, is currently a rare event in premature neo-
nates.1 However, in past decades, autopsy-proven kernicterus
was often reported in sick, very low-birth-weight infants who
had only modestly elevated total serum bilirubin (TSB)
levels,2,3 a condition termed low bilirubin kernicterus.
Although not entirely clear, improvements in neonatal inten-
sive care and the discontinuation of benzyl alcohol as a
bacteriostatic agent in intravenous fluids and medications
have been implicated in this marked reduction.3–5

However, recent case series of preterm neonates demon-
strate that low bilirubin kernicterus has not completely
disappeared,6–12 its occurrence is enigmatic and unpredict-
able. In a study from the Netherlands, 5 sick, preterm infants
(25–29 weeks’ gestation) with peak TSB levels ranging from

8.7 to 11.9 mg/dL (148–204 mmol/L) developed the classical
magnetic resonance imaging (MRI) findings of kernicterus.6

Serum albumin levels in these infants were strikingly low,
ranging from 1.4 to 2.1 g/dL.6 Two other extremely low-birth-
weight (ELBW) neonates with complicated neonatal courses,
co-morbid CNS injury, and peak TSB levels of 7.5 mg/dL
(128 mmol/L) and 9.9 mg/dL (168 mmol/L) developed neurologic
sequelae and MRI findings consistent with chronic bilirubin
encephalopathy.7 Choreoathetosis and the classical MRI find-
ings of kernicterus at follow-up were documented in 2 addi-
tional preterm infants of 31 and 34 weeks’ gestation.8 The
mother of one showed clinical signs of chorioamnionitis but
neither infant was acutely ill in the newborn period and their
peak TSB levels were 13.1 mg/dL (224 mmol/L) and 14.7 mg/dL
(251 mmol/L).8

What is it about these infants and their clinical courses that
led to bilirubin-induced CNS injury at TSB levels
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conventionally felt to be non-neurotoxic? Clearly, some con-
dition potentiated bilirubin neurotoxicity and/or they were
innately vulnerable. Do low albumin levels, limited and/or
impaired albumin–bilirubin binding, co-morbid CNS injuries,
or other factors account for such enhanced bilirubin neuro-
toxicity? Can cases of low bilirubin kernicterus be anticipated
and prevented? Our goal is to reflect critically on the clinical
antecedents including co-morbid conditions that attend this
rare but refractory form of bilirubin-induced brain injury in
an attempt to better understand its pathogenesis. For the
purposes of this review, low bilirubin kernicterus is defined as
the occurrence of kernicterus at TSB levels below commonly
recommended exchange transfusion thresholds.6 Our com-
ments focus on features of more recently reported cases.

Pathogenesis of low bilirubin kernicterus

Limited progress has been made in understanding the patho-
genesis of low bilirubin kernicterus. A summary of current
reports (Table 1) identifies several conditions that are fre-
quently, albeit not invariably, observed. These include (i)
hypoalbuminemia (o2.5 g/dL), (ii) the co-morbid CNS findings
of intraventricular hemorrhage (IVH) and periventricular
white matter injury (WMI), and (iii) infection/inflamma-
tion.6–12 Each will be considered individually, although they
often are seen together and may act synergistically to
potentiate bilirubin neurotoxicity.

Hypoalbuminemia

Bilirubin is transported within the vascular space tightly but
reversibly bound to serum albumin. Albumin-bound bilirubin is
measured as TSB, whereas the small circulating fraction not
bound to albumin or other serum proteins is the unbound or
free circulating fraction. Unbound circulating bilirubin is in
dynamic equilibrium with the extravascular tissues, including
the CNS, and provides a measure of the relative amount of
bilirubin that will exit the vascular space at a given level of TSB,

albumin concentration, and albumin–bilirubin binding constant
(s).13,14 Two-thirds of total body albumin is in the extravascular
space,15,16 and considerable amounts of exchangeable bilirubin
is present in the liver and the intestinal mucosa.16 There is
limited data on the flux of bilirubin across these pools in
newborns, although unbound bilirubin is believed to be readily
diffusible between them.13,14,16 Notably, although unbound
bilirubin has biologic effects in the brain, the unbound circulat-
ing bilirubin level alone does not dictate the risk of bilirubin
encephalopathy. Bilirubin-induced neurotoxicity depends on
the total amount of exchangeable bilirubin available (the mis-
cible pool of bilirubin)17 and a complex interaction between the
level and duration of CNS bilirubin exposure and the innate
cellular characteristics of the developing CNS that may predis-
pose or protect against bilirubin-induced brain damage.18,19

Nevertheless, low serum albumin concentrations (1.4–2.1 g/dL)
are frequently noted in cases of low bilirubin kernicterus and
predict a reduced circulating bilirubin-binding capacity.6

Serum albumin concentration decreases with illness and
lower gestational age17 and can vary greatly over time in a
given neonate as illustrated by the !20% coefficient of
variation in serum albumin concentration when measured
at birth and the onset of jaundice or of acute bilirubin
encephalopathy observed in some cases of low bilirubin
kernicterus.6,9 But how uncommon are low serum albumin
levels in preterm neonates?
Normative data on serum albumin levels in preterm infants

are few in number, limited in scope, and therefore difficult to
define. Nevertheless, mean serum albumin levels reported for
the preterm infant below 30 weeks’ gestation are approx-
imately 1.9 g/dL (90% CI: 1.2–2.8 g/dL) and do not approach
2.5 g/dL until 36–37 weeks’ gestation.20,21 These data indicate
a substantial overlap between that commonly seen in pre-
term neonates and those with low bilirubin kernicterus of
identical gestational age (Fig. 1). This overlap demonstrates
that other factors, in addition to hypoalbuminemia, must
play a role in enhancing the neurotoxicity risk of bilirubin.
Limited innate albumin–bilirubin binding and clinical

conditions that impair albumin–bilirubin-binding capacity are

Table 1 – Frequency of adverse conditions in recent (2001–2013) reported cases of low bilirubin kernicterus.a

References
Albumin
o2.5 g/dL

Co-morbid CNS
injuryb

Infection/
inflammation

One risk
factorc

Two or more risk
factors GA

Govaert et al.6 5/5 4/5 2/5 5/5 4/5 254/7–290/7

Odutolu and
Emmerson9

1/1 0/1 1/1 1/1 1/1 366/7

Moll et al.7 N/A 2/2 1/2 2/2 1/2 240/7–260/7

Okumura et al.10d N/A 1/5 N/A 1/5 0/5 250/7–340/7

Gkoltsiou et al.11e N/A 3/3 3/3 3/3 3/3 270/7–340/7

Sugama et al.8 N/A 1/2 1/2 2/2 1/2 310/7–340/7

Kamel et al.12 1/2 0/2 N/A 1/2 0/2 246/7–270/7

Adverse condition
per cases

7/8 11/20 8/13 16/20 10/20

N/A—not available.
a Numbers are likely an underestimate, as conditions were not systematically screened across all the studies.
b PVL, IVH (grade II, III, and/or IV), and hydrocephalus ex vacuo.
c Presence of either hypoalbuminemia, one of the co-morbid CNS injuries, or infection/inflammation.
d Only 5 of 7 reported cases of kernicterus met the definition of low bilirubin kernicterus.
e Only 3 infants in reported cases of kernicterus met the definition of low bilirubin kernicterus.
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2 such factors. The albumin–bilirubin binding constant varies
significantly between newborns17,22 and as a function of
postnatal age.23,24 Bilirubin-binding capacity is reduced in sick
unstable infants25–27 and is adversely affected by the presence
of competing compounds23,28–30 including unbound free fatty
acids.31,32 Notably, the seminal reports of low bilirubin kernic-
terus were in premature babies treated with sulfisoxazole,33,34

a drug that displaces bilirubin from albumin, acutely lowering
the TSB, while elevating levels of the unbound bilirubin that
may then enter the CNS. Indeed, this bilirubin-displacing
effect of sulfonamides is often used to induce acute bilirubin
encephalopathy in a controlled fashion in the Gunn rat model
of kernicterus.35 Notably, a recent preliminary study suggests
that unbound free fatty acid levels of oleate and linoleate may
on occasions become markedly elevated in ELBW infants,31

displace bilirubin from albumin as effectively as sulfisoxa-
zole,36 and lead to unbound bilirubin concentrations in the
putative neurotoxic range (475 nM) despite low TSB (o5.9 mg/
dL).31 These reports illustrate the importance of albumin–
bilirubin binding characteristics in enhancing or limiting
bilirubin neurotoxicity and suggest that measurement of
unbound bilirubin and bilirubin-binding capacity may provide
greater sensitivity and specificity than TSB for bilirubin-
induced neurotoxicity.32 They also suggest that in circum-
stances where bilirubin displacement is robust, even albumin
concentrations of 42.5 g/dL in the preterm neonate may not
protect against bilirubin encephalopathy.

Co-morbid CNS injury: A potential key to
understanding low bilirubin kernicterus?

Co-morbid conditions, i.e., those that occur at the same time
but independent of each other can also potentiate bilirubin-

induced CNS injury. Evidence of major collateral CNS damage
is common in low bilirubin kernicterus and most often
includes periventricular WMI and IVH (Table 1).6–8,10,11 The
presence of such injuries in regions of the brain not typically
affected by bilirubin (e.g., caudate, putamen, thalamus, germi-
nal matrix, cerebral cortex, and periventricular white mat-
ter)2,37–39 strongly suggests that additional pathogenic factors
independent of bilirubin both precipitate the co-morbid CNS
lesion and potentiate bilirubin neurotoxicity. Low bilirubin
kernicterus in such cases represents a multi-hit phenomenon.
Shapiro40 alludes to such in his chronic bilirubin encephalop-
athy sub-categorization of “kernicterus plus syndrome.”41

These co-morbid CNS lesions merit comment in this regard,
including an exploration of their pathogenesis in the hope of
identifying a common pathway(s) to injury.

Periventricular WMI

Periventricular WMI manifest by periventricular leukomalacia
(PVL) is frequently reported in current cases of kernicterus in
preterm neonates7,11; echoing reports from past decades.2,42–44

When diffuse in nature, periventricular WMI leads to significant
white matter volume loss demonstrated in neuroimaging
studies by ventriculomegaly coupled with increased extra-
axial volume and often thinning of the corpus callosum. Hydro-
cephalus ex vacuo, as such, may not always be highlighted as a
notable feature in cases of low bilirubin kernicterus (Fig. 2)
despite its overt appearance.7

Our understanding of the relationship between periven-
tricular WMI and kernicterus continues to evolve. Previously,
it was believed that bilirubin was primarily toxic to neurons
and not the glial elements that predominate in the periven-
tricular white matter. However, recent in vitro studies clearly
demonstrate that glial elements including oligodendrocyte
precursor cells are vulnerable to bilirubin cytotoxicity,45,46

albeit less so than neurons. In addition, unconjugated bilir-
ubin limits oligodendrocyte differentiation and impairs axo-
nal myelination in vitro,46 and demyelination and axonal loss
are reported in the cerebellum of preterm infants with kernic-
terus.47 As a result, some speculate that hazardous bilirubin
levels are causally linked to periventricular WMI.45,46

However, an extensive literature on the comparative neuro-
pathology of CNS injury in preterm neonates demonstrates
distinctive bilirubin-induced cytopathology and topography
that differ from other brain insults2,38 and notably by an
absence of periventricular white matter involvement.2,38,39,48

The specific microscopic cellular alterations classically
observed in kernicterus are not seen in periventricular tissue.
When yellow staining of necrotic periventricular white mat-
ter is observed, it is considered secondary and the necrosis
therein not bilirubin induced.2,37,38,49 Moreover, periventricu-
lar white matter injury has not been reported in the Gunn
rat2,38 or more recently described mouse models of kernicte-
rus,50,51 consistent with the low bilirubin contents observed
in Gunn rat pup cerebral hemispheres.52 This absence is
notable given the widespread use of mice and rats to study
PVL.53,54 Indeed, early postnatal murine CNS development
(postnatal day 3–12), including oligodendroglia maturation
and myelination, mirrors that of humans between 23 and 36

Fig. 1 – Serum albumin concentrations (g/L) from cases of
low bilirubin kernicterus (large red asterisks)6,9 plotted as a
function of normative gestational age-specific albumin
levels (small dark points) during the early neonatal period in
infants of 25–40 weeks’ gestation.20 The normative data,
mean, and 90% probability limits are shown with
permission from BMJ Publishing Group Limited (Cartlidge
and Rutter20).
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weeks’ gestation,53–55 making them suitable models to study
white matter injury in preterm neonates. These observations
do not preclude bilirubin-induced oligodendrocyte injury and
impaired axonal myelination in vivo but suggest that such
lesions will be restricted to brain regions classically affected
in kernicterus. This appears to be the case.38,47,56 Dysmyeli-
nation and degeneration in the globus pallidus, subthalamic
nucleus, and cerebellum are neuropathologic findings of
kernicterus in human neonates,38,47 albeit characteristically
late (410 days) in onset.38 Taken together, these data offer
compelling evidence that periventricular white matter injury in
kernicteric preterm neonates is related to co-morbid factor(s)
and not bilirubin neurotoxicity.

IVH (grade II, III, and IV)

IVH is also reported in association with low bilirubin kernic-
terus albeit less frequently than periventricular WMI. Similar
to perinventricular WMI, the neuropathology of IVH does not
overlap with that of bilirubin-induced CNS injury and sug-
gests instead that they share a common antecedent trigger.

Clinical antecedents to PWMI, IVH, and low
bilirubin kernicterus

The major etiologies of periventricular WMI and IVH are
hypoxia/ischemia and infection/inflammation. The former
may manifest as asphyxia, a widely recognized neurotoxicity
risk factor for kernicterus57,58 and prerequisite co-morbid

insult for bilirubin-induced brain injury in some animal
models, including primates.59 The neuropathology of
hypoxic–ischemic encephalopathy (HIE) is different from that
of kernicterus; these differences in topography and histopa-
thology are well defined (Table 2).2 The mechanism(s) by
which HIE potentiates bilirubin-induced CNS injury is likely
multifactorial and related at least in part to disturbed bio-
energetics and acidosis.

Infection/inflammation

Perinatal and early postnatal infection/inflammation is
increasingly recognized as an important contributor to brain
structural and functional abnormalities later in life. Systemic
inflammation may be sustained in nature60 and its persis-
tence associated with poorer neurodevelopmental out-
comes.61–63 Antecedents of perinatal and early postnatal
inflammation include (i) microorganisms in the placenta,
(ii) placental (chorioamnionitis) and umbilical (funisitis)
inflammation, (iii) early bacteremia (sepsis), and (iv) intesti-
nal injury including necrotizing enterocolitis.64–67 Maternal
infections remote from the genital tract, including periodon-
tal disease, have also been implicated68 as have severe fetal
growth restriction and maternal obesity during pregnancy
(BMI 4 30 kg/m2).69–73 The association of these infectious/
inflammatory conditions with low bilirubin kernicterus mer-
its intensive investigation particularly in light of recent
reports that hazardous bilirubin exposure itself can

Fig. 2 – T2-weighted MRI of a 4-month-old corrected-age former 260/7 week gestation preterm infant with low bilirubin
kernicterus7 demonstrating marked white matter volume loss as indexed by increased extra-axial fluid, ventriculomegaly
(hydrocephalus ex vacuo), and thinning of the corpus callosum. The infant also shows increased signal intensity in the globus
pallidus (arrows) consistent with chronic bilirubin encephalopathy.7 The infant was 860 g at birth, had a peak TSB of 9.9 mg/
dL on day of life 8, history of anemia, left heart failure, and grade II intraventricular hemorrhage and on developmental follow-
up showed dyskinetic cerebral palsy, marked psychomotor retardation, and bilateral sensorineural hearing loss.7 (Reprinted
with permission from Moll et al.7 Copyright© 2011 Karger Publishers, Basel, Switzerland.)
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promulgate pro-inflammatory responses in vitro74 and neuro-
inflammation in vivo.51,75–77

Chorioamnionitis

A notable contributor to the pathogenesis of both periventricular
WMI and IVH, also reported in association with low bilirubin
kernicterus, is histopathologic chorioamnionitis. Preterm birth is
frequently associated with intrauterine inflammation of the
chorioamniotic membranes78 and antenatal inflammation
linked to adverse CNS neonatal outcomes.79 This is particularly
the case when funisitis, the hallmark of fetal involvement and
resultant fetal inflammatory response syndrome (FIRS), is evi-
dent.79–81 FIRS involves systemic fetal inflammation that can be
detected by perinatal elevations in plasma interleukin (IL) 6, IL-1
beta, and TNF alpha concentration.65–67

FIRS can lead to CNS injury via direct cytokine effects, via
its potential adverse impact on hemodynamic status, and/or
by potentiating injury from other perinatal insults including
hypoxia–ischemia, sepsis, and IVH.79,82 More specifically,
infection/inflammation can predispose or sensitize the CNS
to a second stress, i.e., make the brain more vulnerable to
injury. For example, low-dose lipopolysaccharide that does
not induce CNS damage itself has been shown to make the
murine CNS exquisitely susceptible to a mild hypoxic–ische-
mic insult that would not itself induce brain damage.61,83 We
speculate that FIRS in an analogous fashion can lead to
bilirubin-induced CNS damage at TSB levels not generally
thought to pose a neurotoxic risk.
Surprisingly, the relationship between FIRS and bilirubin-

induced CNS injury has not been extensively studied. More
than 3 decades ago, Naeye84 reported that histologic evidence
of amniotic fluid infection at birth (infiltration of the placental
subchorionic plate by neutrophils) potentiated the neurotox-
icity of neonatal hyperbilirubinemia. This conclusion was

based on the Collaborative Perinatal Project of the National
Institute of Neurological and Communicative Disorders and
Stroke subjects who had placentas available for examination
and neurodevelopmental follow-up, including motor and neu-
rosensory data.84 The combined effects of amniotic fluid
infection and neonatal hyperbilirubinemia on motor and other
neurologic outcomes were significantly greater than the arith-
metic sum of their respective influences, indicating a potenti-
ating impact. A significant increase in neurologic ab-
normalities was observed at peak TSB levels of 12–13 mg/dL
(205–222 mmol/L) that was enhanced as placental inflamma-
tion became more severe and present only in children born
before 34 weeks’ gestation.84 These findings are consistent
with the known potentiating effects of neonatal infection on
bilirubin neurotoxicity,48,85–87 recently re-confirmed in clini-
cal88 and in vitro studies.74,87,89–91 Such effects may be greater
in less mature cells74,90,91 and in preterm neonates.49 One of
the authors (J.F.W.) has reviewed recent cases of low bilirubin
kernicterus in preterm neonates where maternal chorioam-
nionitis and funisitis featured prominently in the clinical
presentation, suggesting that FIRS mirrors other conditions
typified by infection and inflammation in potentiating bilir-
ubin neurotoxicity.

Sepsis and necrotizing enterocolitis

Sepsis is a well-characterized risk factor for kernicterus,86,88,92

including low bilirubin kernicterus.9,85,93 This risk is quite
robust as recently confirmed in a large cohort of neonates in
Cairo, Egypt [OR ¼ 20.6 (95% CI: 4.9–87.5)].88 Umbilical infec-
tions87 and necrotizing enterocolitis85,93 are also reported in
association with kernicterus. These conditions are associated
with severe systemic inflammation that may potentiate
bilirubin neurotoxicity via several mechanisms detailed
above and hypoalbuminemia and disturbed bilirubin–albu-
min binding linked with these conditions.26 Together, the
effects of sepsis and hypoalbuminemia may pose more than
an additive risk for bilirubin neurotoxicity as highlighted in a
recent case report of kernicterus.9

Bilirubin and neuroinflammation

Immunostimulatory and immunotoxic effects of unconju-
gated bilirubin are attracting increasing interest in the efforts
to better understand bilirubin neurotoxicity.74 Hazardous
levels of unconjugated bilirubin alone induce acute and
chronic microglial activation in vivo51,75–77 (Fig. 3),75 directly
upregulate pro-inflammatory gene expression,51 and trigger
the cellular (microglia and astrocyte) release of TNFα, IL-1β,
and IL-6 cytokines,51,74,94 producing a pro-inflammatory
milieu. Notably, unconjugated bilirubin is as potent as lip-
opolysaccharide endotoxins in inducing pro-inflammatory
cytokine release in vitro.74,89–91 One would predict that these
bilirubin-induced responses might contribute to neurologic
damage95 and/or exacerbate or prolong the neuroinflamma-
tion that accompanies FIRS, sepsis, and NEC. Pro-
inflammatory cytokines do enhance bilirubin-induced neuro-
nal apoptosis and necrosis in monoculture.74,91,96 Activated

Table 2 – Comparative neuropathology of kernicterus and
hypoxic–ischemic encephalopathy in the preterm
neonate.2

Topography of
lesions Kernicterus HIE

Cerebral cortex Absent Present
Periventricular

WM
Absent Present

Corpus striatum Globus pallidi Putamen and
caudate nuclei

Thalamus Subthalamus Anterior and lateral
nuclei

Ammon's horn Resistant sector (H2–3) Sommer's sector
(H1)

Pons Locus ceruleus Basal pontine
nuclei

Medulla Vestibular and
cochlear nuclei

Inferior olivary
nuclei

Superior olivary
nuclei

Only topographic areas considered helpful for differential diag-
nosis are shown in this table. (Adapted with permission from
Ahdab and Moosy.2)
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microglia release (i) reactive oxygen species, (ii) reactive
nitrogen species, (ii) glutamate, and (iv) cytokines that could
individually or together enhance bilirubin neurotoxicity.
It is intriguing that minocycline (MNC), which demonstrates

robust neuroprotection against bilirubin-induced CNS injury in
Gunn rat pups,75,77,97–99 has potent immunomodulatory effects
and prevents microglial recruitment and activation in hyper-
bilirubinemic Gunn rat pups treated with sulfadimethoxine
(Fig. 3).75,99 Whether this reflects a direct anti-inflammatory
effect of MNC or simply the lack of neuroinflammation in the
absence of injury prevented by some other MNC-mediated
neuroprotective mechanism is unclear but lends credence to
the importance of bilirubin-induced neuroinflammation in the
pathogenesis of kernicterus.
However, recent study suggests a more complex dynamic

including evidence that early bilirubin-induced pro-inflamma-
tory responses can paradoxically be neuroprotective.51,100 The
signaling pathway involving toll-like receptor 2 (TLR2) in the CNS
appears to be linked to hyperbilirubinemia-induced activation of
microglia and astrocytes, resultant reactive gliosis; upregulation
of TNF-α, IL-1β, and IL-6 gene expression; and pronounced neuro-
inflammation in vivo.51 However, deletion of TLR2 in mice blocks

the induction of these inflammatory cytokine genes and is
associated with enhanced cerebellar apoptosis and higher neo-
natal death rates.51 These data suggest that TLR2 signaling and
early neuroinflammation are neuroprotective in vivo.51 Consis-
tent with this complex dynamic, astrocytes in a co-culture
model with neurons can protect or aggravate bilirubin-induced
neurotoxicity depending on the duration of the cell–cell commu-
nication (preconditioning) and bilirubin exposure.100,101

Chronic bilirubin-induced neuroinflammation?

Persistent inflammation is now recognized as an important
risk factor for CNS injury in preterm neonates.60,63 Notably,
prolonged or chronic bilirubin-induced neuroinflammation
(microglial activation) is reported in the Gunn rat model of
kernicterus and appears to have an adverse effect on brain
development.76,77 The possibility that bilirubin-induced CNS
injury may extend beyond the initial insult is not widely
appreciated and suggests that there may be a therapeutic
window following the acute period of bilirubin encephalop-
athy. This possibility merits clarification as does the study of

Fig. 3 – Microglial reactivity (OX-42 staining in green; counterstained with DAPI; 200# magnification) as indexed by the
presence, number, and ameboid phenotype of activated microglia in cerebellar section from a hyperbilirubinemic j/j Gunn rat
pup following 24 h of acute bilirubin encephalopathy (ABE) induced by sulfadimethoxine administration (200 mg/kg ip) (j/j
sulfa). Littermate-matched non-jaundiced N/j (N/j control) and jaundiced j/j saline-treated pups (j/j saline control) are shown
as controls as is a littermate-matched j/j sulfadimethoxine-dosed pup pretreated with minocycline (j/j sulfa þ mnc); none of
these littermate pups showed microglial reactivity or ABE. In preliminary studies, activated microglia were seen as early as
3 h after induction of ABE using sulfadimethoxine and became increasingly evident 6 h postinduction and uniform following
18 h of ABE.75 (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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putative neuroprotective intervention(s) targeted to modulate
inflammatory responses that may be effective within the
complex “yin and yang” of neuroinflammation.102,103

Can low bilirubin kernicterus be prevented?

Low bilirubin kernicterus appears to result only when a rare
constellation of co-morbid conditions and/or impaired
albumin–bilirubin binding befall a vulnerable premature
neonate (analogous to a “perfect storm”). By definition,
low bilirubin kernicterus occurs at TSB levels not consid-
ered neurotoxic (i.e., below those commonly recommended
for exchange transfusion).6 Current exchange transfusion
treatment thresholds reflect both the TSB and the presence
of neurotoxicity risk factors. The latter increases the risk of
bilirubin neurotoxicity in a hyperbilirubinemic infant and
commonly include (1) lower gestational age, (2) serum
albumin levels o2.5 g/dL, (3) rapidly rising TSB levels,
suggesting hemolytic disease, (4) sepsis, and (5) clinical
instability.104–106 As set forth in one approach, infants are
considered to be clinically unstable if they have one or
more of the following conditions: (a) blood pH o 7.15, (b)
blood culture-positive sepsis in the prior 24 h, (c) apnea and
bradycardia requiring cardio-respiratory resuscitation (bag
mask ventilation and or intubation) during the previous
24 h, (d) hypotension requiring pressor support during the
previous 24 h, and (e) mechanical ventilation at the time of
blood sampling.105,106 What modification(s) to existing
approaches could be entertained that would be implement-
able, not pose added risk, and potentially prevent at least
some cases of low bilirubin kernicterus? Would the timely
identification of additional neurotoxicity risk factors and/or
measurement of unbound bilirubin and bilirubin binding
characteristics enhance outcomes?

Risk factor assessment

Risk stratification based on clinical factors has been an
integral part of neonatal hyperbilirubinemia management
for decades.107,108 In addition to the neurotoxicity risk
factors detailed above, the current review identified
co-morbid CNS insults and chorioamnionitis accompanied
by FIRS as potential markers for low bilirubin kernicterus
risk. The challenge of incorporating them as additional
neurotoxicity risk factors are many, including the fact that
they have not been validated and are relatively common,
whereas low bilirubin kernicterus is rare. The latter implies
these risk factors may be sensitive but not specific. In
addition and of practical concern is the timing of their
identification relative to the period of bilirubin neurotox-
icity risk. More often than not, cranial ultrasound screening
to detect IVH and early sonographic evidence of WMI is not
performed until the end of the first week of postnatal life,
even in extremely low-birth-weight neonates; a timeframe
typically beyond that of acute bilirubin-induced CNS injury
risk. Similarly, placental pathology to detect FIRS takes
several days to complete, and final reports are often not
available until a week or so of postnatal life. Clinical

evidence of maternal chorioamnionitis identifiable intra-
partum could potentially serve as a proxy for FIRS but is not
robust in predicting histopathologic chorioamnionitis,
let alone FIRS.81

Measurement of unbound bilirubin and/or
bilirubin-binding capacity

Routine measurement of unbound bilirubin might help if we
had firm guidelines for intervention and if we knew that the
intervention was safe and effective in lowering the unbound
bilirubin concentration. However, the measurement of
unbound bilirubin as part of clinical management remains
hampered by several challenges. First and foremost, there is
currently no commercially available device to perform the
measurement, albeit some are being tested. Should unbound
bilirubin measurements become clinically available, it will be
important to remember as highlighted by Ahlfors,13,17 that
unbound bilirubin and TSB are not competing, independent
determinants of bilirubin toxicity but are critically interre-
lated and interdependent in estimating risk. TSB is needed to
gauge the size of the neonate’s bilirubin load and unbound
bilirubin in its distribution.13 Ahlfors13 suggests that the
unbound bilirubin to TSB ratio may be the best index of
risk.109 Ongoing efforts are necessary to bring the measure-
ment of unbound bilirubin to the clinical arena and to
validate its utility, either alone or in conjunction with TSB.
The bilirubin/albumin ratio can serve as a proxy for

unbound bilirubin but has a limited and conflicting track
record in predicting adverse neurodevelopmental out-
come.23,110 The recent Bilirubin–Albumin Ratio Trial (BAR-
Trial) from the Netherlands is a case in point.111 This
prospective, randomized, controlled trial compared treat-
ment based on the bilirubin–albumin ratio or TSB (whichever
was exceeded first) versus TSB only (control group) and failed
to demonstrate an improved neurodevelopmental outcome
in preterm neonates managed using the bilirubin–albumin
ratio,111 but this study might have been under-powered. Only
30% of infants in the experimental group were treated on the
basis of bilirubin–albumin ratio as opposed to TSB.111 It is also
possible that bilirubin–albumin ratios that are lower than
those used as criteria for intervention in the BARTrial might,
nevertheless, place an infant at risk for neurotoxicity. In
preliminary data, Japanese investigators found that a bilir-
ubin–albumin ratio of Z0.50 mmol/L/mmol/L (Z4.25 mg/dL/g/
dL) for infants of 30–34 weeks’ gestation and Z0.40 mmol/L/
mmol/L (Z3.4 mg/dL/g/dL) for infants of o30 weeks’ gestation
predicted putative neurotoxic unbound bilirubin levels of
Z1.0 mg/dL.112 Having said that, 7 of the 8 low bilirubin
kernicterus infants in Table 1 who had TSB and albumin
levels reported had bilirubin–albumin ratios in excess of
exchange transfusion thresholds previously outlined by Ahl-
fors17 and used in the BARTrial.111 Effects on central auditory
pathways may be seen at even lower bilirubin–albumin ratios
of 0.30–0.40 mmol/L/mmol/L (2.6–3.4 mg/dL/g/dL).6,113 Detection
of deficient bilirubin–albumin binding and reserve binding
capacity may also prove useful in identifying neonates at
risk.32,114,115
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Given the complex, multifactorial nature of low bilirubin
kernicterus, there is no guarantee that even these measures
will be effective in preventing this CNS insult, to say nothing
of the problems involved in identifying an intrinsically
vulnerable host. Indeed, it is impossible to index the innate
susceptibility of the cells of the CNS to bilirubin-induced
injury and to factor this into the risk calculus, although,
almost certainly, differences in CNS vulnerability exist. While
efforts to refine and improve current treatment guidelines are
certainly needed, such revision(s) will also have to take into
account the risks and benefits of any intervention, including
phototherapy.116,117

Acknowledgment

The authors thank Monica J Daood, BS, and Bindu Raveen-
dran, MD, for images shown in Figure 3.

r e f e r e n c e s

1. Watchko JF, Maisels MJ. Jaundice in low birthweight infants:
pathobiology and outcome. Arch Dis Child Fetal Neonatal Ed.
2003;88(6):F455–F458.

2. Ahdab-Barmada M, Moossy J. The neuropathology of kernic-
terus in the premature neonate: diagnostic problems.
J Neuropathol Exp Neurol. 1984;43(1):45–56.

3. Watchko JF, Oski F. Kernicterus in preterm newborns: past,
present, and future. Pediatrics. 1992;90(5):707–715.

4. American Academy of Pediatrics; Committee on Fetus and
Newborn, Committee on Drugs, Benzyl alcohol: toxic agent
in newborn units, Pediatrics. 1983;72(3):356–358.

5. Ahlfors CE. Benzyl alcohol, kernicterus, and unbound bilir-
ubin. J Pediatr. 2001;139(2):317–319.

6. Govaert P, Lequin M, Swarte R, et al. Changes in globus pallidus
with (pre) term kernicterus. Pediatrics. 2003;112(6 Pt 1):
1256–1263.

7. Moll M, Goelz R, Naegele T, Wilke M, Poets CF. Are recom-
mended phototherapy thresholds safe enough for extremely
low birth weight (ELBW) infants? A report on 2 ELBW infants
with kernicterus despite only moderate hyperbilirubinemia.
Neonatology. 2011;99(2):90–94.

8. Sugama S, Soeda A, Eto Y. Magnetic resonance imaging in
three children with kernicterus. Pediatr Neurol. 2001;25(4):
328–331.

9. Odutolu Y, Emmerson AJ. Low bilirubin kernicterus with
sepsis and hypoalbuminaemia. BMJ Case Rep 2013;10.1136/
bcr-2012-008042.

10. Okumura A, Kidokoro H, Shoji H, et al. Kernicterus in
preterm infants. Pediatrics. 2009;123(6):e1052.

11. Gkoltsiou K, Tzoufi M, Counsell Rutherford M, Cowan F.
Serial brain MRI and ultrasound findings: relation to gesta-
tional age, bilirubin level, neonatal neurologic status and
neurodevelopmental outcome in infants at risk of kernicte-
rus. Early Hum Dev. 2008;84(12):829–838.

12. Kamel A, Sasaki M, Akasaka M, Soga N, Kudo K, Chida S. Proton
magnetic resonance spectroscopic images in preterm infants
with bilirubin encephalopathy. J Pediatr. 2012;160(2):342–344.

13. Ahlfors CE. Predicting bilirubin neurotoxicity in jaundiced
newborns. Curr Opin Pediatr. 2010;22(2):129–133.

14. Ahlfors CE, Wennberg RP, Ostrow D, Tiribelli C. Unbound
(free) bilirubin (Bf): improving the paradigm for evaluating
neonatal jaundice. Clin Chem. 2009;55(7):1288–1299.

15. Rothschild MA, Bauman A, Yalow RS, Berson SA.
Tissue distribution of I131 labeled human serum albumin
following intravenous administration. J Clin Invest. 1955;34
(9):1354–1358.

16. Brodersen R. Binding of bilirubin to albumin. CRC Crit Rev Clin
Lab Sci. 1980;11(4):305–399.

17. Ahlfors CE. Criteria for exchange transfusion in jaundiced
newborns. Pediatrics. 1994;93(3):488–494.

18. Maisels MJ. Jaundice. In: MacDonald MG, Seshia MMK,
Mullett MD, eds. Avery’s Neonatology: Pathophysiology and
Management of the Newborn, 6th ed. Philadelphia: Lippincott
Williams & Wilkens; 2005. 768–846.

19. Watchko JF, Tiribelli C. Bilirubin-induced neurologic damage
—mechanisms and management approaches. N Engl J Med.
2013;369(21):2021–2030.

20. Cartlidge PH, Rutter N. Serum albumin concentrations and
oedema in the newborn. Arch Dis Child. 1986;61(7):657–660.

21. Reading RF, Ellis R, Fleetwood A. Plasma albumin and total
protein in preterm babies from birth to eight weeks. Early
Hum Dev. 1990;22(2):81–87.

22. Cashore WJ. Free bilirubin concentrations and bilirubin-
binding affinity in term and preterm infants. J Pediatr.
1980;96(3 Pt 2):521–527.

23. Hulzebos CV, Dijk PH. Bilirubin–albumin binding, bilirubin/
albumin ratios, and free bilirubin levels. Where do we stand?
Semin Perinatol. 2014; this issue.

24. Esbjorner E. Albumin binding properties in relation to
bilirubin and albumin concentrations during the first week
of life. Acta Paediatr Scand. 1991;80(4):400–405.

25. Cashore WJ, Oh W, Brodersen R. Reserve albumin and
bilirubin toxicity in infant serum. Acta Paediatr Scand.
1983;72(3):415–419.

26. Ebbessen F, Knudsen A. The risk of bilirubin encephalopathy,
as estimated by plasma parameters, in neonates strongly
suspected of having sepsis. Acta Paediatr. 1993;82(1):26–29.

27. Bender GJ, Cashore WJ, Oh W. Ontogeny of bilirubin-binding
capacity and the effect of clinical status in premature infants
born at less than 1300 grams. Pediatrics. 2007;120(5):
1067–1073.

28. Wennberg RP, Ahlfors CE, Bhutani VK, Johnson LH, Shapiro
SM. Toward understanding kernicterus: a challenge to
improve the management of jaundiced newborns. Pediatrics.
2006;117(2):474–485.

29. McDonagh AF, Maisels MJ. Bilirubin unbound: déjà vu all
over again? Pediatrics. 2006;117(2):523–525.

30. Robertson A, Karp W, Brodersen R. Bilirubin displacing effect
of drugs used in neonatology. Acta Paediatr Scand. 1991;80(12):
1119–1127.

31. Hegyi T, Kathiravan S, Stahl GE, Huber AH, Kleinfeld A.
Unbound free fatty acids from premature infants treated
with intralipid decouples unbound from total bilirubin
potentially making phototherapy ineffective. Neonatology.
2013;104(3):184–187.

32. Amin SB, Lamola AA. Newborn jaundice technologies:
unbound bilirubin and bilirubin binding capacity in neo-
nates. Semin Perinatol. 2011;35(3):134–140.

33. Silverman WA, Anderson DH, Blanc WA, et al. A difference
in mortality rate and incidence of kernicterus among pre-
mature infants allotted to two prophylactic antibacterial
regimens. Pediatrics. 1956;18(4):614–625.

34. Harris RC, Lucey JF, Naclean JR. Kernicterus in premature
infants associated with low concentrations of bilirubin in
the plasma. Pediatrics. 1958;21(6):875–884.

35. Schutta HS, Johnson L. Clinical signs and morphologic
abnormalities in Gunn rats treated with sulfadimethoxine.
J Pediatr. 1969;75(6):1070–1079.

36. Huber AH, Hegyi T, Kleinfeld AM. Free fatty acids (FFA)
produced from Intralipid and sulfisoxazole displace similar

S E M I N A R S I N P E R I N A T O L O G Y 3 8 ( 2 0 1 4 ) 3 9 7 – 4 0 6404



amounts of bilirubin from albumin. EPAS. 2014;4110. 227
[abstract].

37. Brun A. Perinatal encephalopathies caused by maternal
diseases during pregnancy. Eur Neurol. 1972;7(4):201–220.

38. Ahdab-Barmada M. The neuropathology of kernicterus: def-
initions and debate. In: Maisels MJ, Watchko JF, eds. Neonatal
Jaundice. Amsterdam: Harwood Academic Publishers; 2000.
75–88.

39. Shapiro SM. Definition of the clinical spectrum of kernicte-
rus and bilirubin-induced neurologic dysfunction. J Perinatol.
2005;25(1):54–59.

40. Shapiro SM. Chronic bilirubin encephalopathy: diagnosis
and outcome. Semin Fetal Neonatal Med. 2010;15(3):157–163.

41. Shapiro SM. Kernicterus. In: Stevenson DK, Maisels MJ,
Watchko JF, eds. Care of the Jaundiced Neonate. New York:
McGraw Hill; 2012. 229–242.

42. Ikonen RS, Kuusinen EJ, Janas MO, Koivikko MJ, Sorto AE.
Possible etiological factors in extensive periventricular leu-
komalacia of preterm infants. Acta Paediatr Scand. 1988;77(4):
489–495.

43. Ikonen RS, Koivikko MJ, Laippala P, Kuusinen EJ. Hyper-
bilirubinemia, hypocarbia and periventricular leukomalacia
in preterm infants. Relation to cerebral palsy. Acta Paediatr.
1992;81(10):802–807.

44. Trounce JQ, Shaw DE, Levine MI, Rutter N. Clinical risk
factors and periventricular leucomalacia. Arch Dis Child.
1988;63(1):17–22.

45. Barateiro A, Vaz AR, Silva SL, Fernandes A, Brites D. ER
stress, mitochondrial dysfunction and calpain/JNK activa-
tion are involved in oligodendrocyte precursor cell death
by unconjugated bilirubin. Neuromolecular Med. 2012;14(4):
285–302.

46. Barateiro A, Miron VE, Santos SD, et al. Unconjugated
bilirubin restricts oligodendrocyte differentiation and axonal
myelination. Mol Neurobiol. 2013;47(2):632–644.

47. Brito MA, Zurolo E, Pereira P, Barroso C, Aronica E, Brites D.
Cerebellar axon/myelin loss, angiogenic sprouting, and neuro-
nal increase of vascular endothelial growth factor in a preterm
infant with kernicterus. J Child Neurol. 2012;27(5):615–624.

48. Volpe JJ. Bilirubin and brain injury. In: Schaffer AJ, Markovitz M,
eds. Neurology of the Newborn: Major problems in Clinical Pediatrics,
Vol. 22. Philadelphia: WB Saunders; 1987. 386–408.

49. Connolly AM, Volpe JJ. Clinical features of bilirubin ence-
phalopathy. Clin Perinatol. 1990;17(2):371–379.

50. Bortolussi G, Zentilin L, Baj G, et al. Rescue of bilirubin-
induced neonatal lethality in a mouse model of Crigler–
Najjar syndrome type I by AAV9-mediated gene transfer.
FASEB J. 2012;26(3):1052–1063.

51. Yueh MF, Chen S, Nguyen N, Tukey RH. Developmental
onset of bilirubin-induced neurotoxicity involves Toll-like
receptor 2-dependent signaling in humanized UDP-glucu-
ronosyltransferase 1 mice. J Biol Chem. 2014;289(8):4699–4709.

52. Cannon C, Daood MJ, Watchko JF. Sex specific regional brain
bilirubin content in hyperbilirubinemic Gunn rat pups. Biol
Neonate. 2006;90(1):40–45.

53. Choi EK, Park D, Kim TK, et al. Animal models of periven-
tricular leukomalacia. Lab Anim Res. 2011;27(2):77–84.

54. Salmaso N, Jablonska B, Scafidi J, Vaccarion FM, Gallo V.
Neurobiology of premature brain injury. Nat Neurosci. 2014;17
(3):341–346.

55. Hagberg H, Peebles D, Mallard C. Models of white matter
injury: comparison of infectious, hypoxic–ischemic, and
excitotoxic insults. Ment Retard Dev Disabil Res Rev. 2002;
8(1):30–38.

56. Barateiro A, Domingues HS, Fernandes A, Relvas JB, Brites D.
Rat cerebellar slice cultures exposed to bilirubin evidence
reactive gliosis, excitotoxicity and impaired myelinogenesis

that is prevented by AMPA and TNF-α inhibitors. Mol Neuro-
biol. 2014;49(1):424–439.

57. American Academy of Pediatrics Subcommittee on Hyper-
bilirubinemia. Clinical practice guideline: management of
hyperbilirubinemia in the newborn infant 35 or more weeks
of gestation. Pediatrics. 2004;114(1):297–316.

58. Maisels MJ, Bhutani VK, Bogen D, Newman TB, Stark AR,
Watchko JF. Hyperbilirubinemia in the newborn infant 4 or
¼ 35 weeks’ gestation: an update with clarifications.
Pediatrcs. 2009;124(4):1193–1198.

59. Wennberg RP. Animal models of bilirubin encephalopathy.
Adv Vet Sci Comp Med. 1993;37:87–113.

60. Dammann O, Leviton A. Intermittent or sustained systemic
inflammation and the preterm brain. Pediatr Res. 2014;75(3):
376–380.

61. Steemwinckel JV, Schang AL, Sigaut S, et al. Brain damage of
the preterm infant: new insights into the role of inflamma-
tion. Biochem Soc Trans. 2014;42(2):557–563.

62. Leviton A, Hecht JL, Allred EN, Yamamotot H, Fichorova RN,
Dammann O. Persistence after birth of systemic inflamma-
tion associated with umbilical cord inflammation. J Reprod
Immunol. 2011;90:235–243.

63. Kuban KCK, O’Shea TM, Allred EN, et al. Systemic inflam-
mation and cerebral palsy risk in extremely preterm infants.
J Child Neurol. 2014 [Epub ahead of print].

64. O’Shea TM, Shah B, Allred EN, et al. Inflammation-initiating
illnesses, inflammation-related proteins, and cognitive
impairment in extremely preterm infants. Brain Behav
Immun. 2013;29:104–112.

65. Gotsch F, Romero R, Kusanovic JP, et al. The fetal
inflammatory response syndrome. Clin Obstet Gynecol. 2007;
50(5):652–683.

66. Yoon BH, Romero R, Park JS, et al. The relationship among
inflammatory lesions of the umbilical cord (funisitis), umbil-
ical cord plasma interleukin 6 concentration, amniotic fluid
infection, and neonatal sepsis. Am J Obset Gynecol. 2000;183(5):
1124–1129.

67. Chaiworapongsa T, Romero R, Kim JC, et al. Evidence for
fetal involvement in the pathologic process of clinical
chorioamnionitis. Am J Obstet Gynecol. 2002;186(6):1178–1182.

68. Madianos PN, Bobetsis YA, Offenbacher S. Adverse preg-
nancy outcomes (APOs) and periodontal disease: pathogenic
mechanisms. J Periodontol. 2013;84(suppl 4):S170–S180.

69. Helderman JB, O’Shea TM, Kuban KCK, et al. Antenatal
antecedents of cognitive impairment at 24 months in
extremely low gestational age newborns. Pediatrics. 2012;
129(3):494–502.

70. Sen S, lyer C, Meydani SN. Obesity during pregnancy alters
maternal oxidant balance and micronutrient status. J Peri-
natol. 2014;34(2):105–111.

71. Basu S, Haghiac M, Surace P, et al. Pregravid obesity asso-
ciates with increased maternal endotoxemia and metabolic
inflammation. Obesity. 2011;19:476–482.

72. Challier JC, Basu S, Bintein T, et al. Obesity in pregnancy
stimulates macrophage accumulation and inflammation in
the placenta. Placenta. 2008;29(3):274–281.

73. Radaelli T, Uvena-Celebrezze J, Minium J, Huston-Presley L,
Catalano P, Hauguelde Mouzon S. Maternal Interleukin-6:
marker of fetal growth and adiposity. J Soc Gynecol Investig.
2006;13(1):53–57.

74. Brites D. The evolving landscape of neurotoxicity by uncon-
jugated bilirubin: role of glial cells and inflammation. Front
Pharmacol. 2012;3:88.

75. Raveendran B, Daood MJ, Watchko JF. Cerebellar microglia
activation during bilirubin encephalopathy in jaundiced
Gunn rat pups is attenuated by minocycline. E-PAS. 2010;
2851.331.

S E M I N A R S I N P E R I N A T O L O G Y 3 8 ( 2 0 1 4 ) 3 9 7 – 4 0 6 405



76. Liaury K, Miyaoka T, Tsumori T, et al. Morphological features
of microglial cells in the hippocampal dentate gyrus of Gunn
rat: a possible schizophrenia animal model. J Neuroinflamma-
tion. 2012;9:56.

77. Liaury K, Miyaoka T, Tsumori T, et al. Minocycline improves
recognition memory and attenuates microglial activity in
Gunn rat: a possible hyperbilirubinemia-induced animal
model of schizophrenia. Prog Neuropsychopharmacol Biol Psy-
chiatry. 2014;50C:184–190.

78. Goldenberg RL, Hauth JC, Andrews WW. Intrauterine
infection and preterm delivery. N Engl J Med. 2000;342(20):
1500–1507.

79. Gantert M, Been JV, Gavilanes AW, Garnier Y, Zimmerman
LJ, Kramer BW. Chorioamnionitis: a multiorgan disease of
the fetus? J Perinatol. 2010;30(suppl):S21–S30.

80. Gomez R, Romero R, Ghezzi F, Yoon BH, Mazor M, Berry SM.
The fetal inflammatory response syndrome. Am J Obstet
Gynecol. 1998;179(1):194–202.

81. Redline RW. Inflammatory response in acute chorioamnio-
nitis. Semin Fetal Neonatal Med. 2012;17(1):20–25.

82. Berger R, Garnier Y. Pathophysiology of perinatal brain
damage. Brain Res Brain Res Rev. 1999;30(2):107–134.

83. Ekland S, Mallard C, Leverin AL, et al. Bacterial endotoxin
sensitizes the immature brain to hypoxic–ischemic injury.
Eur J Neurosci. 2001;13(6):1101–1106.

84. Naeye RL. Amniotic fluid infections, neonatal hyperbilirubi-
nemia, and psychomotor impairment. Pediatrics. 1978;62:
497–503.

85. Pearlman MA, Gartner LM, Lee K, Eidelman AI, Morecki R,
Horoupian DS. The association of kernicterus with bacterial
infection in the newborn. Pediatrics. 1980;65(1):26–29.

86. Ip S, Chung M, Kulig J, et al. An evidence-based review of
important issues concerning neonatal hyperbilirubinemia.
Pediatrics. 2004;114(1):e130–e153.

87. Yeung CY, Ngai KC. Cytokine- and endotoxin-enhanced
bilirubin cytotoxicity. J Perinatol. 2001;21(Suppl 1):S56–S58.

88. Gamaleldin R, Iskander I, Seoud I, et al. Risk factors for
neurotoxicity in newborns with severe neonatal hyperbilir-
ubinemia. Pediatrics. 2011;128(4):e925.

89. Fernandes A, Silva RF, Falcao AS, Brito MA, Brites D. Cytokine
production, glutamate release, and cell death in rat cultured
astrocytes treated with unconjugated bilirubin and LPS.
J Neuroimmunol. 2004;153(1-2):64–75.

90. Falcao AS, Fernandes A, Brito MA, Silva RF, Brites D.
Bilirubin-induced inflammatory response, glutamate
release, and cell death in rat cortical astrocytes is enhanced
in younger cells. Neurobiol Dis. 2005;20(2):199–206.

91. Falcao AS, Silva RF, Pancadas S, Fernandes A, Brito MA,
Brites D. Apoptosis and impairment of neurite network by
short exposure of immature rat cortical neurons to uncon-
jugated bilirubin increase with cell differentiation and are
additionally enhanced by an inflammatory stimulus. J Neuro-
sci Res. 2007;85(6):1229–1239.

92. Johnson L, Bhutani VK, Karp K, Sivieri EM, Shapiro SM.
Clinical report from the Pilot US Kernicterus Registry.
J Perinatol. 2009;29(Suppl 1):S25–S45.

93. Watchko JF, Claassen D. Kernicterus in premature infants:
current prevalence and relationship to NICHD phototherapy
study exchange criteria. Pediatrics. 1994;93(6 Pt 1):996–999.

94. Gordo AC, Falcao AS, Fernandes A, Brito MA, Silva RF, Brites D.
Unconjugated bilirubin activates and damages microglia.
J Neurosci Res. 2006;84(1):194–201.

95. Brites D, Fernandes A, Falcao AS, Gordo AC, Silva RF, Brito
MA. Biologic risks for neurological abnormalities associated
with hyperbilirubinemia. J Perinatol. 2009;29(suppl 1):S8–13.

96. Vaz AR, Silva SL, Barateiro A, Fernandes A, Brito D. Pro-
inflammatory cytokines intensify the activation of NO/NOS,
JNK1/2 and caspase cascades in immature neurons exposed

to elevated levels of unconjugated bilirubin. Exp Neurol.
2011;229(2):381–390.

97. Lin S, Wei X, Bales KR, et al. Minocycline blocks bilirubin
neurotoxicity and prevents hyperbilirubinemia-induced cere-
bellar hypoplasia in the Gunn rat. Eur J Neurosci. 2005;22(1):21–27.

98. Geiger AS, Rice A, Shapiro SM. Minocycline blocks acute
bilirubin-induced neurological dysfunction in jaundiced
Gunn rats. Neonatology. 2007;92(4):219–226.

99. Daood MJ, Hoyson M, Watchko JF. Lipid peroxidation is not
the primary mechanism of bilirubin-induced neurologic dys-
function in jaundiced Gun rat pups. Pediatr Res. 2012;72(5):
455–459.

100. Falcao AS, Silva RFM, Vaz AR, Silva SL, Fernandes A, Brites D.
Cross-talk between neurons and astrocytes in response to
bilirubin: early beneficial effects. Neurochem Res. 2013;38:644–659.

101. Falcao AS, Silva RF, Vaz AR, et al. Cross-talk between
neurons and astrocytes in response to bilirubin: adverse
secondary impacts. Neurotox Res. 2013;26(1):1–15.

102. Mueller K. Inflammation’s Yin-Yang. Science. 2013;339(6116):
155.

103. Ofek-Shlomai N, Berger I. Inflammatory injury to the neo-
natal brain—what can we do? Front Pediatr. 2014;2:30.

104. Maisels MJ, Watchko JF. Treatment of jaundice in low birth-
weight infants. Arch Dis Child Fetal Neonatal Ed. 2003;88(6):
459–463.

105. Maisels MJ, Watchko JF, Bhutani VK, Stevenson DK.
An approach to the management of hyperbilirubinemia in
the preterm infant less than 35 weeks of gestation.
J Perinatol. 2012;32(9):660–664.

106. Oh W, Stevenson DK, Tyson JF, et al. Influence of clinical
status on the association between plasma total and
unbound bilirubin and death or adverse neurodevelopmen-
tal outcomes in extremely low birth weight infants. Acta
Paediatr. 2010;99(5):673–678.

107. Brown AK. Jaundice. In: Behrman RE, ed, Neonatology,
St. Louis: CV Mosby; 1973; 231.

108. Brown AK, Kim MH, Wu PYK, Bryla DA. Efficacy of photo-
therapy in prevention and management of neonatal hyper-
bilirubinemia. Pediatrics. 1985;75(suppl):393–400.

109. Ahlfors CE, Amin SB, Parker AE. Unbound bilirubin predicts
abnormal automated auditory brainstem response in a
diverse newborn population. J Perinatol. 2009;29(4):305–309.

110. Hulzebos CV, van Imhoff DE, Bos AF, Ahlfors CE, Verkade HJ,
Dijk PH. Usefulness of the bilirubin/albumin ratio for pre-
dicting bilirubin-induced neurotoxicity in premature infants.
Arch Dis Child Fetal Neonatal Ed. 2008;93(5):F384–F388.

111. Hulzebos CV, Dijk PH, van Imhoff DE, et al. The bilirubin
albumin ratio in the management of hyperbilirubinemia in
preterm infants to improve neurodevelopmental outcome: a
randomized controlled trial—the BARTrial. PLoS One. 2014;9(6):
e99466.

112. Nakamura H, Koda T, Yokota T, et al. Bilirubin/albumin
ratios at the critical level of serum unbound bilirubin in
hyperbilirubinemic neonates. EPAS. 2014;4525.5.

113. Amin SB, Ahlfors C, Orlando MS, Dalzell LE, Merle KS, Guillet R.
Bilirubin and serial auditory brainstem response in preterm
infants. Pediatrics. 2001;107(4):350–354.

114. Wells R, Hammond K, Lamola AA, Blumberg WE. Relationships
of bilirubin binding parameters. Clin Chem. 1982;28(3):432–439.

115. Lamola AA, Fanaroff AA. Bilirubin fluorescence and preven-
tion of kernicterus. Diagn Med. 1984:9–12.

116. Morris BH, Oh W, Tyson JE, et al. Aggressive vs. conservative
phototherapy for infants with extremely low birth weight.
N Engl J Med. 2008;359(18):1885–1896.

117. Tyson JE, Pedroza C, Langer J, et al. Does aggressive photo-
therapy increase mortality while decreasing profound
impairment among the smallest and sickest newborns?
J Perinatol. 2012;32(9):677–684.

S E M I N A R S I N P E R I N A T O L O G Y 3 8 ( 2 0 1 4 ) 3 9 7 – 4 0 6406


