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ABSTRACT

PURPOSE. We sought to evaluate the sensitivity and specificity of total serum bilirubin
concentration (TSB) and free (unbound) bilirubin concentration (By) as predictors
of risk for bilirubin toxicity and kernicterus and to examine consistency between
these findings and proposed mechanisms of bilirubin transport and brain uptake.

METHODS. A review of literature was undertaken to define basic principles of biliru-
bin transport and brain uptake leading to neurotoxicity. We then reviewed ex-
perimental and clinical evidence that relate TSB or B; to risk for bilirubin toxicity
and kernicterus.

RESULTS. There are insufficient published data to precisely define sensitivity and
specificity of either TSB or B; in determining risk for acute bilirubin neurotoxicity
or chronic sequelae (kernicterus). However, available laboratory and clinical evi-
dence indicate that By is better than TSB in discriminating risk for bilirubin toxicity
in patients with severe hyperbilirubinemia. These findings are consistent with
basic pharmacokinetic principles involved in bilirubin transport and tissue uptake.

CONCLUSIONS. Experimental and clinical data strongly suggest that measurement of B;
in newborns with hyperbilirubinemia will improve risk assessment for neurotox-
icity, which emphasizes the need for additional clinical evaluation relating B; and
TSB to acute bilirubin toxicity and long-term outcome. We speculate that estab-
lishing risk thresholds for neurotoxicity by using newer methods for measuring B;
in minimally diluted serum samples will improve the sensitivity and specificity of
serum indicators for treating hyperbilirubinemia, thus reducing unnecessary ag-
gressive intervention and associated cost and morbidity.
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HERE IS SUBSTANTIAL evidence that unconjugated

bilirubin is neurotoxic and that high serum levels in
newborns can produce brain damage (kernicterus). In
the absence of obstructive jaundice, the serum concen-
tration of unconjugated bilirubin is best estimated by
measuring the total serum bilirubin concentration
(TSB). Calculating the “indirect fraction” (TSB minus the
“direct reacting” bilirubin concentration) can be mis-
leading in most newborns, because high levels of uncon-
jugated bilirubin can produce an elevated direct fraction
(~10% of TSB), which does not represent nontoxic
conjugated bilirubin.

Recently published management guidelines for jaun-
diced term and near-term infants by the American Acad-
emy of Pediatrics (AAP) are based on the premise that
TSB is the best available predictor of risk for kernicterus.>
However, clinical evidence indicates that TSB, beyond a
threshold value of ~20 mg/dL (342 pumol/L), is a poor
discriminator of individual risk for bilirubin toxicity.
Kernicterus may rarely occur in healthy term infants
with a TSB of <25 mg/dL (428 umol/L),*7 the level
currently recommended by the AAP for aggressive in-
tervention, and most infants with a TSB of >25 mg/dL
escape without recognized permanent sequelae.’'* How
can this be? Can the very poor sensitivity and specificity
of TSB in predicting bilirubin toxicity be attributed solely
to variations in the blood-brain barrier (BBB) or neuro-
nal susceptibility?

In addressing this problem, this review examines (1)
determinants of TSB, (2) mechanisms involved in bili-
rubin movement into the brain, (3) predictability of
bilirubin toxicity using TSB and/or the free-bilirubin
(not bound to serum proteins) concentration (B;), and
(4) the challenge of developing a more rational manage-
ment protocol for infants with severe jaundice. To avoid
semantic confusion, the term “kernicterus” is restricted
to patients with autopsy-proven kernicterus and patients
with permanent bilirubin-induced brain injury. “Early
bilirubin toxicity” refers to patients with transient or
reversible clinical evidence of toxicity in the neonatal
period.

DETERMINANTS OF TSB

Textbooks state that the TSB is determined by the rates
of bilirubin production, excretion, and intestinal reab-
sorption (enterohepatic shunt). This statement is not
quite accurate. These 3 factors determine the net biliru-
bin load that accumulates over time and is distributed in
multiple compartments within the body. Plasma is but
one of the many compartments (including liver, skin,
red blood cells, brain, phospholipid membranes, etc) that
compete for binding the miscible (exchangeable) biliru-
bin load. Plasma is a unique compartment in that it
serves as a “mixer” for the miscible pool of bilirubin. The
“force” that drives this distribution toward equilibrium is
the B,

The distribution of the bilirubin pool between the
various compartments depends on the number of bind-
ing sites in each compartment and their affinity for
binding bilirubin. The bilirubin-binding affinity is quan-
tified by a binding constant, K, which equals the ratio of
association and dissociation-rate constants (k,/k_,) of
any specific receptor.

ky
free bilirubin + receptor == receptor - B
ko

In plasma, albumin is the main (but not the only) carrier
for bilirubin with a high K approaching 107 L/mol (sim-
ilar to K in H,O <> H* + OH™).!"" Despite the ability of
bilirubin to accumulate in rather high concentrations in
both plasma and tissue, the B; in the body (and plasma)
is very low, rarely exceeding 3 to 4 ug/dL even in cases
of marked hyperbilirubinemia. The low B; is mandated
in part by the very low solubility of bilirubin, which has
been estimated to be 7 nmol/L'2 on the basis of dissolu-
tion of bilirubin crystals in water or 70 nmol/L (4.1
pg/dL) on the basis of partitioning between water and
chloroform.* The latter value is more consistent with By
reported in infant sera. Higher metastable concentra-
tions can exist but would tend to aggregate and precip-
itate in tissue.

The relationship between By, albumin-bound biliru-
bin concentration (AB), and serum albumin concentra-
tions (A) at clinically relevant TSB and A can be ex-
pressed as

AB

B~ -mxK"

Because TSB = AB + By, and the concentration of B; is
extremely low relative to TSB, AB ~ TSB, and the equa-
tion can be expressed as

TSB

B A -—TsBxK-

At a given TSB, B; is inversely proportional to A and its
intrinsic ability to bind bilirubin (K). Given the same B;
and K, an infant with an albumin level of 4 g/dL will
have a TSB that is twice as high as a newborn with 2
g/dL albumin. However, the “driving force” (B;) that
sends bilirubin to tissue sites will be nearly identical. In
other words, given identical K values, an infant with a
TSB of 15 mg/dL and A of 2 g/dL will have nearly the
same risk for bilirubin toxicity as an infant with a TSB of
30 mg/dL and albumin of 4 g/dL.

Unfortunately, the albumin-bilirubin binding con-
stant, K, is not “constant” but varies considerably among
newborns. It is also lower in sick infants and may in-
crease with postnatal age. Furthermore, the effective
concentration of albumin, A, can be reduced by the
presence of drugs or compounds that bind to the same
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locus as bilirubin such as sulfonamides or benzoate, the
metabolite of benzyl alcohol. Both drugs have been as-
sociated with clusters of kernicterus in premature in-
fants.!415

The equation shown above considers only 1 binding
site on albumin and assumes that 1 molecule of albumin
binds a single bilirubin molecule. However, albumin has
1 to 2 additional bilirubin-binding sites with lower K
values, and apolipoprotein D also binds bilirubin in plas-
ma.!¢ Thus, the measured B; in plasma reflects the equi-
librium of bilirubin with multiple binding loci, and TSB
is distributed among the various plasma protein-binding
sites according to their relative concentrations and bind-
ing constants. Interindividual variations in K, effective
albumin concentration, and alternative binding sites in
plasma limit the usefulness of estimating B; by measur-
ing the TSB/A ratio. Even in cases of kernicterus, TSB
does not exceed the “binding capacity” of plasma, al-
though the B; (B{/TSB) increases more rapidly as the
TSB/A molar ratio approaches unity (~9 mg of bilirubin
per g of albumin).

Similar equations govern the distribution of bilirubin
in tissue; at equilibrium, B; will be the same in all com-
partments. However, in a system involving multiple
compartments, some of which may involve nonrevers-
ible metabolic processes (eg, bilirubin oxidase, conjuga-
tion by glucuronyl transferase), a true equilibrium will
never be achieved, but the movement of bilirubin will be
toward compartments with lower B; approaching
“steady-state” levels of B;. This movement of bilirubin
between compartments has sometimes been referred to
as “the free-bilirubin theory.” It is not a theory but a law:
the law of mass action.

ENTRY OF BILIRUBIN INTO BRAIN
In contrast to other reservoirs for bilirubin binding, the
brain is unique by having a BBB that slows the equilib-
rium between plasma and brain. If the BBB is disrupted,
bilirubin—albumin moves rapidly into the extracellular
space of brain,'” and at sufficiently high B; bilirubin will
produce immediate global neurotoxicity.!8-20

When the BBB is intact, the rate of bilirubin uptake
by brain is determined by (1) the By, (2) the permeability
and surface area of the capillary endothelium, (3) the
transit time through the capillary bed (time available for
the extracted bilirubin to be replenished from the albu-
min reservoir), (4) the dissociation rate of bilirubin—
albumin, k_,, (how quickly the B; will be replaced by
albumin-bound bilirubin as free bilirubin leaves the vas-
cular space), and (5) the blood flow (number of capil-
laries recruited in a given region).?! The BBB is quite
permeable to free bilirubin, with single-pass uptakes
estimated as high 28% in rats.?2 Bilirubin uptake may be
increased by alterations in BBB permeability to bilirubin
or albumin (eg, hyperosmolality, severe asphyxia), pro-
longed transit time (eg, increased venous pressure), an

476 WENNBERG, et al

increase in blood flow (eg, hypercarbia), or an increase
in the albumin-bilirubin dissociation rate (eg, altered
binding in sick infants).

Because the transit time is short, ~1 second, and the
bilirubin—-albumin dissociation rate is slow (eg, com-
pared with the dissociation of H,0), there is little time to
replenish the unbound bilirubin that is transported
across the brain capillary. At a given B;, brain uptake of
bilirubin could theoretically be facilitated by a high TSB
(ie, a high A) simply because there would be a larger
plasma reservoir to replenish the extracted free bilirubin.
Using published dissociation rate constants obtained in
dilute albumin solutions,!' Robinson and Rapoport??
concluded that the slow dissociation rate precludes rapid
replenishment of bilirubin removed and that brain up-
take is governed largely by the TSB until the high-
affinity bilirubin-binding sites on albumin are saturated.
Unfortunately, their analysis did not consider that sig-
nificant bilirubin is bound to secondary sites (probably
with higher dissociation rates) long before this occurs.
Furthermore, subsequent evidence indicates that the
binding constant (ratio of association/dissociation rates)
is an order of magnitude lower in undiluted serum and
extremely variable between infants,242> which calls into
question their assumption of a low k_, being rate limit-
ing for brain uptake of bilirubin.2¢

Clinically, bilirubin neurotoxicity, which occasionally
is irreversible, will occur before primary sites are satu-
rated. Still, because of the slow transport of bilirubin
across the BBB, time of exposure to a high B; may be
critical in determining the magnitude of brain load and
toxicity. In primates, several hours of exposure to a very
high TSB and B; are usually required to create neuro-
toxicity, and even longer exposure is needed to produce
nuclear staining.?”2¢ Most cases of kernicterus in term
infants occur at several days of age and often after the
TSBs have been very high for extended periods of time.
This “exposure-time factor” complicates outcome studies
that examine only the peak (or a single readmission)
TSB.

Net transport of bilirubin across the BBB also may be
influenced by the energy-dependent multidrug-resistant
transporters MDR1 and MRP1. MDRI1, or P-glycopro-
tein, is one of several transporters that are involved in
cellular efflux of xenobiotics and is expressed in capillary
endothelial cells of the BBB, astrocytes, and the choroids
plexus.? Unconjugated bilirubin is a weak substrate for
MDRI1.% In a study by Watchko et al,?! brain uptake of
bilirubin in Mdrla~/~ knockout mice infused with high
concentrations of bilirubin was twice that of controls
(Mdrla*/*). Inhibition of P-glycoprotein potentiates
bilirubin-induced apoptosis in a human neuroblastoma
line*>? and increases bilirubin content in brains of young
adult rats (measured at very high TSB).3

The multidrug-resistance—associated protein, MRP1,
performs similar functions. MRP1 is highly expressed in
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choroid plexus epithelium, astrocytes, (rat) neurons,
and placenta trophoblast but has minimal expression in
capillary endothelium in whole brain.>* It is upregulated
in cultured cells that are exposed to unconjugated bili-
rubin and mediates ATP-dependent cellular export of
bilirubin.?>* Inhibition of MRPI in cultured astrocytes
potentiates apoptosis induced by low concentrations of
bilirubin.?¢ Other potential cellular defense mechanisms
include mitochondrial bilirubin oxidase,?”2# other trans-
porters, and antiapoptosis factors.>®

The extent to which these cellular defense mecha-
nisms contribute to variations in sensitivity to the toxic
effects of bilirubin remains uncertain, but all of these
protective mechanisms can be overwhelmed by the
rapid infusion of a binding competitor. Under steady-
state conditions, these endogenous metabolites and ex-
ogenous drugs effectively decrease the albumin concen-
tration. However, peak drug levels after intravenous
infusion can have a devastating effect, and like the
splash from a boulder thrown into a pond, there is a
transient surge in B;, an immediate decrease in TSB, and
an acute increase in brain bilirubin content, with poten-
tially severe neurologic consequences.?7284041

The cellular mechanism(s) of early reversible biliru-
bin toxicity (eg, behavioral changes and prolongation of
interwave latencies in the brainstem auditory evoked
response [ABR]) are unknown, but exposure of neurons
to high levels of B; will produce apoptosis*>**** and/or
necrosis associated with mitochondria dysfunction, pos-
sibly produced by bilirubin disruption of the proton gra-
dient required for oxidative phosphorylation.#

In summary, the distribution of bilirubin in the body
can be described by using established pharmacokinetic
principles. Although much is known about the physiol-
ogy of bilirubin transport, brain uptake, and toxicity,
transformation of this “bench” knowledge22343945 to clin-
ical research and bedside strategy has been very slow.

ASSESSING RISK FOR NEUROTOXICITY AND KERNICTERUS BY
USING TSB
Bilirubin can produce behavioral changes and alter-
ations in the ABR at TSBs well below 20 mg/dL.*¢ As the
TSB increases, changes in the ABR progress from small
increases in interwave intervals to decreased amplitude
and eventual loss of waves III and V, which represents
altered brainstem conduction.*’->2 Abnormalities in wave
I, which reflects auditory nerve function, may be seen at
higher bilirubin levels and in kernicteric infants with
hearing loss.”’>2 Although severe ABR changes occur
only at high TSB (usually >20 mg/dL), TSB does not
differentiate newborns with and without ABR chang-
es.48—50

ABR abnormalities may reverse or improve after pho-
totherapy or exchange transfusion*” but sometimes re-
quire months to normalize.>* This slow recovery may be
testimony to the plasticity of developing injured brain

rather than truly “reversible” bilirubin toxicity. Perma-
nent neurosensory hearing loss may be the only clinical
manifestation of kernicterus. A similar sequence of ABR
changes has been observed in jaundiced Gunn rat pups
given an albumin-binding displacer (sulfadimethox-
ine).*-%¢ The abnormalities could be partially reversed
with rapid intervention.>*

Hyperbilirubinemia can also produce changes in elec-
trocortical activity (increased delta frequency and de-
creased frequency and amplitude of theta, alpha, and
beta waves recorded at TSB levels ranging from 16 to 33
mg/dL),5” delay electrocortical maturation in term new-
borns,”” and delay ABR maturation in premature in-
fants.’® Premature and near-term infants may be partic-
ularly sensitive to bilirubin-induced ABR changes and
residual hearing loss.”>®® An association of apnea and
bradycardia during the first 2 weeks of life with in-
creased TSB, B;, and ABR changes was reported recent-
ly,®! suggesting that brainstem toxicity may extend be-
yond auditory pathways in premature infants. Apnea is
a common manifestation of toxicity in premature pri-
mates that are infused with bilirubin and may precede
changes in the ABR.?”

In 1996, Starr et als2 described a syndrome of auditory
neuropathy (or auditory dyssynchrony) (AN/AD)¢3-65
characterized by an absent or severely distorted ABR,
normal otoacoustic emissions (ie, normal hair cells),
normal cochlear microphonic responses (auditory
nerve), and variable hearing impairment. The same con-
stellation of findings had been observed previously by
Chisin et al®® in 1979 in children with hearing loss
caused by hyperbilirubinemia. In sparing the inner ear
and acoustic nerve, AN/AD is quite distinct from most
causes of hearing loss.

Children with AN/AD have difficulty understanding
speech in the absence of significant hearing loss and may
have delayed speech development, behavioral problems,
and learning disability.s” AN/AD may account for 11% of
children with permanent hearing deficits,*”¢® with a re-
ported prevalence of 5.3% to 14.8% in infants dis-
charged from NICUs.®® Hyperbilirubinemia and prema-
turity are significant risk factors for AN/AD,¢870-72
accounting for more than half of the patients with the
syndrome.” When associated with hyperbilirubinemia,
AN/AD is more likely to improve over time. Although
the incidence of AN/AD in the premature population
and its relationship to TSB and B; remains to be firmly
established, the syndrome seems to be an important
component of the bilirubin-induced brain-injury spec-
trum involving auditory pathways.¢!

Among healthy term or near-term infants without
isoimmune hemolytic disease, there is no evidence that
a TSB concentration maintained at <20 to 21 mg/dL will
produce significant permanent neurologic sequelae,?
but how well does TSB discriminate infants at risk for
kernicterus when the TSB exceeds 20 mg/dL? How
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many patients with severe hyperbilirubinemia escape
injury, and what is the TSB in patients who develop
kernicterus?

Data relating TSB to kernicterus in otherwise healthy
term infants are extensive, but conclusions are sparse
because of the rarity of the event, logistic and ethical
constraints in conducting prospective outcome research
with controlled intervention, inadequate documentation
of TSB before readmission with symptoms, and varying
methods of assessing outcome (eg, acute bilirubin-in-
duced neurologic dysfunction versus permanent injury;
subtle deficits; focal or severe damage). Newman and
Maisels® conducted an extensive analysis of available
data in 1990 that was dominated by a reanalysis of
outcome data from the Collaborative Perinatal Project, a
multicenter cohort study of >54 000 pregnancies be-
tween 1959 and 1965. Their conclusion that “infants
without hemolysis are not at risk of mental or physical
impairment until serum bilirubin levels rise well above
20 mg/dL” was instrumental in liberalizing the standard
of care in the 1994 AAP practice parameter.87+7> In their
analysis, Newman and Maisels assumed a linear rela-
tionship between TSB and outcome that, as described
above, is unlikely to occur. In a subsequent study of
outcome at 7 to 8 years of age,® a significant association
of hyperbilirubinemia and abnormal or suspicious neu-
rologic abnormalities was found when comparing
groups who had neonatal TSBs of <10 mg/dL and those
who had TSBs of >20 mg/dL. More recent studies have
also reported that mild neurologic abnormalities are
more frequent in infants with high bilirubin levels who
are evaluated at ages ranging from 12 months to 15
years,”*77 although the functional significance of abnor-
malities in all 3 studies is uncertain.

Three retrospective chart reviews of infants who were
readmitted with severe hyperbilirubinemia provide an
insight to the degree of risk. Newman et al'® reviewed
the outcome of all infants with TSBs of >30 mg/dL (513
pmol/L) who were readmitted to a large health care
maintenance organization over a 4-year period. All 11
patients received aggressive bilirubin-reduction inter-
ventions. The TSB ranged from 30.7 mg/dL (525
pmol/L) to 45.5 mg/dL (778 wmol/L). None had docu-
mented acute symptoms of encephalopathy, and 9 were
reported to have normal neurologic examinations when
they were evaluated at ages ranging from 18 months to
5 years. One died of sudden infant death syndrome, and
a second was receiving speech therapy but was other-
wise normal.

Ahlfors and Herbsman’® examined 8 term infants
who were readmitted with TSBs ranging from 28.3 to
34.2 mg/dL. One infant with a TSB of 33.1 mg/dL (566
pmol/L) failed an “Algo” hearing screen, and a second,
who was admitted with a TSB of 31.7 mg/dL (542 pwmol/
L), had acute symptoms of encephalopathy, seizures,
and apnea and died with pathologic kernicterus that was
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found at autopsy. The infant had glucose-6-phosphate
dehydrogenase (G6PD) deficiency but no evidence of
hemolysis or infection. The remaining infants were
asymptomatic, but follow-up was not reported. All sur-
viving infants received exchange transfusion.

Harris et al”® reported 6 readmissions of infants with
TSBs of >25 mg/dL and acute signs of encephalopathy in
their hospital but did not state the number of those who
were admitted with TSBs of >25 mg/dL without symp-
toms during the same time interval. Admission TSBs
ranged from 26.4 to 36.9 mg/dL (451-631 umol/L). In
contrast to the report by Newman et al,'® 5 of the 6
infants were symptomatic on admission. MRI was ab-
normal in 3 of 4 infants tested (including an asymptom-
atic infant with a TSB of 26.4 mg/dL), and 2 of 5 infants
had abnormal ABRs. Follow-up was normal for 4 in-
fants, 1 had residual hearing loss, and 1 had severe
cerebral palsy and mental retardation, which is atypical
of kernicterus but consistent with global bilirubin en-
cephalopathy observed in animals with a permeable
BBB.

These 3 studies are summarized in Fig 1, which illus-
trates the wide spectrum of response to severe hyper-
bilirubinemia. Because the denominator of asymptom-
atic readmissions is uncertain in the latter 2 studies, Fig
1 should reflect the maximum risk for kernicterus in this
TSB range. Most infants had no acute or residual effects
from severe hyperbilirubinemia, and TSB did not dis-
criminate which infants would or would not develop
kernicterus (ie, low specificity). Most of these infants
received aggressive phototherapy and/or exchange
transfusion, which may relate to the good outcome.

If the goal of intervention in hyperbilirubinemia is to
prevent all cases of kernicterus, one must choose a TSB
(or By) with high sensitivity to include all infants at risk.
Two recent studies examined the readmission or peak
TSB level in infants with acute-phase bilirubin toxicity,
residual neurologic injury, and/or autopsy-proven ker-
nicterus in term and near-term infants. A literature
search conducted by the Agency for Healthcare Research
and Quality at the behest of the AAP reviewed 123 cases
of kernicterus that were reported in 28 articles published
in the English-language literature between 1955 and
2001.>7 Of 123 cases, 21 had idiopathic hyperbiliru-
binemia with chronic neurologic sequelae or kernicterus
proven by autopsy (4 cases). The mean TSB was 37
mg/dL (range: 23-49.7 mg/dL) (Table 1). More than
90% of infants with kernicterus associated with idio-
pathic jaundice had TSBs >25 mg/dL. Twenty-five per-
cent of the cases had a TSB <30 mg/dL, and 50% had a
peak TSB 35 mg/dL (600 umol/L). The review included
9 infants with kernicterus associated with sepsis (TSB
range: 14.5-49.8 mg/dL) and 39 patients with ABO or
Rh isoimmune hemolytic disease (mean TSB: ~32 mg/
dL; range: 17.7-51 mg/dL). The mean TSB and lowest
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TABLE 1 Peak TSB Associated With Acute, Chronic, or Autopsy- TABLE2 Readmission TSB Associated With Chronic or Autopsy-

Confirmed Cases of Kernicterus Reported in the English-
Language Literature: 1955-19997

Confirmed Kernicterus in 111 Cases Reported to the Pilot
Kernicterus Registry: 1991-2002

Cause for N Range, mg/dL Mean Peak TSB, Cause for Hyperbilirubinemia N Range, mg/dL Mean TSB,

Hyperbilirubinemia (mmol/L) mg/dL (mmol/L) mg/dL
(mwmol/L) (wmol/L)
Idiopathic hyperbilirubinemia 21 23.0-49.7 (393-850) 37.0(633) Idiopathic hyperbilirubinemia 39 20.7-52.0 (354-889) 36.7 (628)
Sepsis/infection 132 14.5-47.8 (248-818) 31.8(544) Sepsis/infection 5 21.5-48.0 (368-821) 30.1(515)
Isoimmune hemolytic disease ~ 52°  17.7-51.0 (303-872) 32.0(547) G6PD deficiency 24 25.6-54.0 (438-924) 39.7 (679)
2 Includes 3 patients with acute signs but no follow-up and 1 patient with normal follow-up. Hemolysis (other) 22 250-599(428-1024) 38.9 (665)
b Includes 9 patients with acute signs but no follow-up and 2 patients with normal follow-up. Birth trauma 18 23.8-53.9(407-922) 34.6(592)
Other? 3 40.3-49.0(689-838) 43.1(737)
Total cases m 20.7-59.9 (354-1024) 38.1(652)
Acute-phase kernicterus with 7 25.6-36.0 (438-615) 29.3(501)

no sequelae

TSB in these infants were ~5 mg/dL lower than in
kernicteric infants with idiopathic hyperbilirubinemia.
The Pilot Kernicterus Registry, established by Brown
and Johnson a decade ago,*68° contains 118 cases of
acute and chronic bilirubin encephalopathy with docu-
mented readmission or peak TSB¢ occurring in term and
near-term infants without Rh isoimmune hemolytic dis-
ease (7 additional infants with clinical evidence of ker-
nicterus in the registry did not have a recorded TSB).
Peak or admission TSB ranged from 20.7 to 59.9 mg/dL
(Table 2). Seven infants (including cases reported by
Harris et al”® described above) had acute bilirubin toxic-
ity, including seizures in 1 infant, but normal outcome.
One hundred eleven infants developed residual neuro-
logic injury or died with kernicterus. Nine of these in-
fants (8.1%) had a TSB of =25 mg/dL. Fifteen percent of
the patients with kernicterus had a TSB of <30.1 mg/dL
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a Crigler-Najjar syndrome (n = 2) and galactosemia (n = 1).

(515 umol/L), and 50% had a TSB of <38.5 mg/dL (658
pumol/L).

The readmission mean TSB (36.7 mg/dL) in kernic-
teric infants with idiopathic hyperbilirubinemia was sim-
ilar to published levels in previous decades.” In the ab-
sence of Rh isoimmune hemolytic disease, there was no
evidence that hemolysis, whether from G6PD deficiency
or other causes (eg, bruising, nonisoimmune hemolytic
anemia), lowered the threshold for kernicterus com-
pared with idiopathic hyperbilirubinemia. Evidence of
dehydration was prevalent in patients with kernicterus.
Of 111 patients with kernicterus, 30 (27 %) had a weight
loss of >13% of birth weight on readmission, and 9 were
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recorded to have serum sodium values ranging from 149
to 161 mEq/L. The registry data and the review by the
Agency for Healthcare Research and Quality both sug-
gest that some patients with sepsis may have a lower
threshold for kernicterus. Although time of exposure
and intervention with phototherapy or exchange trans-
fusion are likely to be mitigating factors in the develop-
ment of irreversible damage, there is no clear explana-
tion for the wide variation of TSB that is found in infants
both with and without residual injury. Gestational age
and postnatal age may influence both serum binding and
BBB function. Comorbid factors such as acidosis, as-
phyxia, dehydration, and hyperosmolarity, infection, or
isoimmune hemolytic disease may also impair serum
binding of bilirubin, but the degree to which altered
binding contributes to the increased sensitivity to biliru-
bin is uncertain. The contribution of these variables as
independent risk factors for kernicterus will never be
known without measuring serum binding in these in-
fants.

In summary, kernicterus is a rare complication of
neonatal unconjugated hyperbilirubinemia, and most
healthy term infants with a TSB of 25 to 40 mg/dL
escape without significant permanent damage. Most of
these infants received intensive therapy (phototherapy
and/or exchange transfusion), so risks for kernicterus
with prolonged exposure and without intervention is
unknown. On the other hand, 8% to 9% of reported
kernicterus cases occurred with a TSB of <25 mg/dL,
with documented admission TSBs as low as 20.7 mg/dL
(354 pmol/L). The recommendation for aggressive in-
tervention in term infants with a TSB of =25 mg/dL
balances the very low specificity of TSB for predicting
kernicterus with an “acceptable” sensitivity that includes
~92% of patients with kernicterus.

ASSESSING RISK FOR NEUROTOXICITY AND KERNICTERUS BY
USING B;

After the discovery by Odell®! that sulfisoxazole displaces
bilirubin from albumin, which explains the high inci-
dence of kernicterus in premature infants who are given
the drug,'* several methods for evaluating A binding
were developed. These methods included the salicylate
index,’2 HBABA dye binding,? erythrocyte bilirubin
content, 8485 Sephadex G25 gel filtration,3¢8” MADDS
binding,3® front-face fluorometry,®® and the peroxidase
method,® which measures B; from the rate of enzymatic
oxidation of TSB. A comparison of the various tests
demonstrated good agreement between Sephadex gel
filtration and the peroxidase method in predicting bind-
ing and By, although the value for B; that was obtained
with gel filtration was much higher.?09!

During the next 2 decades, a number of studies dem-
onstrated positive correlations between B; measured by
Sephadex gel filtration and kernicterus,®>** and 2 small
prospective studies suggested that binding tests might
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improve predictability of developmental outcome.®>%
This flurry of interest subsided with the introduction of
Rh immune globulin and phototherapy to prevent or
treat hyperbilirubinemia, and the ensuing decreased
prevalence of severe hyperbilirubinemia in term infants
made studies to validate the predictive value of B; logis-
tically impossible. At the same time, several publica-
tions!'>172> (discussed in this review) questioned the
value of binding tests, clinician’s concerns about jaun-
dice were transformed from fear to annoyance, and the
measurement of B; was relegated to a few research lab-
oratories. The recent resurgence of kernicterus in both
the United States and Europe and the recognition that
TSB has limited predictive power for kernicterus have
challenged us to reexamine whether measurement of B
might improve our clinical management of hyperbiliru-
binemia.

Several in vitro and animal studies, which most often
use the peroxidase method, have compared the effects of
TSB and B; (or binding) on bilirubin uptake or toxicity.
B;, but not TSB, correlated with bilirubin uptake and
toxicity in all studies regardless of whether they used
cultured cells,®”* measured neurotoxicity (electroen-
cephalogram) in animals with osmotic opening of the
BBB, '8 or recorded ABR changes in Gunn rats.!°

Clinical application of the peroxidase method was
facilitated by the development of a US Food and Drug
Administration—approved dedicated instrument (Arrows
Co, Ltd, Osaka, Japan) that can measure both TSB and B;
using a 25-uL serum sample. A B; of 20 nmol/L (1.2
ng/dL) was hypothesized to be a risk threshold for bili-
rubin toxicity in term infants on the basis of the highest
B; measured after titrating cord sera to a TSB of 20
mg/dL (R.P.W., unpublished data). Similar conclusions
were made by a historically based analysis of kernicterus
by Ahlfors.!! These estimates were supported by 2 clin-
ical studies of term infants**>° in which B; correlated well
with marked changes in the ABR (B; range: 0.9-1.9
pg/dL), whereas TSB and TSB/A did not discriminate
infants with and without toxicity.

Murki et al'*2 prospectively studied 64 term infants
without hemolytic disease who were readmitted for hy-
perbilirubinemia over a 1-year period. Fourteen infants
had clinical evidence of acute toxicity with TSBs ranging
from 17.5 to 46 mg/dL (299-787 umol/L) and B; levels
ranging from 12.6 to 46 nmol/L (0.73-2.7 pg/dL). The
mean B;, TSB, and TSB/A were all statistically higher in
the group of infants who were symptomatic. The authors
did not report how many of the affected infants had
residual damage.

In premature infants, B; but not TSB correlated with
ABR changes, impairment of ABR maturation,’*® and
clinical signs of acute bilirubin toxicity,'*> although
thresholds for toxicity seem to be somewhat lower than
in term infants. In a study of 138 premature infants,
Nakamura et al'** identified 12 infants with clinical ev-
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idence of bilirubin toxicity. TSBs ranged from 10.4 to
27.6 mg/dL (178-472 pmol/L), and B; ranged from 0.8
to 1.76 ug/dL. A B; of 1.0 pg/dL best discriminated toxic
from asymptomatic low Dbirth weight infants
(1500-2500 g) with a sensitivity of 100% and specificity
of 98%. In very low birth weight infants (<1500 g), a B;
of 0.8 ug/dL correctly identified 4 symptomatic infants
with similar accuracy. One of these, a 644-g premature
infants with a TSB of 11.5 mg/dL (197 umol/L) and a By
of 1.7 pug/dL at 14 days of age, died on day 15 with
kernicterus proven at autopsy. This was the only 1 of 12
symptomatic infants who did not receive an exchange
transfusion.

B;in a group of 9 term infants who were readmitted
for hyperbilirubinemia (TSB > 28 mg/dL) was evaluated
recently with a modified peroxidase method using 2
peroxidase concentrations to correct for rate-limiting
dissociation of bilirubin from albumin.”® This modifica-
tion yields a higher B; than the standard method. One
infant with classic kernicterus had a TSB of 31.7 mg/dL
(542 wmol/L) and a B; of 7.6 ug/dL, a value far exceed-
ing the reported aqueous solubility of unconjugated bil-
irubin.! Eight additional infants with TSBs ranging from
28.3 to 34.2 mg/dL had B; ranging from 1.8 to 4.4 ug/dL.
One infant, with a B; of 4.4 ug/dL, failed an Algo hearing
screen, whereas the remaining infants were reported to
be asymptomatic. Long-term follow-up was not re-
ported.

The standard peroxidase method,® using a 1:41 se-
rum dilution, has several limitations. First, serum dilu-
tion yields falsely low B; results in infants with elevated
serum levels of competing ligands (eg, sulfonamides,
free fatty acids) that require high serum concentrations
to effectively displace bilirubin from albumin. Second,
serum dilution increases the affinity of albumin for bil-
irubin, possibly by decreasing albumin dimerization. The
binding constant for very dilute human serum albumin
is >108 L/mol, whereas K is closer to 5 X 10° L/mol in
undiluted serum.2+25105114 The B; measured in minimally
diluted serum is 5- to 10-fold greater than that measured
by the standard method. Furthermore, the standard
method uses a single peroxidase concentration, which
underestimates By, an error that worsens as the B; con-
centration increases. Accurate determination of B; re-
quires that the dissociation rate of bilirubin from albu-
min be much greater than the rate of oxidation, a
condition that requires analysis using dilute peroxidase
when the B; is high. Finally, conjugated bilirubin, if
present, will oxidize rapidly, which gives a falsely high
value for unbound unconjugated bilirubin (because it is
a direct spectrophotometric assay that measures the loss
of yellow pigment). Ahlfors'®> recently developed an
improved peroxidase assay that minimizes the problems
noted above. The method uses minimally diluted serum
(1:1 dilution), 2 enzyme concentrations, and a diazo
reaction to exclude conjugated bilirubin.

Notwithstanding these limitations, B; measured by
the dilute-peroxidase method has correlated remarkably
well with various indicators of bilirubin toxicity,* prob-
ably because dilution yields a rather consistent system-
atic change in bilirubin—-albumin binding and apparent
B; in normal infants. This is not true when binding
competitors are present. Symptomatic infants reported
by Murki et al'*2 had elevated free fatty acid levels com-
pared with well infants (1.58 vs 0.88 mmol/L), which
suggests that the B; concentration may have been even
higher than measured, because free fatty acids are
known to alter bilirubin-albumin binding.#

Ritter et al’®> measured B;in 30 premature infants who
were autopsied during the benzyl-alcohol era in which
elevated plasma levels of benzoate displaced bilirubin
from albumin. Seven of these infants had kernicterus
with a mean B; of 18.2 nmol/L (1.1 pg/dL) and mean
TSB of 7.3 mg/dL compared with mean values of B; and
TSB in nonkernicteric infants of 10.9 nmol/L (0.64 ug/
dL) and 6.1 mg/dL, respectively. Although most Bys in
the kernicterus group were in a range predicted to place
the infant at risk, the differences in B; were not signifi-
cant when using the Mann-Whitney U test (P = .07);
they were significant when using the Student’s ¢ test.
However, yellow staining was more intense in brains
exposed to higher B;. It was not documented whether
these infants received benzyl alcohol, but the high mean
B; relative to mean TSB (expected B; would be <8
nmol/L) in kernicteric patients is consistent with the
presence of strong competitors and/or marked alter-
ations of binding constants. Cashore and Oh'%* reported
similar findings in 13 autopsied premature infants. Mean
TSB and B; values in 5 infants with kernicterus were 8.6
mg/dL and 27 nmol/L (1.6 ug/dL), respectively, com-
pared with 8.0 mg/dL and 13 nmol/L (0.76 ug/dL),
respectively, in 8 infants without kernicterus (P < .05).

In summary, pharmacokinetic principles, in vitro and
animal experiments, and limited clinical data in both
term and premature infants with clinical evidence of
early encephalopathy or frank kernicterus consistently
support the propositions that B; is superior to TSB in
predicting risk for bilirubin toxicity and that clinical
management might be improved significantly by mea-
suring both variables. Biologically, this is not surprising,
because TSB is not the principal determinant of bilirubin
entry into brain but rather is a dependent variable, the
effect of which is greatly modified by variations in serum
binding.

THE CHALLENGE: DEVELOPING A MORE RATIONAL
APPROACH TO HYPERBILIRUBINEMIA

The 1994 AAP practice parameter for neonatal jaun-
dice” was predicated on available evidence that ker-
nicterus was rare in healthy term infants with elevated

*Refs 47,49, 50, 58, 60, 102-104, and 106.
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TSBs even beyond 30 mg/dL and the assumption that
the risk of intervention at TSB levels of <24 to 30 mg/dL
may exceed the risk of encephalopathy. Subsequent in-
formation supports the contention that kernicterus is a
rare event but also reveals that TSB is a poor discrimi-
nator of patients at risk.

A resurgence of kernicterus in the past decade!®” has
forced a reevaluation of the 1994 practice parameters.
The current AAP guidelines,> which promote greater
parent education and closer predischarge and postdis-
charge surveillance for jaundice, address the need to
prevent infants with hyperbilirubinemia from “falling
through the cracks.”* However, the 2004 guidelines con-
tinue to base intervention strategies on TSB even while
acknowledging that clinical evidence providing a specific
risk threshold is weak.

The challenge in defining national guidelines for the
management of patients with hyperbilirubinemia is to
minimize both the risk for bilirubin encephalopathy and
the need for intervention.” It has been estimated that
between 1 and 3 per 100 000 otherwise well newborns
would develop kernicterus if untreated'®® (35-105 cases
per year in the United States with ~3.5 million term
deliveries). Approximately 70 000 term newborns (2%
of births) will develop a TSB of >20 mg/dL.' It is clear
that a health care policy that demands intervention at a
TSB yielding 100% sensitivity (ie, 20-21 mg/dL) would
result in an enormous number of unnecessary interven-
tions. Approximately 5000 infants (0.15% of term in-
fants) will exceed AAP guidelines (TSB: 25 mg/dL) each
year and require intervention with aggressive photo-
therapy or exchange transfusion to prevent 92% of ker-
nicterus cases (32-96 cases; 8% will have a TSB <25
mg/dL).

Available clinical data indicate that B; or B; combined
with TSB should improve risk assessment for neurotox-
icity in both term and premature infants. If B; rather
than TSB were used as an indicator for aggressive inter-
ventions,'*® Ahlfors and Wennberg!'®> have estimated
that the number of interventions, including exchange
transfusion with its associated mortality and morbidi-
ty,711o-112 ywwould be greatly reduced. If verified by clinical
trials, guidelines based on B; could yield significant sav-
ings in health care dollars, neonatal morbidity, possibly
mortality, and family stress.

Although both the AAP? and the National Institute of
Child Health and Human Development!"® have identi-
fied the need for studies of B; to improve intervention
criteria, the current guidelines based on TSB effectively
preclude conducting such studies in patients who are at
risk for kernicterus. How then do we proceed? Ahlfors
and Wennberg!?® suggested a stepwise approach for clin-
ical evaluation of B; in infants. First, it is important to
obtain population data regarding interindividual varia-
tions in binding in different clinical settings. This does
not require obtaining serum from jaundiced infants but
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can be done by titrating cord serum with bilirubin in
vitro and measuring B; at TSB levels thought to be “at
risk.” A second step would be to evaluate day-to-day
intraindividual variation in binding. Unpublished clini-
cal experience using the standard peroxidase method
suggests that, in the absence of intervening severe ill-
ness, binding parameters change little in a given patient.
A systematic assessment of day-to-day variation in the By
level linked to age-specific changes in the TSB® might
improve predictability of severe hyperbilirubinemia, be-
cause the B; should be a better indicator of bilirubin load.

Although controlled, randomized trials that test the
efficacy of TSB versus B; in predicting outcome cannot
be performed ethically or logistically, it is possible to
compare TSB and B; as predictors of “reversible” toxicity
using bilirubin-induced neurologic dysfunction (BIND)
scores,%>® MRI, or the ABR as dependent variables. The
ABR may be the best clinical indicator that we have for
evolving bilirubin neurotoxicity***® and can identify pa-
tients in need of close follow-up for hearing loss or
auditory processing difficulties. Because deafness is a
common manifestation of kernicterus, it would seem
incumbent on those who dismiss the ABR as a transient
bilirubin “effect” to show that an abnormal ABR is in-
dependent of progressive neurotoxicity leading to hear-
ing loss or auditory processing difficulties.

The greater challenge continues to be in relating B;
and/or TSB to long-term outcome. Because kernicterus
is a rare complication of idiopathic hyperbilirubinemia,
outcome studies measuring TSB and using kernicterus as
the primary outcome variable have produced inconclu-
sive results even in large collaborative projects. Likewise,
long-term outcome studies conducted within large
health care maintenance organizations have thus far
only determined that the risk for permanent sequelae in
healthy term patients with high TSBs is very small.!0114 It
is unlikely that data allowing meaningful sensitivity,
specificity, and receiver operating characteristic curve
calculations in this population will be forthcoming with-
out a national reporting system for infants with very
high TSB (eg, >25 mg/dL) and available laboratories
that can measure B; and relate it to outcome. It may be
more feasible to collect such data for premature infants
in newborn intensive care settings in which the sporadic
occurrence of kernicterus in sick low birth weight infants
with low TSB continues to be reported,!" the effect size
of TSB on neurodevelopmental outcome is small,''¢ and
a national consensus for intervention criteria is (cor-
rectly and fortunately) not established.

CONCLUSIONS

TSB is, at best, a poor risk indicator for kernicterus and,
at worst, an excuse for not intervening when interven-
tion is necessary. Laboratory and available clinical data
are consistent with basic pharmacological principles in
demonstrating that B; rather than TSB (analogous to free
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thyroxine and thyroxine) is a critical serum factor in-
volved in brain uptake of bilirubin and subsequent neu-
rotoxicity. To improve guidelines for managing hyper-
bilirubinemia and minimize the number of unnecessary
and at times dangerous therapeutic interventions, there
is need for a national strategy to obtain prevalence and
incidence kernicterus data and to identify B; and TSB
levels and independent comorbid factors associated with
reversible and irreversible bilirubin encephalopathy.

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

Mollison PL, Walker W. Controlled trials of the treatment of
hemolytic disease of the newborn. Lancet. 1952;1(9):429-433

. Hsia DY, Allen FH Jr, Gellis SS, Diamond LK. Erythroblastosis

fetalis VIII: studies of serum bilirubin in relation to ker-
nicterus. N Engl J Med. 1952;247:668—-671

. American Academy of Pediatrics, Subcommittee on Hyper-

bilirubinemia. Management of hyperbilirubinemia in the
newborn infant 35 or more weeks of gestation [published
correction appears in Pediatrics. 2004;114:1138]. Pediatrics.
2004;114:297-316

. Johnson LH, Bhutani VK, Brown AK. System-based approach

to the management of neonatal jaundice and prevention of
kernicterus. J Pediatr. 2002;140:396-403

. Ip S, Glicken S, Kulig J, Obrien R, Sege R, Lau J. Management

of Neonatal Hyperbilirubinemia. Rockville, MD: US Department
of Health and Human Services, Agency for Healthcare Re-
search and Quality; 2003. AHRQ Publication 03-E011

. Bhutani VK, Johnson LH, Maisels MJ, et al. Kernicterus:

epidemiological strategies for its prevention through systems-
based approaches. J Perinatol. 2004;24:650—662

. Ip S, Chung M, Kulig J, et al. An evidence-based review of

important issues concerning neonatal hyperbilirubinemia. Pe-
diatrics. 2004;114(1). Available at: www.pediatrics.org/cgi/
content/full/114/1/e130

. Newman TB, Maisels MJ. Does hyperbilirubinemia damage

the brain of full-term infants? Clin Perinatol. 1990;17:331-338

. Newman TB, Klebanoff MA. Neonatal hyperbilirubinemia

and long-term outcome: another look at the Collaborative
Perinatal Project. Pediatrics. 1993;92:651-657

Newman TB, Liljestrand P, Escobar GJ. Infants with bilirubin
levels of 30 mg/dL or more in a large managed care organi-
zation. Pediatrics. 2003;111:1303-1311

Jacobsen J. Binding of bilirubin to human serum albumin:
determination of the dissociation constants. FEBS Lett. 1969;
5:112-114

Brodersen R. Bilirubin: solubility and interaction with albu-
min and phospholipid. J Biol Chem. 1979;254:2364-2369
Hahm JS, Ostrow JD, Mukerjee P, Celic L. Ionization and
self-association of unconjugated bilirubin, determined by
rapid solvent partition from chloroform, with further studies
of bilirubin solubility. J Lipid Res. 1992;33:1123-1137
Silverman WA, Andersen DG, Blanc WA, Crosier DN. A dif-
ference in mortality rate and incidence of kernicterus among
premature infants allotted to two prophylactic antibacterial
regimens. Pediatrics. 1956;18:614—-624

Ritter DA, Kenny JD, Norton J, Rudolph AJ. A prospective
study of free bilirubin and other risk factors in the develop-
ment of kernicterus in premature infants. Pediatrics. 1982;69:
260-266

Goessling W, Zucker SD. Role of apolipoprotein D in the
transport of bilirubin in plasma. Am J Physiol Gastrointest Liver
Physiol. 2000;279:G356-G365

Levine RL, Fredericks WR, Rapoport S. Entry of bilirubin into

Downloaded from www.aappublications.org/news at Stanford Univ Mepg%r on January

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

brain due to opening of the blood-brain barrier. Pediatrics.
1982;69:255-259

Wennberg RP, Hance AJ. Experimental bilirubin enceph-
alopathy: importance of total bilirubin, protein binding, and
blood-brain barrier. Pediatr Res. 1986;20:789-792

Ives NK, Bolas NM, Gardiner RM. The effects of bilirubin on
brain energy metabolism during hyperosmolar opening of the
blood-brain barrier: an in vivo study using 31P nuclear mag-
netic resonance spectroscopy. Pediatr Res. 1989;26:356-361
Wennberg RP, Johanssen BB, Folbergrova J, Siesjo BK. Bil-
irubin-induced changes in brain energy metabolism after os-
motic opening of the blood-brain barrier. Pediatr Res. 1991;30:
473-478

Wennberg, RP. The blood-brain barrier and bilirubin enceph-
alopathy. Cell Mol Neurobiol. 2000;20:97-109

Ives NK, Gardiner RM. Blood-brain permeability to bilirubin
in the rat studied using intracarotid bolus injection and in situ
brain perfusion techniques. Pediatr Res. 1990;27:436-441
Robinson PJ, Rapoport SI. Binding effect of albumin on up-
take of bilirubin by brain. Pediatrics. 1987;79:553-558
Ahlfors CE. Effect of serum dilution on apparent unbound
bilirubin concentration as measured by the peroxidase
method. Clin Chem. 1981;27:692—696

Weisiger RA, Ostrow JD, Koehler RK, Webster CC, Mukerjee
P, Pascolo L, Tiribeli C. Affinity of human serum albumin for
bilirubin varies with albumin concentrations and buffer
composition: results of a novel approach. J Biol Chem. 2001;
276:29953-29960

Ahlfors CE, Parker AE. Evaluation of a model for brain bili-
rubin uptake in jaundiced newborns. Pediatr Res. 2005;56:
1175-1179

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

Ahlfors CE, Bennett SH, Shoemaker CT, et al. Changes in the
auditory brainstem response associated with intravenous in-
fusion of unconjugated bilirubin into infant rhesus monkeys.
Pediatr Res. 1986;20:511-515

Borst P, Evers R, Kool M, Wijnholds J. The multidrug resis-
tance protein family. Biochim Biophys Acta. 1999;1461:347-357
Gosland MP, Brophy NA, Duran GE, et al. Bilirubin: a phys-
iological substrate for the multidrug transporter [abstract].
Proc Am Assoc Cancer Res. 1991;32:426

Watchko JF, Daood MJ, Hansen TWR. Brain bilirubin content
is increased in P-glycoprotein-deficient transgenic null mu-
tant mice. Pediatr Res. 1998;44:763-766

Watchko JF, Daood MJ, Mahmood B, Vats K, Hart C, Ahdab-
Barmada M. P-glycoprotein and bilirubin disposition. J Peri-
natol. 2001;21 (suppl 1):5S43-S47; discussion S59-S62

Hanke E, Tommarello S, Watchko JF, Hansen TW. Adminis-
tration of drugs known to inhibit P-glycoprotein increases
brain bilirubin and alters the regional distribution of bilirubin
in rat brain. Pediatr Res. 2003;54:441-445

Ostrow JD, Pascolo L, Brites D, Tiribelli C. Molecular basis of
bilirubin-induced neurotoxicity. Trends Mol Med. 2004;10:
65-70

Rigato 1, Pascolo L, Fernetti C, Ostrow JD, Tiribelli C. The
human multidrug-resistance-associated protein MRP1 medi-
ates ATP-dependent transport of unconjugated bilirubin. Bio-
chem J. 2004;383:335-341

Gennuso F, Fernetti C, Tirolo C, et al. Bilirubin protects
astrocytes from its own toxicity by inducing up-regulation
and translocation of multidrug resistance-associated protein 1
(MRP1). Proc Natl Acad Sci USA. 2004;101:2470-2475
Brodersen R, Bartels P. Enzymatic oxidation of bilirubin. Eur
J Biochem. 1969;10:468-473

Hansen TWR, Allen JW. Bilirubin-oxidizing activity in rat
brain. Biol Neonate. 1996;70:289-295

TRIC \/o\ume% 72%J56wber 2, February 2006 483



39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

484

Ostrow JD, Pascolo L, Shapiro SM, Tiribelli C. New concepts
in bilirubin encephalopathy. Eur J Clin Invest. 2003;33:
988-997

Harris RC, Lucey JF, MacLean JR. Kernicterus in premature
infants associated with low concentrations of bilirubin in
plasma. Pediatrics. 1958;21:875-883

Shapiro SM. Acute brainstem auditory evoked potential ab-
normalities in jaundiced Gunn rats given sulfonamide. Pediatr
Res. 1988;23:306-310

Hanke E, Hansen TWR, Amaas R, Lindstad J, Rootwelt T.
Bilirubin induces apoptosis and necrosis in human NT2-N
neurons. Pediatr Res. 2005;57:179-184

Rodrigues CMP, Sola S, Brites D. Bilirubin induces apoptosis
via the mitochondrial pathway in developing rat brain neu-
rons. Hepatology. 2002;35:1186-1195

Keshavan P, Schwemberger SJ, Smith DL, Babcock GF,
Zucker SD. Unconjugated bilirubin induces apoptosis in colon
cancer cells by triggering mitochondrial depolarization. Int J
Cancer. 2004;112:433-445

Brodersen R. Binding of bilirubin to albumin; implications for
preventing bilirubin encephalopathy in the newborn. CRC Crit
Rev Clin Lab Sci. 1979;11:305-399

Vohr BR, Kapr D, O'Dea C, et al. Behavioral changes corre-
lated with brain-stem auditory evoked responses in term in-
fants with moderate hyperbilirubinemia. J Pediatr. 1990;117:
288-291

Wennberg RP, Ahlfors CE, Bickers R, McMurtry CA, Shetter
JL. Abnormal auditory brainstem response in a newborn in-
fant with hyperbilirubinemia: improvement with exchange
transfusion. J Pediatr. 1982;100:624—-626

Perlman M, Fainmesser P, Sohmer H, Tamari H, Wax Y,
Pevsmer B. Auditory nerve-brainstem evoked responses in
hyperbilirubinemic neonates. Pediatrics. 1983;72:658-664
Nakamura H, Takada S, Shimabuku R, Matsuo M, Matsuo T,
Negishi H. Auditory nerve and brainstem responses in new-
born infants with hyperbilirubinemia. Pediatrics. 1985;75:
703-708

Funato M, Tamai H, Shimada S, Nakamura H. Vigintiphobia,
unbound bilirubin, and auditory brainstem responses. Pediat-
rics. 1994;93:50-53

Lenhardt ML, McArter R, Bryant B. Effects of neonatal hy-
perbilirubinemia on the brainstem electric response. J Pediatr.
1984;104:281-284

Streletz LJ, Graziani LJ, Branca, Desai HJ, Travis SF, Mikae-
lian DO. Brainstem auditory evoked potentials in fullterm and
preterm newborn with hyperbilirubinemia and hypoxemia.
Neuropediatrics. 1986;17:66-71

Gupta AK, Mann SB. Is auditory brainstem response a biliru-
bin toxicity marker? Am J Otolaryngol. 1998;19:232-236
Shapiro SM. Reversible brainstem auditory evoked potential
abnormalities in jaundiced Gunn rats given sulfonamide.
Pediatr Res. 1993;34:629-633

Shapiro SM. Brainstem auditory evoked potentials in an ex-
perimental model of bilirubin neurotoxicity. Clin Pediatr
(Phila). 1994;33:460-467

Shapiro SM. Somatosensory and brainstem auditory evoked
potentials in the Gunn rat model of acute bilirubin neurotox-
icity. Pediatr Res. 2002;52:844—849

Giirses D, Ilknur K, Tiirker S. Effects of hyperbilirubinemia on
cerebrocortical electrical activity in newborns. Pediatr Res.
2002;52:125-130

Amin SB, Ahlfors C, Orlando MS, Dalzell LE, Merle KS,
Guillet R. Bilirubin and serial auditory brainstem responses in
premature infants. Pediatrics. 2001;107:664—670

Shapiro SM. Definition of the clinical spectrum of kernicterus
and bilirubin-induced neurologic dysfunction (BIND). J Peri-
natol. 2005;25:54-59

WENNBERG, et al

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

de Vries LS, Lary S, Dubowitz LMS. Relationship of serum
bilirubin levels to ototoxicity and deafness in high-risk low-
birth-weight infants. Pediatrics. 1985;76:351-354

Amin SB. Clinical assessment of bilirubin-induced neurotox-
icity in premature infants. Semin Perinatol. 2004;28:340-347
Starr A, Picton TW, Sininger Y, Hood LJ, Berlin CI. Auditory
neuropathy. Brain. 1996;119:741-753

Berlin CI, Hood L, Rose K. On renaming auditory neuropathy
as auditory dys-synchrony. Aud Today. 2002;13:15-17

Berlin CI, Morlet T, Hood LJ. Auditory neuropathy/dyssyn-
chrony: its diagnosis and management. Pediatr Clin North Am.
2003;50:331-340

Rapin I, Gravel J. “Auditory neuropathy”: physiologic and
pathologic evidence calls for more diagnostic specificity. Int
J Pediatr Otorhinolaryngol. 2003;67:707-728

Chisin R, Perlman M, Sohmer H. Cochlear and brain stem
responses in hearing loss following neonatal hyperbiliru-
binemia. Ann Otol Rhinol Laryngol. 1979;88:352-257

Berlin CI, Hood L, Morlet T, Rose K, Brashears S. Auditory
neuropathy/dys-synchrony: diagnosis and management. Ment
Retard Dev Disabil Res Rev. 2003;9:225-231

Rance G, Beer DE, Cone-Wesson B, et al. Clinical findings for
group of infants and young children with auditory neuropa-
thy. Ear Hear. 1999;20:238-252

Sininger Y. Overview of auditory neuropathy. Audiology On-
line. July 8, 2004

Simmons JL, Beauchaine KL. Auditory neuropathy: case
study with hyperbilirubinemia. J Am Acad Audiol. 2000;11:
337-347

Taipia MC, Alemenar Latorre A, Lirola M, Moro Serrano M.
Auditory neuropathy [in Spanish]. An Esp Pediatr. 2000;53:
399-404

Yilmaz Y, Degirmenci S, Akdas F, et al. Prognostic value of
auditory brainstem response for neurologic outcome in pa-
tients with neonatal indirect hyperbilirubinemia. J Child Neu-
rol. 2001;16:772-775

Madden C, Hilbert L, Rutter M, Greinwald J, Choo D. Pedi-
atric cochlear implantation in auditory neuropathy. Otol Neu-
rotol. 2002;23:163-168

Newman TB, Maisels MJ. Evaluation and treatment of jaun-
dice in the term newborn: a kinder, gentler approach. Pediat-
rics. 1982;89:809-818

American Academy of Pediatrics, Provisional Committee for
Quality Improvement and Subcommittee on Hyperbiliru-
binemia. Practice parameter: management of hyperbiliru-
binemia in the healthy term infant [published correction ap-
pears in Pediatrics. 1995;95:458-461]. Pediatrics. 1994;94:
558-561

Grimmer I, Berger-Jones K, Bithrer C, Brandl U, Obladen M.
Later neurological sequelae of non-hemolytic hyperbiliru-
binemia of healthy term neonates. Acta Paediatr. 1999;88:
661-663

Soorani-Lunsing I, Woltil HA, Hadders-Algra M. Are moder-
ate degrees of hyperbilirubinemia in healthy term neonates
really safe for the brain? Pediatr Res. 2001;50:701-705
Ahlfors CE, Herbsman O. Unbound bilirubin in a term new-
born with kernicterus. Pediatrics. 2003;111:1110-1112

Harris MC, Bernbaum JC, Polin JR, Zimmerman R, Polin RA.
Developmental follow-up of breastfed term and near-term
infants with marked hyperbilirubinemia. Pediatrics. 2001;107:
1075-1080

Johnson L, Brown AK. A pilot registry for acute and chronic
kernicterus in term and near-term infants [abstract]. Pediat-
rics. 1999;104(suppl):736

Odell GB. Studies in kernicterus: I. The protein binding of
bilirubin. J Clin Invest. 1959;38:823-833

Odell GB, Cohen SN, Kelly PC. Studies in kernicterus: II. The

Downloaded from www.aappublications.org/news at Stanford Univ Med Ctr on January 28, 2020



83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

determination of the saturation of serum albumin with bili-
rubin. J Pediatr. 1969;74:214-230

Porter EG, Waters WJ. A rapid micromethod for measuring
the reserve albumin binding capacity in serum from newborn
infants with hyperbilirubinemia. J Lab Clin Med. 1966;67:
660-668

Kaufmann NA, Simeha AJ, Blondheim SH. The uptake of
bilirubin by blood cells from plasma and its relationship to the
criteria for exchange transfusion. Clin Sci. 1967;33:201-208
Bratlid D. Bilirubin binding by human erythrocytes. Scand
J Clin Lab Invest. 1972;29:91-97

Jirsova V, Jirsa M, Heringova A, Kodovsky O, Weirichova J.
The use and possible diagnostic significance of Sephadex gel
filtration of serum from icteric newborn. Biol Neonat. 1967;
11:204-208

Kaufmann NA, Kapitulnik J, Blondheim SH. Bilirubin bind-
ing affinity of serum: comparison of qualitative and quanti-
tative Sephadex gel filtration methods. Clin Chem. 1973;19:
1276-1279

Robertson AF, Karp WB, Brodersen R. Comparison of biliru-
bin concentration and bilirubin/albumin ratio with the biliru-
bin-binding ability in neonatal serum. J Pediatr. 1998;132:
343-344

Lamola AA, Eisinger J, Blumberg WE, Patel SC, Flores J.
Fluorometric study of the partition of bilirubin among blood
components: basis for rapid microassays of bilirubin and bili-
rubin binding capacity in whole blood. Anal Biochem. 1979;
100:25-42

Jacobsen J, Wennberg RP. Determination of unbound biliru-
bin in the serum of newborns. Clin Chem. 1974;33:783-789
Cashore WJ, Monin JP, Oh W. Serum bilirubin binding ca-
pacity and free bilirubin concentration: A comparison be-
tween Sephadex G-25 filtration and peroxidase oxidation
techniques. Pediatr Res. 1978;12:195-198

Kapitulnik J, Valaes T, Kaufmann NA, Blondheim SH. Clinical
evaluation of Sephadex gel filtration in estimation of bilirubin
binding in serum in neonatal jaundice. Arch Dis Child. 1974;
49:886-894

Zamet P, Nakamura H, Perez-Robles S, Larroche JC,
Minkowski A. The use of critical levels of birth weight and
“free bilirubin” as an approach for prevention of kernicterus.
Biol Neonate. 1975;26:274-282

Valaes T, Kapitulnik J, Kaufmann NA, Blondheim SH. Expe-
rience with Sephadex gel filtration in assessing the risk of
bilirubin encephalopathy in neonatal jaundice. Birth Defects
Orig Artic Ser. 1976;12(2):215-228

Odell GB, Storey GNB, Rosenberg LA. Studies in kernicterus:
3. The saturation of serum proteins with bilirubin during
neonatal life and its relationship to brain damage at five years.
J Pediatr. 1970;76:12-21

Johnson L, Boggs TR. Bilirubin-dependent brain damage: in-
cidence and indication for treatment. In: Odell GB, Schaffer R,
Simopoulous AP, eds. Phototherapy in the Newborn: An Over-
view. Washington, DC: National Academy of Sciences; 1974:
122-149

Nelson T, Jacobsen J, Wennberg RP. Effect of pH on the
interaction of bilirubin with albumin and tissue culture cells.
Pediatr Res. 1974;8:963-967

Mediavilla MG, Pascolo L, Rodriguez JV, Guibert EE, Ostrow
JD, Tiribelli C. Uptake of [(3)H]bilirubin in freshly isolated rat

Downloaded from www.aappublications.org/news at Stanford Univ Mepg%r on January

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

112.

113.

114.

115.

116.

hepatocytes: role of free bilirubin concentration. FEBS Lett.
1999;463:143-145

Ostrow JD, Pascolo L, Tiribelli C. Reassessment of the un-
bound concentrations of unconjugated bilirubin in relation to
neurotoxicity in vitro. Pediatr Res. 2003;54:98-104

Ahlfors CE, Shapiro SM. Auditory brainstem response and
unbound bilirubin in jaundiced (jj) Gun rat pups. Biol Neonate.
2001;80:158-162

Ahlfors CE. Unbound bilirubin associated with kernicterus: a
historical approach. J Pediatr. 2000;137:540-544

Murki S, Kumar P, Majumdar S, Marwaha N, Narang A. Risk
factors for kernicterus in term babies with non-hemolytic
jaundice. Indian Pediatr. 2001;38:757-762

Cashore WJ, Oh W. Unbound bilirubin and kernicterus in
low-birth-weight infants. Pediatrics. 1982;69:481-485
Nakamura H, Yonetani M, Uetani Y, Funato M, Lee Y. Deter-
mination of serum unbound bilirubin for prediction of ker-
nicterus in low birthweight infants. Acta Paediatr Jpn. 1992;
34:642—-647

Ahlfors CE. Measurement of plasma unbound unconjugated
bilirubin. Anal Biochem. 2000;279:130-135

Cashore WJ. Free bilirubin concentration and bilirubin-
binding affinity in term and preterm infants. J Pediatr. 1980;
96:521-527

Brown AK, Johnson L. Loss of concern about jaundice and
the re-emergence of kernicterus in full-term infants in the era
of managed care. In: Fanaroff AA, Klaus MH, eds. The Year-
book of Neonatal and Perinatal Medicine. St Louis, MO: Mosby;
1996:17-28

Newman TB, Escobar GJ, Gonzales VM, Armstrong MA,
Gardner MN, Folck BF. Frequency of neonatal bilirubin test-
ing and hyperbilirubinemia in a large health maintenance
organization. Pediatrics. 1999;104:1198-1203

Ahlfors CE, Wennberg RP. Bilirubin-albumin binding and
neonatal jaundice. Semin Perinatol. 2004;28:334-339
Jackson JC. Adverse events associated with exchange trans-
fusion in healthy and ill newborns. Pediatrics. 1997;99(5).
Available at: www.pediatrics.org/cgi/content/full/99/5/e7

. Patra K, Storfer-Isser A, Siner B, Moore J, Hack M. Adverse

events associated with neonatal exchange transfusion in the
1990s. J Pediatr. 2004;144:626-631

Chima RS, Johnson LH, Bhutani BK. Evaluation of adverse
events due to exchange transfusion in term and near-term
newborns [abstract]. Pediatr Res. 2001;49:324

Blackmon LR, Fanaroff AA, Raju TNK. Research on preven-
tion of bilirubin-induced brain injury and kernicterus: Na-
tional Institute of Child Health and Human Development Con-
ference Executive Summary. Pediatrics. 2004;114:229-233
Newman T, Liljestrand P, Ferriero D, Hudes E, Jeremy R,
Escobar G. 5-year neurodevelopmental outcome of newborns
with total serum bilirubin levels =25 mg/dL [abstract]. Pediatr
Res. 2004;55:461A

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

Oh W, Tyson JE, Fanaroff AA, et al. Association between peak
serum bilirubin and neurodevelopmental outcomes in ex-
tremely low birth weight infants. Pediatrics. 2003;112:
773-779

JRIC Vo\ume% 72%J56wber 2, February 2006 485



Toward Understanding Kernicterus: A Challenge to Improve the Management of
Jaundiced Newborns
Richard P. Wennberg, Charles E. Ahlfors, Vinod K. Bhutani, Lois H. Johnson and
Steven M. Shapiro
Pediatrics 2006;117;474
DOI: 10.1542/peds.2005-0395

Updated Information & including high resolution figures, can be found at:
Services http://pediatrics.aappublications.org/content/117/2/474
References This article cites 107 articles, 27 of which you can access for free at:

http://pediatrics.aappublications.org/content/117/2/474#BIBL

Subspecialty Collections This article, along with others on similar topics, appears in the
following collection(s):
Fetus/Newborn Infant
http://www.aappublications.org/cgi/collection/fetus:newborn_infant_
sub
Hyperbilirubinemia
http://www .aappublications.org/cgi/collection/hyperbilirubinemia_su
b

Permissions & Licensing Information about reproducing this article in parts (figures, tables) or
in its entirety can be found online at:
http://www.aappublications.org/site/misc/Permissions.xhtml

Reprints Information about ordering reprints can be found online:
http://www.aappublications.org/site/misc/reprints.xhtml

American Academy of Pediatrics

DEDICATED TO THE HEALTH OF ALL CHILDREN™

Downloaded from www.aappublications.org/news at Stanford Univ Med Ctr on January 28, 2020



PEDIATRICS

OFFICIAL JOURNAL OF THE AMERICAN ACADEMY OF PEDIATRICS

Toward Understanding Kernicterus: A Challenge to Improve the Management of
Jaundiced Newborns
Richard P. Wennberg, Charles E. Ahlfors, Vinod K. Bhutani, Lois H. Johnson and
Steven M. Shapiro
Pediatrics 2006;117;474
DOI: 10.1542/peds.2005-0395

The online version of this article, along with updated information and services, is
located on the World Wide Web at:
http://pediatrics.aappublications.org/content/117/2/474

Pediatrics is the official journal of the American Academy of Pediatrics. A monthly publication, it
has been published continuously since 1948. Pediatrics is owned, published, and trademarked by
the American Academy of Pediatrics, 141 Northwest Point Boulevard, Elk Grove Village, Illinois,
60007. Copyright © 2006 by the American Academy of Pediatrics. All rights reserved. Print ISSN:
1073-0397.

American Academy of Pediatrics

DEDICATED TO THE HEALTH OF ALL CHILDREN™

Downloaded from www.aappublications.org/news at Stanford Univ Med Ctr on January 28, 2020



