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Abstract

Using guidelines of the Meta-analysis of Observational Studies in Epidemiology Group, we
systematically reviewed the literature on neonatal jaundice (unconjugated hyperbilirubinemia) and
Autism Spectrum Disorder (ASD) in term and preterm infants. Thirteen studies were included in a
meta-analysis. Most used retrospective matched case—control designs. There was significant
heterogeneity (Q = 31, p = 0.002) and no evidence of publication bias (p = 0.12). Overall,
jaundice, assessed by total serum bilirubin (TSB), was associated with ASD (OR, 1.43, 95% CI
1.22-1.67, random effect model). This association was not found in preterms (OR 0.7, 95% ClI
0.38-1.02) but deserves further investigation since other measures of bilirubin such as unbound
unconjugated bilirubin may be better predictors of neurotoxicity than TSB in preterms.
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Introduction

Autism Spectrum Disorders (ASD, including autism, Asperger’s Disorder, and Pervasive
Developmental Disorder Not Otherwise Specified) are a group of pervasive developmental
disorders characterized by impaired communication, impaired social interaction, and
restricted and repetitive interests and behaviors. In recent years, several studies have
reported a higher prevalence rate of approximately 1 in 112 in general population when
milder variants of the disorder were included (Bertrand et al. 2001; Chakrabarti and

© Springer Science+Business Media, LLC 2011
Correspondence to: Sanjiv B. Amin, Sanj i v_am n@r nt. r ochest er . edu.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Amin et al.

Page 2

Fombonne 2001; Kuehn 2007; Yeargin-Allsopp et al. 2003). In addition, emerging evidence
suggests that premature infants are at even higher risk for ASD than the general population
(Buchmayer et al. 2009; Johnson et al. 2010; Moster et al. 2008).

Although the precise cause for ASD is unknown, the current high prevalence estimates for
ASD suggest that some common perinatal and/or postnatal factor during the neonatal period
may be responsible for this increased risk. Further insight into biologically plausible
perinatal and/or postnatal risk factors for ASD may be derived from the existing knowledge
regarding neuropathology of ASD. ASD is a neurodevelopmental disorder and the most
consistent neuropathological finding in infants with ASD is cerebellar hypoplasia most
likely resulting from cerebellar injury secondary to exposure to etiologic agents (Bauman
and Kemper 2005; Courchesne 1995; Kemper and Bauman 1993; Palmen et al. 2004). The
neuropathological findings from autopsies suggest that autistic children have cerebellar
hypoplasia involving both vermis and cerebellar hemispheres with significantly decreased
number of purkinje and granule cells of the cerebellum (Bauman and Kemper 2005; Kemper
and Bauman 1993; Palmen et al. 2004; Ritvo et al. 1986). Cerebellar hypoplasia was also
demonstrated by Courchesne et al. (1988) and Courchesne (1991, 1995) in autistic children
using in vivo neuroimaging studies. Recently, Limperopoulos (2009) using neuroimaging
studies demonstrated that cerebellar injury and impaired cerebellar growth in premature
infants were independently associated with higher (abnormal) Modified Checklist for
Autism in Toddlers (M-CHAT) scores. Furthermore, recent evidence from neuroimaging
and electrophysiological studies suggest that cerebellum is not only important for motor
function but is also actively involved in sensory function and cognitive task (Bower 1997;
Kern 2002, 2003; Pierce and Courchesne 2001). Based on emerging evidence,
Limperopoulos et al. (2007) and Kern (2003) have postulated that because of anatomic and
functional interactions between cerebellum and cerebrum including sensory cortices of the
brain, cerebellar injury may play a central role in the abnormal fetal brain development
characteristic of ASD (Yip et al. 2007). Cerebellar injury has been recently shown to result
in disruption of multisensory feedback loop, potentially explaining the clinical
characteristics of ASD (Kern 2002).

For these reasons, perinatal and/or postnatal risk factors that can cause cerebellar injury are
biological plausible factors that may be associated with subsequent development of ASD.
Several investigators have postulated that exposure to some biological factor during the
critical period of rapid brain growth that occurs during the second and third trimester of
gestation may lead to abnormal fetal brain development in ASD. However, this biological
factor is yet to be identified. Based on the emerging evidence, it appears that the biological
factor should meet at least two criteria: (a) occurring frequently enough to explain the high
prevalence of ASD, specifically in the premature population, and (b) having the potential to
cause cerebellar injury.

One possible biological factor that meets both these criteria is unconjugated
hyperbilirubinemia.

Neonatal unconjugated hyperbilirubinemia (jaundice) as routinely evaluated by measuring
total serum bilirubin concentration (TSB) occurs in varying degrees in most term and
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premature infants during the first 2 weeks after birth (Watchko and Maisels 2010). In both
term and preterm infants, the concentration of conjugated bilirubin is very negligible or
undetectable during the neonatal period; therefore, TSB mainly reflects unconjugated
bilirubin concentration (Fig. 1).

Unconjugated bilirubin is produced from the breakdown of red blood cells in the vascular
system. The majority of unconjugated bilirubin (99.9%) is immediately bound to protein
(mainly albumin) and circulates as a bound form until taken up by hepatic cells where it is
conjugated to form conjugated bilirubin. The protein binding prevents partially lipid soluble
unconjugated bilirubin from crossing the blood brain barrier and subsequently causing brain
injury. However, a fraction of unconjugated bilirubin may remain free (unbound to
proteins). This free or unbound unconjugated bilirubin has the potential to cross the blood
brain barrier and cause neurotoxicity. Compared to unconjugated bilirubin, conjugated
bilirubin is water soluble that not only renders it safe but also allows rapid excretion in the
urine and stool.

The neuropathological finding of bilirubin induced neurotoxicity is characterized by
cerebellar injury with decreased number of purkinje cells (Ahdab-Barmada and Moossy
1984).

In addition, several other clinical features lend indirect support for the causative role of
jaundice in ASD. Premature infants are at higher risk of bilirubin-induced neurotoxicity
compared to term infants consistent with the findings of increased prevalence of ASD
among premature infants compared to term infants (Amin 2004; Burd et al. 1999; Eaton et
al. 2001; Larsson et al. 2005; Maimburg and Vaeth 2006). Both autism and bilirubin-
induced neurotoxicity may also manifest clinically with abnormal auditory evoked responses
and impaired communication further suggesting biological plausibility (Amin 2004; Amin et
al. 2009; Funato et al. 1996; Perlstein 1960; Russo et al. 2008; Rosenhall et al. 2003;
Whitehouse and Bishop 2008). Several investigators have demonstrated prolongation of
absolute and interpeak latencies of auditory brainstem evoked response in autistic children
(Rosenhall et al. 2003; Thivierge et al. 1990; Wong and Wong 1991). Similarly,
unconjugated hyperbilirubinemia has also been associated with changes in auditory
brainstem evoked responses including prolongation of absolute and interpeak wave latencies
(Amin et al. 2001; Funato et al. 1994, 1996). We therefore hypothesize that neonatal
unconjugated hyperbilirubinemia during the critical period of brain development may be
associated with ASD. Our objective was therefore to perform systematic review of the
existing literature and evaluate possible association between neonatal jaundice and ASD in
neonates.

We performed a systematic review using published guidelines of the Meta-analysis of
Observational Studies in Epidemiology Group (MOOSE) and the Assessment of Multiple
Systematic Reviews (AMSTAR) (Stroup et al. 2000; Shea et al. 2007).
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Eligibility Criteria
Inclusion criteria: (a) publication in English, and (b) studies with evaluation of neonatal
jaundice and ASD. Exclusion criteria: case reports, case series studies, multiple publications
of the same material from the same author, and sample size <30 infants. The latter criterion
was used because the asymptotic method for meta-analysis tends to overestimate the
precision of small studies which would carry too much weight in a meta-analysis (Petitti
2000).

Identification of Studies

Our search strategy was to identify all published completed studies until December 2009 in
MEDLINE (1966-2009), PubMed (1966-2009), and references of published manuscripts.
Index terms included premature infants, neonates, perinatal factors, neonatal factors,
jaundice, hyperbilirubinemia, autism, and autism spectrum disorder.

Data Extraction

Data were collected from each study independently by two investigators using pre-designed
form including first author, publication year, study design, study matching criteria,
gestational age (GA) of subjects, number of subjects, and raw data using 2 x 2 tables for
neonatal jaundice and ASD.

Statistical Analyses

Meta-analysis was performed for the association between neonatal jaundice and ASD using
Stata 10 (Stata Corporation, College Station, TX). Briefly, the analysis software produces
forest plots as a schematic description of the meta-analysis results. Summary random effect
estimates are reported using pooled odds ratios (OR), and 95% confidence intervals (CI)
were calculated around each summary effect estimate. The random effect model assumes
that analyzed studies are a random sample of a hypothetical population of studies.
Heterogeneity testing using Q statistics was performed to evaluate variance between the
studies. If the between-study variance was large (i.e. when there is heterogeneity) enough to
make the test of heterogeneity significant (p < 0.05), random effects models are considered
most appropriate. Each of these studies was examined for sources of clinical heterogeneity
including design of the study, year the study was performed, characteristic of study
population, procedures for ascertaining autism and jaundice, and analysis of confounders
(Table 1). Finally, a Begs funnel plot was produced and an Eggers test was performed to
examine publication bias. A p-value <0.05 was considered significant for publication bias.

Results

Thirteen observational studies met the inclusion criteria (Table 1) (Buchmayer et al. 2009;
Croen et al. 2005; Deykin and MacMahon 1980; Finegan and Quarrington 1979; Gillberg
and Gillberg 1983; Jangaard et al. 2008; Juul-Dam et al. 2001; Lord et al. 1991; Maimburg
et al. 2008; Mason-Brothers et al. 1990; Matsuishi et al. 1999; Piven et al. 1993; Sugie et al.
2005).
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Three studies that did not report basic information on number of subjects with jaundice
and/or autism but included jaundice in the overall optimal risk scores were excluded (Bryson
et al. 1988; Deb et al. 1997; Levy et al. 1988). Data from one research project were
published twice with one published in a non-English literature and therefore the non-English
manuscript was excluded (Sugie and Sugie 2009). There was an excellent inter-rater
reliability with no disagreement among two independent raters regarding identification of
studies and data collection. Among 13 included studies, there was a statistically significant
association between neonatal jaundice and ASD (OR 1.43, 95% CI 1.22-1.67, p = 0.000,
Fig. 2).

There was no evidence of publication bias (Fig. 3, p=0.12).

There was significant heterogeneity (Q = 31, p = 0.002). Most studies were designed as
retrospective matched case—control studies with the exception of studies performed by
Matsuishi (1999) and Jangaard (2008) (Table 1). Most earlier studies were smaller and used
siblings as matched controls (Table 1). Studies also differed in procedures used for
ascertaining autism and most studies did not use standardized diagnostic assessments for
autism such as Autism Diagnostic Observation Schedule (ADOS) and Autism Diagnostic
Interview-Revised (ADIR) (Table 1). Regarding other sources of clinical heterogeneity, all
five studies that demonstrated significant positive association (Buchmayer et al. 2009;
Jangaard et al. 2008; Juul-Dam et al. 2001; Maimburg et al. 2008; Sugie et al. 2005) defined
jaundice based on magnitude of total serum bilirubin concentration and evaluated
association between ASD and moderate to severe jaundice (TSB > 10 mg/dl). In
comparison, the majority of studies that demonstrated no association (OR<1) between
jaundice and ASD included infants with any degree of jaundice (Deykin and MacMahon
1980; Lord et al. 1991). Secondly, most studies that demonstrated significant positive
association between jaundice and ASD (Buchmayer et al. 2009; Jangaard et al. 2008;
Maimburg et al. 2008; Sugie et al. 2005) were larger and more recent compared to studies
that failed to demonstrate significant association between jaundice and ASD (Deykin and
MacMahon 1980; Lord et al. 1991) (Table 1).

Although most studies included both premature (<37 weeks gestational age) and term
infants with jaundice, there were only two studies that evaluated and reported separately the
findings of the association between neonatal jaundice and ASD in premature and term
infants (Buchmayer et al. 2009; Maimburg et al. 2008). Both these studies reported
significant positive association between neonatal jaundice and ASD in only term infants.
Buchmayer et al. (2009) reported that there was no significant association between neonatal
jaundice and ASD (OR 0.7, 95% CI 0.45-1.09) in premature infants. Similarly, Maimburg et
al. (2008) also reported that there was no significant association between neonatal jaundice
and ASD in premature infants <37 weeks GA (OR 1.0, 95% 0.06-15.99). On meta-analysis
including only these two studies involving premature infants, there was no significant
association between neonatal jaundice and ASD in premature infants (OR 0.7, 95% CI 0.38-
1.02).
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Discussion

There is ample evidence in the literature to suggest that cerebellar injury is the most
consistent neuropathology findings among children with ASD (Bauman and Kemper 2005;
Courchesne 1995; Kemper and Bauman 1993; Palmen et al. 2004). Although a well
designed prospective study has not yet been conducted, the findings of our meta-analysis of
observational studies suggest an association between unconjugated hyperbilirubinemia and
ASD (Fig. 2). However, contrary to our hypothesis and biological plausibility, our findings
suggest that the association appears to be significant in term infants but not in premature
infants.

This contrary finding can be explained by bilirubin metabolism and the pathogenesis of
bilirubin-induced neurotoxicity. As noted in Introduction section, the TSB concentration in
the absence of phototherapy is comprised of unconjugated and conjugated bilirubin, free or
bound to proteins. However, only free unconjugated bilirubin is neurotoxic. The free
unconjugated bilirubin concentration is determined by TSB concentration, protein (or
albumin) concentration, and the binding affinity between protein and bilirubin (Amin 2004;
Ahlfors 2001). According to the current theory of the pathogenesis of bilirubin-induced
neurotoxicity, unbound or free unconjugated bilirubin crosses intact blood brain barrier and
causes neurotoxicity. Compared to term infants, in very premature infants, not only the
protein concentration may be lower but the binding affinity may also be altered because of
the presence of several endogenous and exogenous competitors of bilirubin for albumin
binding. In such conditions, free unconjugated bilirubin concentration can be significantly
high despite low TSB concentration. Thus, it may be important to measure free
unconjugated bilirubin in premature infants rather than relying on TSB. In contrast, for term
neonates, TSB concentration correlate with free unconjugated bilirubin concentration and
has been shown to be a sensitive marker for bilirubin-induced neurotoxicity (Amin 2004;
Wennberg et al. 2006). Therefore, in term infants, the magnitude of jaundice (measured by
TSB) may be important, and, there may be dose—response association between jaundice and
ASD.

We also found that studies that defined jaundice based on high cut-off levels of TSB were
the only studies that demonstrated significant positive association between jaundice and
ASD suggesting that degree of jaundice may be an important factor for developing ASD
(Buchmayer et al. 2009; Jangaard et al. 2008; Juul-Dam et al. 2001; Maimburg et al. 2008;
Sugie et al. 2005). Additionally, dose-response association between jaundice and ASD were
demonstrated by Maimburg et al. (2008) and Sugie et al. (2005). The later demonstrated that
the association was slightly stronger if jaundice was defined based on the need of
phototherapy to treat jaundice compared to degree of hyperbilirubinemia (OR 2.5 vs. OR
2.3) (Sugie et al. 2005). However, in premature infants, TSB has failed to predict bilirubin-
induced neurotoxicity and neurotoxicity has been reported at lower TSB concentration
(Amin 2004; Gartner et al. 1970). In support of the free bilirubin theory, several studies have
reported that free bilirubin is a better predictor than TSB of bilirubin-induced neurotoxicity
in premature infants (Amin et al. 2001, 2005; Amin 2004, Ahlfors and Parker 2008, Ahlfors
et al. 2009; Cashore and Oh 1982; Funato et al. 1994; Nakamura et al. 1985, 1992; Ritter et
al. 1982). Therefore, the reported absence of association between ASD and unconjugated
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hyperbilirubinemia as assessed using TSB concentration in premature infants is not
surprising. Unless evidence from prospective studies involving free bilirubin measurement is
available, the association between unconjugated hyperbilirubinemia and ASD in premature
infants cannot be ruled out.

A limitation of meta-analysis of observational studies is that it is difficult to control for the
confounding factors and selection bias often associated with observational studies.
Therefore, a causal relationship between jaundice and ASD cannot be established from this
literature. However, individual studies that demonstrated significant association between
jaundice and ASD had reported adjusted odds ratio after controlling for confounding factors
(Buchmayer et al. 2009; Jangaard et al. 2008; Maimburg et al. 2008). Secondly, the majority
of these observational studies were exploratory and not hypothesis driven, specifically
regarding neonatal jaundice and autism. Thirdly, although the majority of studies involved
preterm and term infants, only two reported separate findings for premature infants.
Fourthly, the majority of studies that used siblings for matching controls involved siblings of
either gender, heterogeneous ages, and unrelated to birth order in the family. Because of
gender, environmental, and age related developmental influences on diagnosis of autism, use
of age (next in birth order) and gender matched sibling may be more appropriate controls
when using family members or siblings as controls in autism research (Shaked and Yirmiya
2004). Fifthly, different diagnostic criteria were used for diagnosis of ASD and very few
studies used standardized diagnostic instruments for diagnosis of ASD. Despite these
limitations, the findings of these observational studies strongly suggest that neonatal
jaundice may be associated with ASD.

The significance of our systematic review is that it may provide much needed impetus and
direction for a timely and focused prospective research to evaluate the hypothesis that
unconjugated hyperbilirubinemia is a significant cause of ASD in premature and term
infants. The hypothesis that unconjugated hyperbilirubinemia is a significant cause of ASD
is easily testable, implies prevention, and is of public health importance. The hypothesis can
be easily tested in a prospective observational study which will involve prospective
collection of information on important bilirubin biochemical markers including free
bilirubin concentration during the first two postnatal weeks when neonatal jaundice peaks
and then performing prospective assessment for ASD using diagnostic methods such as
Autism Diagnostic Observation Schedule. Subsequently, randomized doubleblind clinical
trials can be conducted to confirm the association between jaundice and ASD and evaluate
the effect of therapeutic intervention on the incidence of autism spectrum disorder. Clinical
trials may involve therapeutic interventions such as heme-oxygenase inhibitors which have
been used to decrease bilirubin production in premature and term infants (Valaes et al.
1994). The reported increased prevalence of ASD in recent years is a cause for concern.
With the recent trend in improved survival of very premature infants, the population of
children with ASD may rise, adding to the personal and economic cost of ASD to the society
(Leslie and Martin 2007; Stephens and Vohr 2009). The estimated annual cost of ASD to the
society is as high as $35 billion dollars per year and an individual lifetime cost is ~$3.2
million (Ganz 2007). If neonatal jaundice predisposes infants to ASD, neonatal interventions
aimed at preventing and correcting jaundice could be a promising strategy for reducing
jaundice associated ASD and ASD related expenditures in the future.
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In summary, unconjugated hyperbilirubinemia may be linked to ASD and may have affected
the prevalence of ASD globally. The severity of unconjugated hyperbilirubinemia defined
based on free or unbound unconjugated bilirubin concentration may determine the risk of
ASD in neonates. Future research should attempt to elucidate the relationship between the
level of unbound bilirubin in premature infants and the development of autism spectrum
disorders.
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