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Abstract
Background: The pathogenesis of allergic diseases in childhood may be attributed to influences of early environmental stimuli on fetal and neonatal immune regulation. Neonatal hyperbilirubinemia is common in the Asian population and up to 20% of infants require phototherapy. 
Aim: We examined the hypothesis that phototherapy for neonatal hyperbilirubinemia modulates the infant’s risk of developing eczema, rhinitis and wheeze in the Growing Up in Singapore Towards healthy Outcomes (GUSTO) birth cohort.
Methodology: Interviewers collected information on demographics, lifestyle, birth data and allergic outcomes. Atopic sensitization was assessed through skin prick testing (SPT) to aeroallergens and food allergens. 
Results: A total of 135 (12.8%) children underwent phototherapy for neonatal hyperbilirubinemia. Infants who underwent phototherapy were of a significantly lower mean (SD) gestational age [37.5 (2.5) weeks] compared to those who did not [38.5 (1.2) weeks p<0.01].  A higher proportion of infants born by Caesarean section underwent phototherapy compared to those who were born vaginally (17.5% vs 10.7%, p < 0.01). There were no differences in prevalence of allergen sensitization, eczema, rhinitis and early onset wheeze with use of nebulizer in the first 5 years of life between subjects that underwent phototherapy and those that did not. There were also no associations between mean bilirubin peak levels within the phototherapy group with development of eczema, rhinitis and early onset wheeze in the first 5 years of life. 
Conclusions We found no evidence for a link between phototherapy for neonatal hyperbilirubinemia and childhood allergic outcomes in this prospective mother-offspring cohort.



Background
The Developmental Origins of Health and Disease (DOHaD) field examines the role of  early environmental stimuli on fetal and neonatal immune regulation and the development of diseases in later life.1 One of the earliest environmental influences experienced by many neonates occurs in the setting of phototherapy for neonatal hyperbilirubinemia which involves prolonged exposure of the neonate’s entire body surface area to a unique, artificial external environment in the earliest days of life when the effects of developmental influences on immune programming are most significant. 
The incidence of neonatal hyperbilirubinemia is significantly higher in Asian infants compared to infants of other ethnicities.2  Up to 80% of Asian newborns are diagnosed with neonatal jaundice, 8–20% of whom require phototherapy.3, 4 Genetic polymorphisms, such as the G71R mutation in the uridine diphosphate glucuronosyltransferase 1A1 (UGT1A1) liver enzyme responsible for bilirubin conjugation, are associated with a higher risk of prolonged jaundice and the need for phototherapy.5 These mutations are highly prevalent in the Asian population but have not been reported in Caucasian populations.6  
Blue-green phototherapy utilizes monochromatic visible light in the spectrum of 390–470nm to convert unconjugated bilirubin into water soluble, excretable structural photoisomers7 and is the gold standard therapy for significant neonatal hyperbilirubinemia to prevent kernicterus. Known short-term side effects of phototherapy include dehydration through transepidermal water loss,8 thermal dysregulation, electrolyte disturbances and the bronze baby syndrome.9 There are also longer term effects which are less well known – including melanoma, patent ductus arteriosus and retinal damage.9 
In a cohort of newborns, phototherapy, but not hyperbilirubinemia itself, was also associated with DNA cell damage and apoptosis of peripheral blood mononuclear cells, which may negatively impact DNA repair ability.10 Two recent retrospective case-control studies by Wickremasinghe et al11 and Newman et al12 indicated that phototherapy could slightly increase the risk of cancer in infancy. 
Ultraviolet (UV) light makes up a small component, around 0.3%, of traditional blue-green phototherapy. In vitro studies propose that UV light acutely activates pro-inflammatory pathways in the cutaneous immune system resulting in increased production of inflammatory cytokines, release of sequestered autoantigens and enhancement of immunogenic properties of skin proteins.13 
Phototherapy has also recently been linked to alterations of immune pathways, which may predispose towards the development of allergic diseases. Bilirubin is a natural anti-oxidant which, in its physiological state, protects infants against oxidative stress and promotes the natural Th2/Th1 switch.14 Phototherapy interferes with this protective mechanism and in itself causes disruptions in the skin cytokine milieu. Phototherapy increases the production of Th2 pro-inflammatory cytokines such as TNF-alpha, IL-1 beta and IL-8, and also decreases IL-6 levels,15 promoting a Th2 shift towards pro-allergic tendencies. 
In this prospective mother-infant birth cohort study, we examined whether the artificial environmental exposure of blue-green phototherapy for neonatal hyperbilirubinemia in early life might modulate the infant’s risk of developing eczema, rhinitis and wheeze in early childhood.

Methods
The Growing Up in Singapore Towards healthy Outcomes (GUSTO) study is a large, ongoing mother-infant cohort study in Singapore which recruited  pregnant women from the general population and followed their offspring up prospectively, and the methodology has been described in detail previously.16 Information on demographics, family history of allergy, social and lifestyle factors and birth data was collected. Data on neonates who underwent phototherapy for neonatal hyperbilirubinemia were also collected during the hospital stay after birth. Ascertainment of later allergic outcomes was undertaken through standardized questionnaires administered at 3, 6, 9, 12, 15 18, 24, 36, 48 and 60 months of age to ensure consistency during interviews and home visits. We used the modified ISAAC questionnaire, which was also used in many other studies.17-19 
 A physician’s diagnosis of eczema was determined by a positive answer to the written question: “Has your child ever been diagnosed with eczema?” Skin examination and SCORAD assessments were performed by trained physicians at the month 18 and month 36 time-points for eczema diagnosis and its severity. Wheezing was defined as a positive answer to the written questions “Has your child ever wheezed?” and ““Has your child ever been prescribed with nebulizer/inhaler?” Rhinitis was defined as a positive response to the question “Has your child ever had sneezing, running nose, blocked or congested nose, snoring or noisy breathing during sleep or when awake that has lasted for 2 or more weeks duration?” The diagnosis of rhinitis before 18 months of age required a single episode that lasted for at least 4 weeks or two or more episodes lasting at least 2 weeks each. New cases of rhinitis after 18 months of age were defined by one or more episodes lasting at least 2 weeks. 
Atopic sensitization was assessed through skin prick testing (SPT) to aeroallergens (house dust mites Dermatophagoides pteronyssinus, Dermatophagoides farinae, and Blomia tropicalis) and to food allergens (egg, peanut and cow’s milk) which were performed at the 18, 36 and 60-month visits. At 60 months, skin prick testing was also carried out to shrimp and crab allergens. All skin prick extracts were obtained from Greer Laboratories (Lenoir, NC, USA), except for B. tropicalis, which was obtained from our in-house laboratory. B. tropicalis extract was prepared as previously described.20
A wheal of at least 3 mm was defined as a positive SPT and a child was considered as SPT-positive (sensitized) if any one or more of the individual tests was positive with a positive reaction to histamine (positive control) and negative reaction to saline (negative control). We used the ISAAC modified questionnaire as used in other studies.17 At 18 months, outcomes were classified as absent when the answers for all visits were “no.” Outcomes at 36 and 60 months were classified as absent when the answers for the visits were “no” for at least 70% of the visits.  Family history of allergy was defined as positive if the mother, father or an older sibling had ever had atopic eczema, asthma or allergic rhinitis. “High breastfeeding” was defined by exclusive or predominant breastfeeding for at least 4 months, with subsequent partial breastfeeding to at least 6 months of age, while “low breastfeeding” was defined as exclusive formula feeding or weaning before 3 months. “Intermediate breastfeeding” was defined as breastfeeding to at least 3 months but without meeting the criteria for high breastfeeding. 
Ethics approval was obtained from the Domain Specific Review Board of Singapore, National Healthcare Group and the Centralised Institutional Review Board of SingHealth. Informed written consent was obtained from all subjects. Statistical analysis was carried out using IBM SPSS version 20.0 (IBM SPSS Statistics, Armonk, NY).  Demographic characteristics between the groups were compared using the chi-square test. The strength of associations between phototherapy and eczema, rhinitis and early-onset wheeze were assessed using univariable and multivariable logistic regression (adjusting for gender, ethnicity, family history of allergy, breastfeeding, gestational age, maternal education levels and mode of delivery), using a p value of 0.05 as significant and reported adjusted odds ratios with exact 95% confidence intervals. 

Results
After removal of early dropouts, 1058 (85.5%) subjects had responses to questions on jaundice and formed the study population. There were 135 (12.8%) children who underwent phototherapy for neonatal hyperbilirubinemia, of whom 63 (46.7%) were male and 82 (60.7%) were of Chinese ethnicity. The demographic characteristics of the cohort are shown in Table 1. Infants who underwent phototherapy were of a lower mean (SD) gestational age (37.5 (2.5) weeks) compared to those who did not (38.5 (1.2) weeks, p < 0.01, Table 1).  A higher proportion of infants born by Caesarean section (17.5%) underwent phototherapy compared to those who were born vaginally (10.7%, p < 0.01, Table 1) 
There were generally few differences in demographic variables between subjects included and excluded from the study with the exception of mode of delivery and maternal education levels. A higher proportion of subjects included in this study were delivered by Caesarean delivery compared to those excluded (30.8% vs 20.2%, p=0.04).  Subjects included in this study also had mothers of higher education levels compared to those excluded (59.9% vs. 50.9%, p = 0.03). 
There were no differences in prevalence of allergen sensitization, eczema, rhinitis and early onset wheeze with use of nebulizer/inhaler in the first 5 years of life between subjects that underwent phototherapy and those that did not (Table 2). Only 31 subjects had complete SCORAD data for eczema severity at month 18 and 43 subjects at month 36. Multivariable analysis showed no association between phototherapy and SCORAD at month 18 [Adj OR 21.7, 95% CI (2.3—45.7), p = 0.1] or month 36 [Adj OR 7.4, 95% CI (30.2 —15.4), p = 0.5]. Findings were similar after adjusting for potential confounding variables, including sex, ethnicity, family history of allergy, maternal education levels, breastfeeding, mode of delivery and gestational age (Table 3). Mean bilirubin peak levels were recorded only in subjects who underwent phototherapy. There were no statistically significant differences in mean bilirubin peak levels between subjects who subsequently developed eczema, rhinitis or wheeze and those who did not (Table 4). Mean bilirubin peak levels in subjects who developed allergen sensitization at months 18 and 36 were lower than in those who did not become sensitized - 18 months [Adj OR 0.97, 95% CI (0.95—0.99), p = 0.02 ] and at 36 months [Adj OR 0.98, 95% CI (0.96—0.99), p = 0.02]. However, the adjusted odds ratios were very close to 1.0; thus the clinical significance of this very small difference is doubtful. No significant associations were seen at 60 months.  
Discussion
This is the first large prospective cohort study to examine for an association between phototherapy for neonatal hyperbilirubinemia and subsequent allergic sensitization or the development of eczema, rhinitis or early onset wheeze; we found no evidence to support such an association. This finding provides an important counterpoint to the current view that neonatal hyperbilirubinemia and phototherapy may increase the risk of development of allergic diseases in later childhood21 and will reassure neonatologists and parents of jaundiced infants who require phototherapy, an essential intervention for the prevention of kernicterus especially in the Asian population where rates of hyperbilirubinemia and glucose-6-phosphate dehydrogenase (G6PD) deficiency are high.22  
Existing literature in the field has hitherto suggested a direct association between neonatal hyperbilirubinemia and/or phototherapy and the development of atopic diseases.23-26 Huang et al27 found that the risk of asthma increased with bilirubin levels in a cohort of babies born in the United States before the introduction of phototherapy (OR 1.61, 95% CI 1.04 – 2.08). A retrospective Swedish cohort study23 identified neonatal icterus and/or phototherapy as risk determinants for children who were prescribed anti-asthmatic medications (OR 1.30, 95% CI 1.16—1.47). In the Asia-Pacific region, retrospective cohort studies in Taiwan described associations between neonatal jaundice and an increased rate and severity of childhood asthma24 as well as allergic rhinitis25, atopic dermatitis and urticarial.26 A recent systematic review including these studies also found a significant increase in the rate of childhood allergic diseases after neonatal hyperbilirubinemia and/or phototherapy, though the evidence base was deemed to be of ‘very low/low quality.21
It is possible that that the observed association between bilirubin, phototherapy and atopic outcomes in other studies might have been confounded by other factors such as breastfeeding, as these data were mostly retrospectively obtained from existing databases collated for other purposes such as insurance claims or indirectly assessed through ICD (International Classification of Diseases) codes and surrogate indicators of disease such as the use of asthma medications. These methodological limitations do not allow adjustment for potential confounding influences for which source data were not available and potential sources of bias are inherent in such retrospective studies. 
The strengths of GUSTO lie in our extensively well-phenotyped cohort derived from Singapore’s general population; prospective capture of all child health information and allergen sensitization data through skin prick testing at multiple time-points and the ability to adjust for multiple potential socio-demographic confounders. Reliance on parental-reported outcomes of rhinitis and early-onset wheezing were limitations of this study, but questionnaires were adapted from the ISAAC questionnaires which have been validated extensively in large epidemiologic studies worldwide for the ascertainment of allergic outcomes.28 Another limitation is the smaller sample size of GUSTO as compared to other studies which results in loss of statistical power.  The rates of rhinitis, wheeze and atopic dermatitis in this cohort were nonetheless consistent with the previous ISAAC surveys29. We did not obtain data on mean bilirubin peak levels in neonates who did not undergo phototherapy as this was not routinely performed in non-jaundiced infants. Data on phototherapy intensity and duration were also not collected in this study, which limited our ability to stratify for these effects. None of the above-mentioned, more recent, cross-sectional studies with positive associations had measured bilirubin levels, phototherapy intensity or duration. These factors could have been potential confounders but their contribution to the differences in study findings between ours and theirs is unknown.  
Genetic polymorphisms in the Glutathione S-transferase (GST) gene such as GSTM1 and GSTT1 null genotypes may explain the differences observed between populations. The Glutathione S-Transferases (GSTs) are a group of enzymes comprising of five gene classes, alpha (A), mu (M), pi (P), theta (T) and zeta (Z) according to their biochemical properties such as substrate specificity, chemical affinity, structure and amino acid sequences.30, 31 These enzymes are phase II detoxification enzymes involved in detoxification of exogenous or environmental toxins through conjugation with glutathione (GSH), facilitating their removal from cells for excretion. In hepatocytes, they also decrease efflux of bilirubin and bilirubin conjugates back into plasma.32
Polymorphisms in the GST gene have been linked to significant neonatal hyperbilirubinemia33-35 and separately also with allergic diseases such as atopic dermatitis36-38 and asthma39-43 across several ethnic groups worldwide. The significance of such associations has been analyzed in several meta-analyses,44-46 with conflicting conclusions. Such polymorphisms are involved in immuno-modulation and likely also modify the risk of developing hyperbilirubinemia. Frequency of gene carriage varies between populations, the GSTM1-null genotype is present in around 50% of Caucasians and in only approximately 20% of African Americans.47 Apart from Korea, genetic studies involving this polymorphism and its relationship with allergic diseases are currently lacking in Asia.36, 37 The existence of such genotypes in the Singaporean population and their association with disease is currently unknown.
Another limitation of this study was the lack of data on maternal viral infections during the antenatal period, which may be associated with an increased risk of infantile wheezing in their offspring,48, 49 which precluded our ability to adjust for it as a potential confounder. 
In conclusion, we found no evidence in this large prospective birth cohort that phototherapy for neonatal hyperbilirubinemia was associated with childhood eczema, rhinitis, and early-onset wheezing or allergic sensitization. Isolating the differential effects of hyperbilirubinemia and phototherapy on allergic outcomes is challenging, as the current standard of care advocates phototherapy for all neonates with significant hyperbilirubinemia. Randomized controlled trials for this purpose would also likely be ethically implausible. Thus, corroborative data from other large prospective birth cohorts in other parts of the world are preferable and should ideally adjust for confounders such as bilirubin levels, phototherapy intensity and duration, as well as genetic polymorphisms such as the GST gene which may modulate an individual’s risk of both hyperbilirubinemia and atopic outcomes. Nonetheless, in view of the known side effects and reported associations with other non-allergic disease outcomes such as cancer, judicious consideration of the necessity and duration of phototherapy in accordance with established guidelines and risk stratification is essential and unwarranted phototherapy in neonates with no significant hyperbilirubinemia is best avoided. 


Table 1 Comparison of demographics in children with phototherapy and those without. 
		
	Phototherapy group (N = 135)
	No Phototherapy group  (N = 923)
	p-value 

	Sex 
	N(%)
	N(%)
	

	Male 
	63 (46.7)
	493 (53.5)
	0.2

	Female 
	72 (53.3)
	430 (46.6)
	

	
	
	
	

	Mode of delivery 
	
	
	

	Caesarean section 
	57 (42.2)
	269 (29.1)
	<0.01

	Vaginal Delivery 
	78 (57.8)
	654 (70.9)
	

	
	
	
	

	Breastfeeding levels1
	
	
	

	Low
	50 (39.4)
	393 (45.3)
	0.4

	Mid
	62 (48.8)
	369 (42.5)
	

	High 
	15 (11.8)
	106 (12.2)
	

	
	
	
	

	Ethnicity
	
	
	

	Chinese
	82 (60.7)
	518 (56.1)
	0.6

	Malay
	32 (23.7)
	237 (25.7)
	

	Indians
	21 (15.6)
	168 (18.2)
	

	
	
	
	

	Family history of allergy1
	39 (44.3)
	329 (50.8)
	0.3

	No family history of allergy
	49 (55.3)
	319 (49.2)
	

	
	
	
	

	Gestational weeks 2
	37.5 ± 2.5
	38.5 ± 1.2 
	<0.01

	
	
	
	

	Maternal education levels 1
	
	
	

	At least 12 years 
	91 (68.4)
	534 (58.6)
	0.04

	Less than 12 years 
	42 (31.6)
	377 (41.4)
	



1Sample size ranged from 736 to 1044 due to missing values 
2Values are mean ± SD


Table 2 Comparison of prevalence of allergic outcomes in children with phototherapy and 
those without.
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Table 3 Univariable and multivariable analysis for associations between phototherapy and sensitization, eczema, rhinitis and wheeze.
[image: ]
*Adjusted for sex, ethnicity, breastfeeding levels, family history of allergy, gestational age, maternal education levels and mode of delivery














Table 4 Mean Bilirubin peak levels and allergic outcomes.
	Allergic outcome by  month 18
	 Mean Bilirubin Peak  ± SD
 (Outcome = yes)
	Mean Bilirubin Peak ± SD
 (Outcome = No)
	Adjusted OR
	P value

	Allergen sensitization
	 206.4 ± 54.2
	 228.6 ± 39.7
	0.97 (0.95–0.99)
	0.02

	Eczema
	 234.4± 36.5
	226.7± 41.7
	1.00 (0.99–1.02)
	0.7

	Rhinitis
	 239.8 ± 43.2
	226.0 ± 42.8
	1.04 (0.99–1.1)
	0.1

	Wheeze and use of nebulizer
	 238.3± 48.4
	227.5 ± 40.6
	1.02 (0.99–1.1)
	0.2

	 
	 
	 
	
	

	Allergic outcome by  month 36
	 Mean Bilirubin Peak ± SD
 (Outcome = yes)
	Mean Bilirubin Peak ± SD
 (Outcome = No)
	Adjusted OR
	P value

	Allergen sensitization
	 217.8± 48.3
	227.5± 43.0
	0.98 (0.96–0.99)
	0.02

	Eczema
	 235.5 ±  35.5
	226.1 ±  42.0
	1.0 (0.99–1.03)
	0.3

	Rhinitis
	 234.8 ± 45.0
	224.4 ± 41.7
	1.0 (0.99–1.03)
	0.1

	Wheeze and use of nebulizer
	 226.8 ± 46.3
	227.1 ± 41.6
	1.0 (0.98–1.02)
	0.8

	 
	 
	 
	
	

	Allergic outcome by  month 60
	 Mean Bilirubin Peak ± SD
 (Outcome = yes)
	Mean Bilirubin Peak ± SD
 (Outcome = No)
	Adjusted OR
	P value

	Allergen sensitization
	228.1 ± 45.4
	228.6 ± 43.2
	0.99 (0.98–1.02)
	0.7

	Eczema
	236.8 ± 34.9
	225.1 ± 42.5
	1.01 (0.99–1.03)
	0.3

	Rhinitis
	235.7 ± 44.0
	222.8 ± 42.2
	1.02 (0.99–1.04)
	0.1

	Wheeze and use of nebulizer
	224.9 ± 51.4
	226.2 ± 41.0
	0.99 (0.98–1.02)
	0.9


*Adjusted for sex, ethnicity, breastfeeding levels, family history of allergy, gestational age, maternal education levels and mode of delivery
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image1.emf
Phototherapy No Phototherapy  p-value 

N(%) N(%)

Outcomes by 18 months

Allergen sensitization  14 (13.5) 98 (13.6) 0.9

Eczema  27 (25.7) 152 (20.3) 0.2

Rhinitis  13 (14.6) 119 (19.0) 0.4

Early onset of wheeze and use of nebulizer/inhaler  7 (7.8) 60 (10.0) 0.7

Outcomes by 36 months

Allergen sensitization 22 (21.2) 172 (23.8) 0.6

Eczema 29 (27.6) 180 (24.0) 0.5

Rhinitis  31 (34.8) 221 (35.2) 0.9

Early onset of wheeze and use of nebulizer/inhaler  17 (14.9) 158 (19.5) 0.3

Outcomes by 60 months

Allergen sensitization  33 (35.5) 232 (34.8) 0.9

Eczema  31 (29.8) 192 (26.0) 0.4

Rhinitis  35 (39.8) 245 (39.9) 0.9

Early onset of wheeze and use of nebulizer/inhaler 16 (17.0) 150 (22.8) 0.2


image2.emf
Univariable analysis Multivariable analysis 

OR (95% CI) Adjusted OR (95% CI) 

Outcomes by Month 18

Allergen sensitization 1.0 (0.5-1.8) 1.1 (0.6-2.3)

Eczema 1.4 (0.8-2.2) 1.4 (0.8-2.6)

Rhinitis 0.7 (0.4-1.4) 0.7 (0.3-1.6)

Early onset of wheeze and use of nebuliser/inhaler 0.8 (0.3-1.7) 0.6 (0.2-1.7)

Outcomes by Month 36

Allergen sensitization 0.9 (0.5-1.4) 1.0 (0.5-1.9)

Eczema 1.2 (0.8-1.9) 1.3 (0.7-2.4)

Rhinitis 1.0 (0.6-1.6) 1.0 (0.6-1.8)

Early onset of wheeze and use of nebuliser/inhaler 0.7 (0.4-1.2) 0.7 (0.3-1.4)

Outcomes by Month 60

Allergen sensitization 1.0 (0.7-1.6) 1.1 (0.6-2.0)

Eczema 1.2 (0.8-1.9) 1.3 (0.7-2.3)

Rhinitis 1.0 (0.6-1.6) 1.0 (0.6-1.9)

Early onset of wheeze and use of nebuliser/inhaler 0.7 (0.4-1.2) 0.6 (0.3-1.2)


