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Summary

Advances in the care of neonatal hyperbilirubinemia have decreased the incidence of kernicterus.
However, neonatal exposure to high levels of bilirubin continues to cause severe motor symptoms
and cerebral palsy (CP). Exposure to moderate levels of unconjugated bilirubin may also cause
damage to the developing central nervous system, specifically the basal ganglia and cerebellum.
Brain lesions identified using magnetic resonance imaging following extreme hyperbilirubinemia
have been linked to dyskinetic CP. Newer imaging techniques, such as diffusion tensor imaging or
single-photon emission computed tomography, allow quantification of more subtle white matter
injury following presumed exposure to unbound bilirubin, and may explain more subtle movement
disorders. New categories of bilirubin-induced neurologic dysfunction, either independently or
characterized by subtle bilirubin encephalopathy, following moderate hyperbilirubinemia have
been implicated in long-term motor function. Further research is needed to identify subtle
impairments resulting from moderate to severe neonatal hyperbilirubinemia, understand the
influence of perinatal risk factors on bilirubin toxicity, and develop neuroprotective treatment
strategies to prevent movement disorders due to bilirubin toxicity.
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1. Introduction

Advances in the care of infants with severe hyperbilirubinemia have greatly reduced the
incidence of classic kernicterus and possibly of bilirubin-induced neurologic dysfunction
(BIND) [1,2]. Despite significant progress, subtle neurological impairments and motor
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disorders resulting from severe hyperbilirubinemia continue to occur in children around the
world. A recent rise in the incidence of kernicterus, after decades of improvement, may be
attributable to relaxed standards for initiation of phototherapy, or due to earlier infant
discharge from the hospital [1-3]. Furthermore, the subtler symptoms of BIND may be
under-recognized and contribute to increased risk of motor impairment such as
developmental coordination disorder and learning disabilities [4]. The incidence of
kernicterus in the USA is estimated to be 1 in 40,000 births, with about 1 in 650 to 1000
neonates born >35 weeks' postmenstrual age (PMA) experiencing transient
hyperbilirubinemia (>25 mg/dL) [5]. Bilirubin has a neurotoxic effect on brain regions
including the globus pallidus and subthalamic nuclei, which result in motor-related sequelae
ranging from lack of coordination to severe movement disorders such as dyskinetic cerebral
palsy (CP). Clinical manifestations of kernicterus vary in form and severity depending on
degree of prematurity and stage of regional brain development, degree, and duration of
hyperbilirubinemia, as well as other perinatal risk factors such as sepsis, hypoalbuminemia,
and genetic predispositions. Regional brain development and vulnerability determine
periods during which moderate hyperbilirubinemia could result in auditory versus motor-
predominant symptoms of BIND. These manifestations are distinct form those associated
with exposure to high levels of neonatal total serum/plasma bilirubin (TB) that are known to
cause severe neonatal motor symptoms and long-term sequelae such as dyskinetic CP. This
article describes the etiology of the spectrum of motor symptoms and presents emerging
evidence on the range of motor outcome that may result from exposure of the developing
central nervous system (CNS) to low—moderate levels of TB. Understanding the etiology
and scope of motor sequelae is essential to development of neuroprotective treatment
protocols and early identification of motor disorders related to moderate—severe
hyperbilirubinemia.

2. History of kernicterus and motor impairment

In the mid-twentieth century, the effects of bilirubin on the CNS were substantially
unknown and methods to prevent kernicterus were limited. Physicians observed significant
motor impairments following severe hyperbilirubinemia in neonates and subsequently began
to learn how bilirubin specifically targeted motor systems in the developing brain [6].
Classic clinical symptoms of kernicterus included lethargy, high-pitched crying, seizures,
eye weakness (ophthalmoplegia), and truncal arching (opisthotonus) [7,8]. Involvement of
the CNS suggested that bilirubin was crossing the blood-brain barrier (BBB) and damaging
neural structures related to movement. Identifying the causes of hyperbilirubinemia, and
some of the related risk factors predisposing infants to kernicterus, helped improve the
understanding of the pathophysiology of bilirubin toxicity in the CNS.

3. Neonatal bilirubin metabolism and kernicterus

As the pathobiology of kernicterus became clear, concurrent advances in treatments such as
phototherapy helped prevent damage to the developing CNS. Pediatricians monitor TB
levels to prevent infants from excess or prolonged exposure to bilirubin. TB is composed of
conjugated and unconjugated bilirubin, but in neonates, and particularly those preterm, the
unconjugated form dominates due to low activity of the enzyme uridine 5’-diphospho-
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glucuronosyltransferase (UDPGT), or glucuronyltransferase [7]. As a water-insoluble
compound, unconjugated bilirubin travels in the blood bound to proteins such as albumin.
The level of albumin is low in the neonate and has a high degree of physiological variation,
but increases with gestational age-at-birth and birth weight [9]. When the binding affinity of
bilirubin-albumin is decreased, as occurs in medically unstable neonates, or the carrying
proteins become saturated, bilirubin exists in its unbound (UB) or “free” toxic form and is
able to cross the BBB [10,11]. Albumin-bound bilirubin cannot reach the brain unless the
BBB becomes disrupted.

measures of hyperbilirubinemia and BIND

Measuring peak TB may not be the most predictive of outcome. Shapiro [8] and others have
suggested that measuring free bilirubin in addition to TB may be important for identifying
infants at higher risk for BIND and/or kernicterus. Though difficult, measuring UB may be
more prognostic; Oh et al. demonstrated that, in extremely low birth weight (ELBW)
neonates, UB is directly related to poor outcomes including CP [11]. Furthermore, UB
concentrations are less dependent on clinical status, and thus may be more instructive for
clinical decision-making [11]. Among clinically stable neonates, Oh et al. found an inverse
relationship between peak TB and incidence of CP or death, suggesting that at moderate
levels, bilirubin may have an antioxidant property that provides neuroprotection. More
research is needed, however, to understand the possible neuroprotective value of low TB
levels.

Measuring the total bilirubin/aloumin molar ratio (BAMR) may be more clinically feasible
and has been documented to be highly correlated with UB [12]. Furthermore, the BAMR
was demonstrated to be more correlated with psychomotor outcome at four years compared
to other measures of bilirubin [4]. However, another recent study by Hulzebos et al. [13]
found that clinical use of BAMR, instead of TB thresholds, had no effect on
neurodevelopmental outcome at 18-24 months of age [13].

Neonatal inflammation and sepsis are known to influence hyperbilirubinemia and
subsequent sequelae [14]. During an acute inflammatory response such as neonatal sepsis,
albumin production decreases [15]. Neonatal albumin levels have been demonstrated to have
an inverse relationship with the inflammatory biomarker, C-reactive protein (CRP), as
routinely measured over the first two weeks of life in neonates born preterm with very low
birth weight (VLBW) [16], consistent with prior findings. Using diffusion tensor imaging
(DTI), Rose et al. [16] also found an association between lower neonatal albumin levels and
reduced microstructual development of the thalamus at near-term age, as measured with
higher thalamus mean diffusivity (MD) on DTI [16]. Furthermore, lower neonatal albumin
levels and higher near-term thalamus MD correlated with poorer motor performance as
assessed with Bayley Scores of Toddler and Infant Development, 3rd edition (BSID-I11) at
18-22 months of age, adjusted for prematurity (J. Rose et al., unpublished data). Figure 1
shows mean neonatal serum albumin levels in relation to near-term thalamus MD.
Understanding these associations may provide neonatal clues to mechanisms that mediate
later movement disorders related to bilirubin toxicity.
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The thalamus is known to be involved in basic motor function and is implicated in
kernicterus following hyperbilirubinemia, so the connection between hypoalbuminemia,
thalamic microstructural damage, and future motor impairment is plausible from a
physiological perspective, and needs further study in larger populations.

5. Severity of hyperbilirubinemia

Whereas identification and treatment of hyperbilirubinemia have resulted in lower rates of
severe kernicterus, infants with TB levels previously thought to be safe have been found to
exhibit signs of neurological impairment. A safe TB level in neonates has not yet been
established, as multiple factors may affect bilirubin—-albumin binding and increase an infant's
risk for BIND, with relatively low levels of TB. Unconjugated bilirubin is toxic to the
developing brain and may be elevated even in the presence of relatively low TB. Several
studies have observed increased risk for motor and cognitive impairments following
moderate TB levels in neonates [17], though the association between minor neurological/
behavioral problems and moderate bilirubin exposure continues to be debated [18].

Cerebral palsy and other movement disorders have been known to occur in children born
preterm after exposure to relatively low—moderate levels of TB [3,19]. Though most infants
experience a degree of hyperbilirubinemia due to impaired bilirubin—albumin binding,
infants born preterm have even less albumin available to bind to conjugated bilirubin, thus
causing a disproportionate amount of UB for a given level of bilirubin production. Further
risk factors beyond prematurity include acidosis, sepsis, hypothermia, hematological/genetic
abnormalities intraventricular hemorrhage, use of drugs that bind to albumin, and hypoxia
[19]. Hypoxia may have additive toxic effects in combination with hyperbilirubinemia, as
hypoxia before or at the time of elevated TB has been demonstrated to increase glial cell
apoptosis and necrosis [20]. Acidosis may contribute to increased toxicity of bilirubin due to
increased cerebral blood flow, and acid-base changes in the bilirubin molecule allowing it to
be partially polar [21]. Exposure to any of these risk factors may lower the level at which
bilirubin may be toxic to the developing brain.

6. Timing of hyperbilirubinemia

Studies have not yet identified exact time periods during which hyperbilirubinemia will
result in auditory vs. motor-predominant symptoms of BIND, but since the auditory
pathways generally develop before extrapyramidal motor pathways in the brain, earlier
exposure to hyperbilirubinemia may result primarily in auditory symptoms. The neurons
undergoing early differentiation are most vulnerable to cell damage and death from bilirubin
neurotoxicity, whereas more highly matured neurons may be more likely spared from
damage. This was demonstrated in a rat model, in which timing of bilirubin exposure
determined degree of cerebellar neuronal damage [22]. Timing of the hyperbilirubinemia,
and specifically the peak TB, may predict the accompanying symptoms [23]. For example, it
has been hypothesized that preterm infants may be more likely to experience auditory
impairments, whereas term infants may more frequently develop CP with associated motor
abnormalities and cerebellar damage, due to the timing of the bilirubin toxicity in relation to
the developing brain regions [7].
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7. Neuroanatomy of bilirubin-associated motor impairment

Original autopsy studies of kernicterus identified yellow staining and necrosis of the basal
ganglia, specifically in the globus pallidus, indicative of UB crossing the BBB. Other
regions noted to have cellular damage after hyperbilirubinemia include the substantia nigra
reticulata, subthalamic nuclei, vestibular and oculomotor nuclei, hippocampus, and
cerebellar Purkinje cells. Loss of neurons, decreased myelination, and gliosis can be
observed in the internal and external globus pallidus and subthalamic nuclei. These regions
all have functions related to movement, balance, and posture regulation and appear to be
selectively vulnerable. The globus pallidus may also serve to integrate inputs from multiple
systems including somatosensory and motor pathways; thus, integration of this information
may be damaged in patients with kernicterus [8]. By contrast, regions such as the striatum
and thalamus generally appear to be spared following hyperbilirubinemia. This specific
pattern of brain injury helps distinguish BIND from injury following hypoxic—ischemia, in
which the caudate, putamen, posterior limb of the internal capsule, and cortex are more
vulnerable. One theory for the selective vulnerability of the globus pallidus and subthalamic
nuclei is their relatively high resting levels of neuronal activity observed in the neonatal
brain, compared to nearby regions. Johnston et al. [24] observed that regions with higher
neuronal activity are more vulnerable to oxidative stressors or toxins such as bilirubin.
Lesions in these regions are observed in infants with classic athetotic CP. One hypothesis for
the connection between globus pallidus injury and athetosis is that reduced activity of the
globus pallidus results in decreased inhibitory input to the thalamus, resulting in its “dys-
inhibition” and increased motor activity, consistent with athetosis [24].

Regional specificity of kernicterus and brain pathology resulting from mild, acute, and
chronic bilirubin encephalopathies has been identified on magnetic resonance imaging
(MRI). The globus pallidus, and specifically the posteromedial border, appears to be most
sensitive to damage from bilirubin, possibly due to its location in the circuit of the basal
ganglia [25]. Regulation of motor function involves basal ganglia circuits which receive
input from the motor cortex to the caudate and putamen. The internal globus pallidus
contains the output neurons of the basal ganglia, which project through the motor thalamus
and back to the motor cortex [26]. Govaert et al. observed permanent damage to the globus
pallidus, evident on T2 MRI, after preterm infants had been exposed to TB levels below
suggested thresholds [9,21]. However, not all infants exposed to high levels of TB develop
neurological symptoms or lasting globus pallidus lesions [25,27]. Lesions in the subthalamic
nuclei may be more subtle and challenging to visualize on MRI [8].

There have been few studies on longitudinal microstructural changes in white and gray
matter of the brain following hyperbilirubinemia in relation to motor disorders. Gkoltsiu et
al. [19] described inconsistent patterns between early imaging abnormalities following (i)
bilirubin exposure and (ii) motor outcome [19]. Among children in this cohort who
developed CP, all demonstrated classic signs of kernicterus on MR, i.e., high signal
intensity in the globus pallidus on T2 images. Early images, however, were not reliable in
their correlation with outcome. Shapiro et al. have found similar MRI patterns
demonstrating acute and long-term changes on MRI, specifically bilateral hyperintense
lesions in the globus pallidus, corresponding to dystonic kernicterus (Fig. 2) [7,28]. One
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explanation for the challenge of using early scans is the change of brain tissue following
injury, and the resulting changes in appearance on MRI [19,28]. For example, signs of
kernicterus on T1 are only visible in the short term following hyperbilirubinemia, but T2
hyperintensities are longer-lasting. Signal hyperintensities on T1 images are characteristic of
the acute stages of bilirubin-induced astroglial necrosis, whereas the more permanent signals
on T2 may reflect the long-term neuronal loss, demyelination, or gliosis [25,29]. Symmetric
involvement of the globus pallidus on T1 has been found to be related to severity of
hyperbilirubinemia, and severity of outcome may be predicted by the characteristic switch
from hyperintensities visible on T1 to T2 [30]. Normalization of T1 imaging is common in
chronic bilirubin encephalopathy.

Advanced methods have begun to be used to study the brains of infants with kernicterus.
Okumura et al. [31] used single-photon emission computed tomography (SPECT) in three
children (aged four to six years) born preterm with athetoid CP following kernicterus. All
three demonstrated no brain abnormalities on ultrasound during the neonatal period. Though
all had identifiable hyperintensities on MRI in the globus pallidus at five to nine months of
age, abnormalities were mild in two of the infants, and in one of these two, abnormalities
disappeared on follow-up MRI. SPECT was able to identify decreased blood flow to the
basal ganglia region in all three patients, suggesting that SPECT may be more useful than
MRI in identifying brain abnormalities in older children after neonatal kernicterus [31].

8. Classification of movement disorders due to bilirubin toxicity

Several classification systems have been proposed to describe the variety of motor
symptoms that may follow severe neonatal hyperbilirubinemia. Shapiro has proposed a
classification for BIND based on location of the injury, severity of symptoms, and timing of
the peak of the TB levels [14]. For infants with kernicterus, characterization is based on the
type of symptoms, specifically as “auditory predominant” or “motor predominant.”
Generally, motor-predominant forms of kernicterus are due to lesions in the external and
internal globus pallidus as well as in the subthalamic nuclei. Injury to the Purkinje cells of
the cerebellum, and small lesions in the brainstem within the auditory, vestibular, and
oculomotor nuclei, also are likely to be present, though current imaging techniques are
limited and unable to visualize this small-scale damage. Classic motor symptoms caused by
BIND are identified as the athetotic or dyskinetic form of CP and are related to lesions in the
globus pallidus and subthalamic nuclei most prominently as well as the cerebellum and
brainstem. Specific symptoms may also be involved due to damage to the vestibular nuclei,
the interstitial nucleus of Cajal (responsible for upward gaze), and Dieter's nucleus (involved
in truncal tone) [8,32,33]. Movement disorders associated with dyskinetic CP are distinct
from those of spastic CP, which represents the majority of cases of CP, and involves
symptoms of weakness, spasticity, short muscle tendon length, and impaired selective motor
control characterized by flexor and extensor synergies. Spastic CP is associated with white
matter injury to the corticospinal tract.

Mild kernicterus may manifest with motor symptoms including dystonia with or without
athetosis and mild gross motor delays such as late developmental milestones such as age of
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initiation of walking. These infants generally can ambulate well on their own later in
childhood and can speak with some clarity.

Moderate kernicterus may be accompanied by a moderate degree of hyperkinetic dystonia,
also classified as athetoid CP. These children may have more difficulty ambulating without
assistance due to the choreoathetoid movements. They may also have delayed speech but
can benefit from therapy to improve quality of speech.

Severe “motor predominant” kernicterus is characterized by severe dystonia/athetosis
preventing controlled voluntary movements including ambulation, speech, and self-feeding.
This may also be accompanied by severe hypertonia and muscle cramping. Though some
children may experience improvement in disability with time, classification of severity
generally remains consistent over time.

Use of the term kernicterus, however, is debated as it has traditionally been used to describe
infants exposed to very high TB levels (>20 mg/dL) who develop immediate clinical and
neuroradiological signs of the disease. Infants exposed to lower TB levels, not severe
enough to cause kernicterus, may have mild damage to the basal ganglia and cerebellum that
may manifest as mild hypotonia, lack of coordination, or generalized clumsiness — not
severe enough to be classified as a specific movement disorder.

BIND, a term introduced to include a wider spectrum of infants with clinical symptoms
associated with moderate hyperbilirubinemia, has been associated with decreased sucking
behavior, lethargy, hypotonia, or stupor [14]. Abnormal tone in the limbs is often observed
during acute injury or as post-icteric sequelae; symptoms include alternating hypotonia and
hypertonia, along with opisthotonus and retrocollis. Another classic sign is the “setting sun
sign,” a term to describe the downward gaze of the eyes due to damage to the nuclei
controlling upward gaze, which may be associated with a mask-like facies. This acute phase
will likely correspond to hyperintensity in the globus pallidus on T1 images. After the first
week of acute phase of injury, hypertonia will sometimes but not always predominate.

The transition to chronic sequelae is accompanied by a progression of symptomatology.
Kernicterus is reserved for a diagnosis with a combination of clinical features and MRI
findings. The classic diagnosis includes a tetrad of features: (1) dystonia and/or athetosis; (2)
hearing impairment or deafness; (3) lack of upward gaze; and (4) dental enamel dysplasia,
along with abnormal MRI findings in the globus pallidus and subthalamic nuclei. Other less
common accompanying symptoms may include hypotonia or sensorimotor abnormalities,
and oculomotor abnormalities may vary and include strabismus or other misalignment of the
eyes [3,7,14,23].

Long-term outcomes of infants with kernicterus vary widely based on severity as well as a
variety of risk factors described previously. Increased incidence of dyskinetic CP occurs
following high bilirubin exposure in full-term infants or low—-moderate levels of bilirubin
exposure in preterm infants [3,19]. CP was most recently defined by an international
committee as “a group of permanent disorders of the development of movement and posture,
causing activity limitation, that are attributed to non-progressive disturbances that occurred
in the developing fetal or infant brain [34]. The motor disorders of CP are often
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accompanied by disturbances of sensation, perception, cognition, communication, behavior,
by epilepsy, and by secondary musculoskeletal problems” [35,36].

The subtype of CP attributed to bilirubin neurotoxicity is best classified as dyskinetic CP to
encompass the dystonic and athetotic movements that occur [3]. The definition and
distinction between athetosis and dystonia has been heavily debated. Athetosis has been
used to describe children with dyskinesia with involuntary movements as well as lack of
postural control [3,7]. Przekop et al. suggests that “choreoathetosis” may be a better term to
use to describe the athetotic movements observed in children, to distinguish it from athetosis
in adults characterized by slow writhing, often in the fingers or toes. Athetosis in infants is
characterized by “slow continuous writhing movements that prevent maintenance of a stable
posture” [34], as defined by the 2008 Taskforce on Childhood Movement Disorders,
whereas dystonia is more defined by hypertonic postures [6,34,37]. Shapiro has observed
that infants with CP related to kernicterus rarely present initially with fixed postures or
contractures. In addition, cognitive function is generally preserved due to limited injury to
cortical and subcortical white matter pathways [14].

Activities of everyday life are often compromised in children with moderate—severe cerebral
palsy. Speech is challenging, particularly for children with dyskinetic CP that also includes
deafness or hearing impairment. Swallowing and eating can also be challenging due to
spasms of pharyngeal muscles and involuntary movements of the tongue. Aspiration is a risk
and children with severe CP may need gastrostomy tubes to supplement their caloric intake

[3].

9. Therapies available for BIND-related movement disorders

There is currently no specific treatment for dyskinetic CP, but supportive therapy can be
instituted to improve symptoms. Dystonia can be managed with a combination of physical,
occupational, and speech therapies. The hypertonia generally disappears with sleep, and
botulinum toxin (Botox) can be used to relax muscle tone. Orthopedic procedures, including
tendon-lengthening as typically used to treat patients with spastic CP, are not indicated for
dyskinetic CP, and medication and Botox injections are preferred [8]. For severe forms of
dystonia, baclofen pumps may be useful in reducing muscle tone and severity of muscle
spasms.

Due to hypertonia and hyperkinetic activity, infants with dyskinetic CP may have higher
caloric requirements, complicated by frequent challenges in swallowing or self-feeding.
Decreased or abnormal motility of gastrointestinal muscles can complicate digestion,
creating further challenges with adequate nutrition.

Based on success of deep-brain stimulation (DBS) in other movement disorders such as
Parkinson disease, DBS has been suggested as a possible therapy for dyskinetic CP.
Stimulators placed in the globus pallidus internus may help control dystonia, but a limited
number of trials has demonstrated only small improvements in motor symptoms. Results
following DBS in patients with dystonia have been most effective in certain subgroups, such
as individuals with genetic-based dystonia caused by a DYT1 mutation, but less effective in
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individuals with secondary dystonia [38]. Kim et al. demonstrated improvements in dystonia
in adults with CP, but little improvement in overall disability measures [39].

10. Conclusion

The link between exposure to elevated, neurotoxic TB levels and severe neonatal motor
symptoms and dyskinetic CP is well established. However, the influence of exposure to
low— moderate levels of TB on the developing CNS is not well understood. Further research
is needed to identify the range of motor impairments that may result from neonatal
hyperbilirubinemia, to understand the interplay between perinatal risk factors and bilirubin
toxicity, and to develop improved neuroprotective treatment for motor disorders related to
hyperbilirubinemia.
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Fig. 1.

Mean Albumin (mg/dL)

Near-term right thalamus mean diffusivity, controlling for postmentstrual age at scan, in
relation to mean serum albumin, measured over the first two postnatal weeks. r = -368; P =

0.003.
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Fig. 2.
Axial magnetic resonance imaging (MRI) of bilateral hyperintense lesions in the globus

pallidus in axial projections (arrows). (A) T1-weighted axial image of a six-day-old, 37-
week gestation boy with peak total bilirubin of 34.6 mg/dL. At age seven years, this child
was highly intelligent, but moderately to severely disabled with dystonic, athetoid
kernicteric cerebral palsy; he ambulates with a walker. (B) Axial T2-weighted MRI of a
two-year-old who has classic dystonic kernicterus. Note the increased intensity of the globus
pallidus bilaterally (shown with arrows and dotted line on right side only). There were no
abnormalities noted in brainstem or cerebellum. (Panel (A) reprinted with permission from
Shapiro SM, Bilirubin toxicity in the developing nervous system. Pediatric Neurology
2003;29:414. Panel (B) and Fig. 2 caption reprinted from Shapiro et al. [28].)
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