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ABSTRACT 
 
Background: The dramatic increase in prevalence of allergic disease within recent decades 

reflects environmental and behaviour changes that have altered patterns of early immune 

development. While allergic disease is multifactorial, associations with reduced sunlight 

exposure have led to the hypothesis that suboptimal 25-hydroxyvitamin D (25(OH)D ) 

levels during critical early periods may be one possible explanation, and that interventions to 

improve vitamin D status, especially in early life, may be the key to prevention.  

 

Aims:  The specific aims of this thesis are to: 

1. Investigate the effect of oral vitamin D supplementation in early infancy on allergy 

outcomes in early childhood (chapters 4, 6). 

2. Explore the influence of circulating 25(OH)D levels during early childhood on allergy 

outcomes (chapters 4, 6). 

3. Compare the accuracy of two commonly used assays for longitudinal vitamin D 

measurement in infancy (chapter 3). 

4. Examine infant immune development within the first 6 months of life in relation to vitamin 

D supplementation group allocation and circulating 25(OH)D levels (chapters 4 and 5). 

5. Explore the association between direct UV light exposure in early infancy (measured by 

UV dosimeter) and subsequent allergic outcomes (chapters 4 and 7). 

6. Investigate the association between direct UV light exposure in the first 3 months of life 

and proinflammatory immune markers in early infancy (chapter 4). 

7. Assess whether time spent outdoors and sun protective behaviours in early childhood 

have an influence on subsequent allergic outcomes over the course of early childhood 

(chapter 7). 

 

Methods: Full-term, vitamin D sufficient infants at “high-risk” for allergic disease (based on 

family history) were supplemented with 400 IU vitamin D/day or placebo for the first 6 

months of life. The intervention groups were compared for allergic disease outcomes 

(assessed at 3, 6, 12 and 30 months of age) and vitamin D status quantified by 

chemiluminescent immunoassay (CIA). Allergy outcomes over the first 2.5 years of age were 

also examined in relation to 25(OH)D levels (chapters 4 and 6). 
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In a subgroup of participants, we compared inter-assay variation of circulating 25(OH)D levels 

measured by CIA and liquid chromatography-tandem mass spectrometry at 3, 6 and 12 

months of age (chapter 3). 

 

To investigate the influence of vitamin D on immune development, cells were cultured with 

Toll-like receptor ligands to assess innate immune functional responses. Cytokine production 

to house dust mite and egg ovalbumin were determined (chapter 4). Phenotypic analysis of 

immune cell subsets was performed using flow cytometry to characterize T cell, dendritic cell 

and natural killer cell components of cord blood and peripheral blood mononuclear cells 

(PBMC) collected at 6 months of age (chapter 5). 

 

A subset of participants were issued ultraviolet (UV) dosimeters. Direct UV exposure was 

measured over the first 3 months of life. Time spent outdoors, sun protective behaviours and 

allergy outcomes were also assessed in early childhood (chapters 4 and 7). To explore the 

influence of early direct UV light exposure on immune development, PBMC cytokine 

expression was measured at 6 months of age  (chapter 4). 

 

Results: This randomised controlled trial did not reveal any evidence that vitamin D 

supplementation in early infancy modified allergy development in early childhood (chapter 

4), and no measurable impacts on the patterns of immune development during the first 6 

months of life were found (chapter 5).  

 

However, we demonstrated a protective relationship between direct UV light exposure in 

early infancy and eczema outcome over the first 2.5 years of life (chapters 4, 7). Reflecting 

these findings, we also demonstrated direct UV light exposure was associated with reduced 

proinflammatory immune markers by 6 months of age (chapter 4). These associations are 

further supported by cross-sectional data of time spent outdoors during the first 3 months of 

life and eczema outcome in early childhood (chapter 7). This effect was seen independent of 

vitamin D status, and after adjusting for other potential confounding factors. 

Conclusion: For “high-risk” infants with sufficient vitamin D status at birth, early infancy 

vitamin D supplementation does not appear to reduce the development of early childhood 
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allergic diseases and larger trials are required to confirm this. However, exposure to UV light 

in early infancy appears to be beneficial in reducing the risk of eczema in early childhood. 

Further research is required to determine optimal levels of UV light exposure while balancing 

the potential risks. 
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Preface 

 

The prevalence of allergic disease has increased dramatically within recent decades. This trend, 

described as “the epidemic of the 21st century”, recognizes allergy as a major cause of morbidity in 

the developed world without any evidence of this crisis abating. 1-3  

 

Genetic factors certainly play a role in the genesis of allergic diseases but cannot explain the rapid 

increase seen over the last decades. When looking for potential factors driving the increasing risk 

of allergic diseases, the dramatic environmental and lifestyle changes of the modern age are 

clearly implicated. The very early onset of allergic diseases point to specific vulnerability of the 

developing immune system to environmental changes and the development of primary 

intervention strategies is crucial to address this unparalleled burden.  

 

Indeed, many environmental changes have been shown to mediate effects through immune 

pathways in early life. One key factor under consideration, as both a causal factor and a possible 

allergy prevention strategy, is vitamin D. Vitamin D deficiency and insufficiency is a global 

phenomenon afflicting more than one billion people in all age groups—important in this context 

because of known immunomodulatory functions of vitamin D, including immune pathways 

relevant for protecting against allergic diseases. As over 90% of vitamin D production is dependent 

on ultraviolet radiation (UVR), declining exposure to UVR with increasingly indoor-centered 

modern lifestyles is implicated in adverse vitamin D status. Furthermore, an increasing body of 

evidence suggests UVR may also have other direct effects on immune function that are 

independent of Vitamin D—with additional implications for the rising rates of allergic disease with 

sedentary indoor behavior. 

 

The work of this thesis will investigate the role of both vitamin D and sunlight exposure as possible 

pathways in the primary prevention of allergic diseases, beginning with an exploration of the 

literature to set the context for the studies presented thereafter.  
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1.1 Roadmap to the current review of the literature 

 

The first part of this literature review will focus on the global rise of allergic diseases and the 

associated and connected factors. This will be followed by a review article on the need to develop 

“Intervention strategies for the primary prevention of allergic disease”. The second part of the 

literature review will specifically focus on vitamin D and sunlight exposure as possible prevention 

strategies to address the unparalleled burden of these diseases.  

 

Allergic disease has increased dramatically in prevalence within the last decades. However, it must 

be acknowledged that allergic diseases have been recognized for a long time, illustrating that we 

are not facing “new disease” but rather a condition that has increased dramatically within a few 

decades. Hence, this review will first describe the history of allergic disease, and the possible 

reasons for the recent significant increase in disease after centuries of apparently low, stable 

prevalence—focusing on epidemiological data, lifestyle and environ-mental factors and genetic- 

environmental interactions. The impact of allergic diseases on quality of life will be briefly 

explored to highlight the urgency of prevention strategies. Then, the pathophysiological and 

immunological mechanisms of allergic diseases will be addressed as a prerequisite for developing 

successful intervention strategies, potentially based on environmental and lifestyle factors 

implicated in the first place.  

 

In this context, the remainder of this literature review will focus on “vitamin D and sunlight (UVR)” 

specifically as potentially modifiable risk factors. This will examine the metabolism and 

pathophysiology of vitamin D in conjunction with sunlight, including genetic implications. It will 

then explore how vitamin D and ultraviolet (UV) light can influence immune pathways and allergic 

disease development, including geographical studies using latitude as a proxy for sunlight 

exposure and vitamin D status, observational studies and a more limited literature on randomized 

controlled trials (RCTs) of vitamin D (prenatally or postnatally given) as a possible prevention 

strategy for allergic diseases. This will all set the scene for the novel work presented later in this 

thesis. 
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1.2 Allergic disease throughout human history 

 

Allergic disease has increased dramatically in prevalence over the last decades. This trend, 

described as “the epidemic of the 21st century”, recognizes allergy as a major cause of morbidity in 

the developed world. There is currently no evidence of this crisis abating. 

 

However, allergic diseases are not a new phenomenon. Indeed allergic symptoms such as 

swelling, rashes, red eyes, runny noses, and shortness of breath were first described in historical 

documents with asthma symptoms recorded in ancient China, Greece, Egypt, and Rome4 – 

including Emperor Octavianus Augustus who by historical descriptions had features consistent 

with the typical triade of  eczema, asthma, hay fever and a positive family history for atopy.5,6  

 

From the Renaissance up to the 19th century allergic diseases have been described in more detail.  

Skin conditions similar to eczema were already systematically listed in the first dermatological 

book, De morbis cutaneis et omnibus corporis humani excrementis tractatus “ (Latin, in English: Of 

all skin diseases and waste treatment of the body”) written in 1572 by the Italian physician, 

Girolamo Mercurialis 7 and painted by Thomas Bateman in a portrait Porrigo larvalis willani 

(Delineations of Cutaneous Diseases. London, 1817, Plate XXXVII). 

 

Although “asthma” with the meaning of “panting“ has already been described since antiquity,4 it 

took until 1860 before the first more precise description was published by Henry Salter.8 Allergic 

rhinoconjunctivitis (AR) was further characterised in 1819 by Dr John Bostock, an English physician 

and scientist who presented an interesting case to the Medical and Chirurgical Society which he 

called “Case of a periodical affection of the eyes and chest”:  the first recorded description of what 

he later called 'catarrhus aestivus' (latin, summer-like catarrh), and which soon became known as 

hay fever.  

 

The phenomenon of anaphylaxis as the most severe and life threatening presentation of an acute 

allergic reaction was also described in ancient Greek and Chinese medical literature.4 The first 

documented anaphylactic patient may have been Pharaoh Menes who died 2640 BC from the 

sting of a wasp, as hieroglyphs tell.4 In 1829 François Megendie and in 1902 Paul Portier and 

Charles Richet described and published observations on severe systemic allergic reactions based 
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on animal studies. Richet proposed the term “anaphylaxis” (greek: ana= against, phylaxis= 

protection) indicating a lack of protection from the immunization with the toxin.9  

 

The term “allergy” (greek: állos= different, oher; érgon= action) was finally coined in 1906 by the 

Viennese Pediatrician Clemens von Pirquet (1874-1929) and led to the foundation to recognize 

allergic diseases more and more as an entity.10 In 1923 the term “atopy” was introduced by the 

American Allergists A.F. Coca and R.A. Cooke and became after its identification closely associated 

with immunoglobulin E (IgE) molecules, after their identification as the carrier for hyper-

sensitivity.11  

 

Since then, the field of Allergy and Immunology has expanded, but human history demonstrates 

that patterns consistent with allergic diseases have been already described in antiquity and have 

been known to be a hereditary medical condition in the history of medicine for a long time with 

further specification in the beginning of the 20th century. However, the prevalence of afflicted 

patients appeared to remain stable until very recently. 

 

1.3 The worldwide increase of allergic disease 

 

Allergic diseases have been described for millennia, but there has been a striking increase over the 

past decades.12 The first clear reports of a rise in paediatric asthma were published in 1969 (a 

population based study on school children demonstrating a sharp increase in asthma over a 10 

year period associated with a high sensitisation to house dust mites (HDM)).13 This appeared to 

predate the increasing burden of global childhood eczema14 and the current ‘‘epidemic’’ of food 

allergy which only surged after 1990 in what has been described as a “second wave” of the allergic 

disease.15 Thereafter there has been an exponential increase in allergic conditions which are now 

estimated to affect up to 40% of the population in developed countries.16,15,17,18 Globally, 200 to 

250 million people suffer from food allergies, 300 million from asthma and 400 million from AR.19 

Whilst initially known as a disease of first world countries, the numbers of allergic conditions are 

now also rising in third world countries.20,21  

 

This dramatic increase in prevalence of afflicted patients with allergic diseases has a significant 

impact on morbidity, mortality, quality of life and associated social or health care costs. As the 



	 6	

earliest presentations of allergic diseases eczema and food allergies have shown to substantially 

decrease both, the child’s22-24 but also the caregiver’s perceived quality of life (QoL).25,26,27  

Furthermore in food allergies the ever-present fear of potentially life-threatening anaphylactic 

reactions28,29 places families under enormous stress.26  

 

No cure is available for eczema and food allergy alike, causing an additional level of anxiety and 

desperation in many families. Furthermore these conditions often require multidisciplinary team 

approaches25 and mean annual cost of healthcare is high30 and potentially steadily increasing with 

rising numbers. 

 

Eczema and food allergy are linked to asthma and AR (section 1.3.1.2) which are also chronic 

heterogeneous disorders with overlapping health care costs and social impairments in perceived 

QoL (reviewed in 31).   

 

While AR might not appear as serious because it is not associated with severe morbidity or 

mortality, the burden and associated health care costs (currently about 400 million people are 

affected worldwide) are substantial.32 In numerous patients with AR the perceived QoL is 

significantly impacted by impeded sleep and subsequently reduced cognitive function.33-35 It has 

been shown that asthma has similar effects on the perceived QoL, but in addition to being a 

chronic disorder without any cure, asthma also carries a risk of fatality and caregivers’ perceived 

QoL can be significantly impacted by asthma severity.36  

 

The rise in allergic diseases—and associated increasing morbidity, mortality, reduced QoL and 

associated social or health care costs—is not an isolated phenomenon and has occurred in tandem 

with other non-communicable diseases (NCDs) including autoimmune diseases, cardiovascular 

disease, diabetes, obesity and mental health conditions.37 Collectively NCD’s have become the 

major global heath burden of “modern societies” impacting on social and economic stability. 

Chronic low-grade inflammation is a key factor of all non-communicable diseases highlighting the 

central role and vulnerability of the immune system to modern environmental changes.38,39 

 

While it is well known that allergic diseases have a genetic predisposition, this recent dramatic 

increase in prevalence in various regions of the world cannot be explained by genetic influences 
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alone. Together with evidence of geographical differences in genetically similar populations,37,40,41 

this is a clear indication that environmental and lifestyle factors play a major role on modulating 

the risk for developing allergic diseases (sections 1.3.5 and 1.4). 

 

Environmental and lifestyle changes may have the potential to affect developing immune 

pathways and influence whether genetic susceptibility for NCDs including allergic diseases is 

realized.38,42 Increasingly indoor-centered modern lifestyle with reduced sunlight exposure and 

change in nutrition is implicated in adverse vitamin D status. Vitamin D status has been identified 

as a key factor which possesses the properties to influence the immune development.43,44 Potent 

immunomodulatory effects, including the modulation of T-lymphocytes to suppress inflammation 

and promotion of tolerogenesis are described (section 1.6). Thus, vitamin D may also play a pivotal 

role in preventing inflammatory adaptive immunity but also suppressing autoimmune disease and 

other NCDs (reviewed in 45). 

 

Allergic disease is the most frequent and earliest-onset NCD, indicating the impact of the early 

environment on immune development in particular. This means that prevention must logically 

target this early period of life. Early intervention is therefore the ultimate approach to reverse this 

dramatic rise of allergic disease. Interventions targeting lifestyle and environmental changes are 

likely to also have wider benefits on other NCDs that result from the rising risk of inflammation in 

modern societies.38 

 

One of the first indicators of inflammation and typically the first appearance of NCD is eczema in 

infancy. The next section of this review will expand on the clinical signs, and pathophysiology of 

eczema. 

 

1.3.1 Eczema: the first signs of early life inflammation  

 

It is crucial to particularly develop prevention strategies for eczema as the condition is one of the 

most common chronic early childhood disorders with increasing prevalence14 and the earliest 

presentation of allergic disease46, which can lead to the development of food allergy and other 

allergic diseases as described in the “atopic march” (section 1.3.1.2). Hence, potential prevention 

strategies including vitamin D and sunlight would need to be applied very early in life. 
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Eczema has a prevalence of up to 30% in first world countries47, with numbers now also steadily 

increasing in third world countries.48 Eczema is also the most frequent inflammatory disorder of 

the skin49 characterised by relapsing episodes of dry skin and pruritus with frequent skin 

infections. Population based data from the US illustrate that of affected children aged 3 to 11 

years of age, 85% were diagnosed before 5 years of age, of these 45% developed eczema during 

the first 6 months and 60% during the first 12 months of life.50,51 In children aged one to two years 

an international study determined an eczema prevalence of 17.6%.52 This highlights the need for 

effective prevention strategies early in life. 

 

Eczema is a chronic, frequently lifelong condition with less than half of resolution occurring before 

seven years of age and 60% of resolving by adulthood.51,53 The reasons and mechanisms for 

outgrowing eczema are largely unknown and possibly triggered by environmental and genetic 

factors.54  

 

Considering the dramatic rise and impact eczema has as a chronic disease on health implications, 

QoL and the enormous associated health care costs (reviewed in 25) the identification of 

modifiable prevention strategies is urgently required. In this context it is important to gain 

information on the pathophysiology, underlying immune mechanisms and genetic factors. Also, 

the specific role of eczema as a first step in the “atopic march” needs to be highlighted. Hence, the 

following sections will cover these areas. 

 

1.3.1.1 Dysregulated skin barrier function, immunologic mechanisms and genetic predisposition  

 

The underlying pathophysiology of eczema is very complex and multi-factorial. Current 

pathophysiological models recognise an interplay between epidermal barrier dysfunction and 

innate and adaptive immune dysregulation, which are influenced by genetic and environmental 

factors.49,55-58  

 

The critical permeability of the epidermal barrier function is mediated by the stratum corneum. 

Disturbance and alteration initiates reactions which initially activate balanced responses in the 

underlying epidermis. However, repeated or significant barrier disruption may lead to stimulation 

of signalling cascades that induce inflammation.59 Consequently a disrupted skin barrier function 
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may also result in a propensity for viral and microbial colonization which can induce infection60 

and increased permeability to environmental allergens.61 

 

The greatest risk of IgE sensitisation occurs in very young infants with severe eczema, suggesting 

antigen transfer through a very dysfunctional epidermal barrier as a likely underlying reason.62  

 

The skin microbiome is gaining increasing recognition as key to modifying early immune 

responsiveness and serving as an integral role particularly in the pathology of eczema (reviewed 

in63,64). The microbiome of the skin is greatly influenced by our behaviour and environment and is 

an active immunological organ, which functions as a primary defence and biosensor to the 

external environment.65,66  

 

Skin microbial dysbiosis also plays a significant role in the pathogenesis of eczema and food 

sensitisation in modulating disease trajectory. Abnormal skin colonization may contribute to 

abnormalities of epithelial integrity or development and predispose to local and systemic immune 

dysregulation.  

 

S. (staphylococcus) aureus is the most common pathogen on the skin in children with eczema and 

colonisation enhances Th2 inflammation.67 Pathogenic S. aureus colonisation is responsible for 

aggravating disease persistence and severity which can further increase health care costs and 

impact QoL.68 It has been suggested that colonisation with S. aureus in eczema is associated with 

increased IgE responses, as well as the development of food allergies.69  

 

S. aureus colonisation combined with reduced microbial diversity is seen in over 90% of patients 

suffering from eczema compared with less than 5% of unaffected individuals (reviewed in 70). On 

the other hand early colonisation with commensal staphylococci at age 2 months has been shown 

to lower the risk of eczema at 1 year71 - both supporting the important role of a healthy skin 

microbiome and environment to prevent and influence the course of eczema. Although very 

interesting the skin microbiome in its complexity is not the focus of this thesis. It must however be 

considered that changing environmental factors including sunlight exposure and vitamin D could 

influence the skin microbiome and subsequently have an impact on the development of eczema 

and other allergic diseases. 
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Interaction with the immune system occurs once an allergen enters the skin barrier. When 

examining these immunological interactions, the skin can be divided broadly into the epidermis, 

which contains predominantly CD8+ cytotoxic T cells and tissue resident dendritic cells (DC), and 

the dermis which contains dermal and plasmacytoid DC, macrophages, mast cells and innate and 

adaptive lymphocyte subsets (reviewed in 72). In eczema inflammatory processes are associated 

with increased production of Interleukin (IL)-4, IL-25, IL-33 and Thymic Stromal Lymphopoietin 

(TSLP), recruiting IL-5 and IL-13 producing type 2 innate lymphoid cells which enhance the 

development of type 2 inflammation.73 DC and other immune cells migrate from the skin to 

draining lymph nodes. Here the stimulation of naïve T cells takes place with subsequent 

differentiation into allergen-specific Th2 cells.74 Considering that vitamin D and UV light have 

immunomodulatory functions (sections 1.6 and 1.7) it is plausible that these factors could 

influence the development and course of eczema.  

 

Acknowledging the significant influence environmental and immunological factors have on the 

course of eczema, it needs to be recognized that the predisposition to eczema is also highly 

heritable. The prevalence of any atopic disease in one parent is estimated to increase the risk of 

developing eczema by 1.5 fold, whereas the risk is increased 3 to 5-fold if both parents suffer from 

eczema.75,76  

 

Genetic defects encoding skin barrier proteins and abnormalities in tight junctions or lipid 

production contribute to epithelial barrier dysfunction that characterises eczema. The strongest 

known gene mutation associated with eczema is the semi-dominant null mutation in the Filaggrin 

gene (FLG) which encodes the epidermal protein profilaggrin and leads to a reduction in Filaggrin 

expression, an essential structural component of the epidermal barrier.77-79 However, only 20% of 

subjects with mild to moderate eczema are carrying FLG mutations80,81, but more than 50% of 

subjects carrying FLG mutations do not develop any atopic disease.81 Hence, FLG mutations are 

neither necessary nor sufficient to induce and drive the course of eczema.   

 

Other loss-of function mutations have been identified with an influence on the skin barrier 

function. These include serine protease inhibitor kazal-type 5 (SPINK5), which encodes inhibitors 
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of serine proteases and the gene encoding a protein in corneodesmosin, that localize to human 

epidermis and other cornified squamous epithelia.82 

 

Although the intrinsic epithelial barrier dysfunction and imbalances in the skin microbiome are 

central to the frequency and pathophysiology of eczema there are other important genetic 

modifiers that are required for the development of allergic skin inflammation and potentially 

progression to other allergic diseases. For example polymorphisms in genes that encode IL-33 and 

its receptor83,84 as well as polymorphisms in genes that encode TSLP and its receptor are 

associated with increased risk of eczema and asthma.85-87  

 

Another important gene associated with eczema and other atopic disorders is the Th2 cytokine 

cluster on chromosome 5q31.1; here genes are encoding important information for cytokines for 

type 2 immunity.88 The enhanced expression of type 2 cytokines, including IL-4 and IL-13, are 

pathogenic drivers that link the type 2 inflammation, barrier dysfunction, and pruritus.49,55,89 

Recently eczema phenotypes have also been found to be associated with multiple vitamin D 

pathway genes.90 

 

In summary, there is evidence of an underlying shared set of polymorphisms which has an 

influence on the predisposition of eczema and subsequent allergic disease development including 

vitamin D pathway genes. Whilst this is important background information for understanding the 

pathophysiology of eczema and its connection to other allergic diseases, this area has been 

comparatively underexplored and therefore has not been further investigated in this thesis. 

 

Instead in the context of developing primary prevention strategies with a particular focus on 

vitamin D and UVR the following sections will outline how the different allergic diseases are 

interconnected from the clinical, pathophysiological, immunological and epidemiological point of 

view. 
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1.3.1.2 The role of eczema in the “atopic march” 

 

Eczema- most commonly diagnosed in the first 6 months of life46- is highlighted as “the first step in 

the atopic march”. This term was coined to describe the sequential progression from eczema or 

food allergy in early infancy to other allergic diseases such as asthma and AR in later childhood, 

suggesting a causal and temporal pathway. All of these allergic conditions have common 

environmental and genetic predisposing factors and shared immunologic characteristics of 

allergen specific T-helper cell (Th)2 responses including a type 2 effector phase that can lead to the 

production of specific IgE, activation of granulocytes, and other innate immune system related 

symptoms such as mucous production and edema. Importantly when considering the concept of 

the “atopic march” the occurrence of one allergic condition increases the risk for the development 

of others (reviewed in 72,91). Multiple longitudinal studies have supported this view. 52,92-96 

 

However, recent evidence suggests that the “atopic march” does not always follow this classic 

sequence and it has been argued that this concept might oversimplify the natural history of 

allergic diseases and the mechanisms of association are not well understood.97-100  

 

Nonetheless interventions targeted in early life could influence the progression to other allergic 

diseases and an emerging area of research is investigating environmental modifiers of the ”atopic 

march” which would assist in identifying primary and secondary prevention strategies to arrest or 

at least reduce the development and progress of allergic disease. However, despite much research 

into the aetiology of allergies, little progress has been made in finding effective strategies. 

 

Hence, there is an urgent need to find modifiable environmental risk factors which influence 

immune dysregulation very early in life to prevent children from developing eczema and 

potentially subsequent allergic diseases. Thus the next section will link eczema to food allergy. 

 

1.3.2 Association between eczema and food allergy - the mechanisms of epicutaneous 

sensitisation to food 

 

Eczema often predates the occurrence of food allergy and both conditions often co-exist.101 

Sensitization to food allergen is a known precursor and risk factor for the development of allergic 
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diseases later in life.98,102,103 Early life food sensitisation has been associated with an increased risk 

of wheeze/asthma (pooled OR 2.9; 95% CI 2.0-4.0), and AR (pooled OR 3.1: 95% CI 1.9-4.9) but 

also eczema (pooled OR 2.7; 95% CI 1.7-4.4),  from four to eight years of age.104  

 

At the age of three months the likelihood of food sensitisation in infants with eczema is up to six 

times higher than in healthy controls (reviewed in 105). The occurrence of eczema in the first 3 

months of life is associated with food allergies in early childhood106,107, and it is estimated that 

children with eczema generally have a 5 to 6 times increased risk of developing food allergy when 

compared to their healthy peers.105,106  Recent data from a Canadian Birth Cohort study found that 

eczema in combination with sensitisation at 1 year of age was a strong risk factor for food allergy 

at 3 years of age.98  

 

Overall, over half of the children with eczema have elevated food specific IgE levels or a positive 

Skin Prick Test (SPT), with up to 15% having a positive oral challenge to the culprit food.105  

 

On the other hand, food and other environmental allergens can exacerbate skin lesions by 

entering through the disrupted skin barrier (section 1.3.1.1) and enhancing inflammation a 

phenomenon which was first observed over 35 years ago.108 A known treatment for moderate to 

severe eczema is low-dose narrow band UV phototherapy as suberythemogenic UVB irradiation 

improves the skin barrier and reduces inflammation.109,110 Promising results of improved skin 

barrier function and eczema symptoms have also been found using oral vitamin D 

supplementation as a treatment strategy in children.111,112 Hence, in addition to considering UVR 

and vitamin D as a prevention strategy both also have a role as a treatment approach for eczema 

symptoms which subsequently could influence the progression of the “atopic march”. 

 

There is now a significant body of evidence supporting that epicutaneous food sensitisation 

through an impaired skin barrier may lead to food allergy. The “dual allergen hypothesis” 

postulates that epicutaneous food sensitisation occurs via impaired skin barrier integrity allowing 

allergen penetration and causing immune dysregulation, leading to clinical IgE mediated food 

allergy. On the flipside, early ingestion of foods via the oral route generally promotes immune 

tolerance and subsequently potentially prevents the development of food allergy (reviewed in 113). 
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Over two decades ago the observation was first made that food specific IgE response can be 

detected as early as in the first month of life114, supporting more recent findings that very early 

sensitisation to foods occurs via exposure through the inflamed skin. 

 

Reduced production of structural skin barrier proteins can also be caused by genetic changes 

including loss-of-function mutations in the Filaggrin and SPINK5 gene (section 1.3.1.1). The 

Filaggrin loss-of function mutation is a risk factor for peanut sensitisation in children with eczema 

through environmental exposure to house dust peanut protein115, but has not shown to be a risk 

factor for any other food sensitisation.116 In addition data on challenge-proven food allergies have 

supported the role of genetic changes in SPINK5.117 Although interesting, at this point in time the 

genetic basis of food allergies remains relatively uninvestigated and to explore this further is not 

the focus of this PhD thesis. In comparison more is known about the immunological pathways. 

 

When food allergens penetrate the stratum corneum they are exposed to keratinocytes and 

subsequently presented by DC that migrate to local lymph nodes, where they induce Th2 immune 

response.59  

 

Murine models show that innate immune cells accumulate in the skin in response to undue TSLP 

production after skin contact of food allergens. IL-4 produced by eosinophils and basophiles 

promotes DC activation and the presentation of food antigens to naïve T cells inducing Th2- 

polarization118 and finally an intestinal IgE-mediated food allergy.118,119 

 

This is supported by human clinical data, where epicutaneous sensitisation occurred through 

environmental exposure to peanut dust or peanut oil. Furthermore exposure to hydrolysed wheat 

protein in facial soaps was shown to be a risk factor for IgE mediated wheat allergies.120-122  

 

In summary, an impaired skin barrier in eczema and cytokine dysregulation combined with 

environmental food allergen exposures aggravates the risk of allergen sensitisation and 

progression to clinical food allergy. Subsequently Th2 cytokines suppress expression of skin barrier 

proteins which upholds the skin barrier disruption. Hence primary prevention strategies need to 

be developed to break this circle in its beginning with vitamin D and UVR being potential key 

factors requiring further exploration. 
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The pathophysiological connection between eczema and food allergy is also reflected in 

epidemiological data. Similar to the increasing prevalence of eczema the dramatically rising rate of 

food allergy has become more apparent recently, lagging behind the epidemic of allergic 

respiratory conditions, which became most evident from the 1970’s. However while rates of 

asthma and AR have now plateaued in many first world countries, eczema and food allergies are 

on the rise in the current generation and -most alarmingly- occurring very frequently in the most 

vulnerable group of very young children.14,15,17,18 Data from Australia have shown that one in ten 

infants less than one year of age suffers from challenge proven food allergy.15  

 

In tandem with the rising incidence of food allergies in industrialized nations, a significant increase 

in the prevalence of potentially life threatening food related anaphylaxis has been 

reported.28,123,124 However, recently an alarming increase of incidence in food allergies and 

anaphylaxis has also been described in developing nations (reviewed in20). Data on challenge 

proven food allergies in South Africa and China show similar rates compared to first world 

countries.125 This increase has been noted predominantly in populations with a more westernized 

lifestyle suggesting that environmental factors are driving this crisis48,126,127 In this context the 

change in nutrition (from a more traditional diet to highly processed food with less vitamin D) and 

reduced time spent outdoors with less UV light exposure need to be considered as potential key 

factors (sections 1.5, 1.7 and 1.8).  

 

Hence, there is an urgent need to develop strategies to prevent children from food allergy but also 

other allergic diseases as outlined in the next section. These intervention strategies need to be 

applied very early in life to stop the “atopic march” (section 1.3.1.2) from the beginning.  

 

1.3.3 The role of asthma and allergic rhinoconjunctivitis in allergic disease development 

 

Like the skin, the upper and lower airways have contact to the environment and the inflammatory 

response shares similar aspects for both AR and asthma.128 Both conditions often coexist129 and 

their pathophysiology of Th2 driven pathways, local mediator release, systemic IgE mediated 

immune response and eosinophil recruitment also share similarities (reviewed in 31). Hence, this 

section will combine both allergic airway conditions. 
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Compared to the presentation of eczema and food allergy very early in life, the prevalence of 

asthma and AR increases with age130 and is often preceded by eczema and food allergy.  

 

However, the epidemic of allergic airway disease started much earlier13,131 than the rise of 

eczema14 and food allergy.15 Although rates of asthma have now plateaued in many first world 

countries developing countries record an ongoing dramatic rise.132 

 

While it is clear that genetics are important determinants of allergic airway disease,133 the rapid 

increase in disease prevalence within a period of 40 years cannot be explained by germ-line 

genetics alone. Other postulated theories regarding improvement in hygiene (section 1.3.5) are 

insufficient in explaining this significant increase. However, climate change in association with air 

pollution (reviewed in134-136) and importantly increasing indoor lifestyle with less sunlight exposure 

and vitamin D production (reviewed in 131, section 1.3.5) have been suggested to play an 

important role in this dramatic rise in westernized countries. This is further supported by the 

ongoing increase of asthma and AR in developing countries showing a rapid economic 

development along with a never before experienced urbanisation.132 In a German study the 

prevalence of AR increased from 13% (at 3 years) to 44% (at 13 years) when at least one parent 

had an allergic disease and even quadrupled from 6% (at 3 years) to 24% (at 13 years) in children 

without a family history of allergic disease further supporting the significance of environmental 

factors driving this problem and highlighting the urgency to find modifiable prevention 

strategies.35 

 

With the aim of developing preventative measures targeting all allergic diseases it is important to 

review the pathophysiology and clinical aspects of asthma and AR and how they and furthermore 

all allergic diseases are interconnected. 

 

1.3.4 The interconnection of the different allergic diseases in childhood 

 

A crucial step in developing allergy prevention strategies is to find factors which may beneficially 

modify the immune system. The pathogenesis of allergic diseases entails an ineffective tolerogenic 

immune response to allergens and aforementioned allergic reactions may be antibody related 

(typically IgE mediated) with a rapid onset of symptoms or delayed T cell driven. Although 
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presenting as different allergic phenotypes the underlying immune mechanisms and dysfunctions 

share enough similarities to differentiate  “atopic phenotypes” from “non-atopic phenotypes”.137 

Environmental factors that influence and regulate immune status, including vitamin D or sunlight 

exposure might have an impact on the development of these different allergic phenotypes and 

their interconnections. 

 

Looking at these different allergic phenotypes it is well known that eczema and the majority of 

food specific IgE responses develop in infancy or early childhood (see section 1.3.2), while 

sensitisation to aeroallergens often evolves later in life, providing a partial explanation why 

asthma and AR occur later in childhood.114 Over 20 years ago it was found that early childhood 

eczema is strongly correlated with asthma and AR development within the first 7 years of life.138 

Furthermore an association with asthma severity and persistence into adulthood has been 

shown.95,139 

 

However, the underlying pathomechanisms are much more complex as not every child with 

eczema develops asthma or AR and not every patient with asthma has preceding eczema. Hence, 

eczema, food allergy, AR and asthma often coexist, but the proportion of comorbidity not 

attributable to either, the role of IgE sensitisation or chance is an area of continuous investigation 

and also questions the traditional concept of the  “allergic march” (section 1.3.1.2).97,140,141 In a 

large European prospective cohort study IgE sensitisation accounted for only 38% of comorbidity, 

reflecting that this should no longer be viewed as the predominant mechanism of comorbidity140 

and environmental modulators  (including vitamin D and sunlight, section 1.5 and 1.7) have to be 

considered.  There is an increasing body of research showing that certain phenotypes with onset 

of eczema very early in childhood are at particular risk to progress to asthma or AR.92,93,142,143   

 

Recent evidence also highlighted the role of sensitisation showing that eczema without concurrent 

sensitisation was not associated with an increased risk to develop asthma at 3 years of age while 

in combination eczema and sensitisation had strong interactive effects on both food allergy and 

asthma.98  

 

Also different phenotypes of food allergy 46 and food sensitisation78,104 have been described as 

independent risk factors for the development of eczema, asthma and AR. Hence our evidence and 
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understanding to date support the concept that individuals with specific phenotypes may benefit 

from early interventions such as sunlight exposure and vitamin D (sections 1.5 to 1.7) to influence 

immune pathways and avoid the development or abate the course of eczema and sensitisation 

which in turn then have the potential to reduce the development of allergic airway disease later in 

life. 

 

In summary, considering specific phenotypes and the clinical and immunological connection 

between the different allergic diseases, their dramatic rise globally and the impact on health 

implications, QoL and enormous associated health care costs, the development of primary 

prevention strategies is urgently required.  

 

As environmental changes due to modern lifestyle and progressing urbanisation occurred in 

tandem with this unparalleled rise of allergic diseases, modifiable environmental factors need to 

be explored as potential candidates. Thus the next section and subsequent review article will 

further investigate these factors. 

 

1.3.5 The role of environmental factors in the prevention of allergic diseases 

 

As mentioned prior, although genetic risk factors influence individual susceptibility to disease, the 

rise in allergic diseases and other NCDs over the past decades has been far too rapid to be 

accounted for by changes in the population gene pool alone.37 Rather, the increasing prevalence 

of allergic disease is thought to be the result of changing environmental factors associated with 

modern lifestyle and environments.144  

 

Over three decades ago, the “hygiene hypothesis” postulated that significant hygiene measures in 

modern society and a lack of infectious diseases contributed to immune diversion towards allergic 

disease.139 This finding was supported by epidemiologic studies which described a lower rate of 

allergic disease in children raised in rural environments linked to raw milk and stable exposure, 

particularly in the first year of life.145,146 Other suggested protective factors included a lack of 

antibiotic use in pregnancy/infancy, vaginal delivery, maternal animal exposure during pregnancy 

or furry pets at home during infancy.147-150 However, the concept of the “hygiene hypothesis” has 

already been critically appraised over a decade ago (reviewed in 151). Given that major 
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improvements in hygiene (clean water, uncontaminated food, helminth eradication, decreased 

exposure to farm animals, reduced number of siblings by small family size, decreased exposure to 

soil bacteria) started around the 1870s and were largely complete in the main cities of Europe and 

the US by 1920 (reviewed in 131), the hygiene hypothesis is insufficient in elucidating this massive 

change in prevalence . 

 

Whilst the impact of modern environments on the immune system is likely to be complex and 

multifaceted, declining biodiversity (particularly in commensal microflora), exposure to air 

pollution, cigarette smoke and ingested environmental contaminants (reviewed in135,136), chemical 

allergens and irritants from cosmetic products,152 medications, increased time spent indoors, 

vitamin D status and complex dietary changes (reviewed in 38) have emerged as candidate factors 

for the development of allergic diseases (Figure 1.1). Here, timing plays a significant role. 

Prenatally, over infancy, childhood and adolescence the human organism is in a constant change 

of development. Thus, the predefined stages of maturation display windows of accessibility, 

vulnerability and opportunity where health intervention and prevention can present themselves in 

interactions between genes, environment, and time.  

 

There is a need to intervene early to prevent disease in the first instance, by targeting the 

modifiable environmental risk factors that are most likely responsible.153,154 Prevention is the 

ultimate approach to reducing the burden of allergic disease and the greatest potential for this lies 

in early life.  

 

Hence, the following review article gives an overview of the important and potentially modifiable 

environmental risk factors in early life for the prevention of allergic diseases. 
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Abstract Allergic diseases are a major cause of morbidity in
the developedworld, now affecting up to 40% of the population
with no evidence that this is abating. If anything, the prevalence
of early onset allergic diseases such as eczema and food allergy
appears to be still increasing. This is almost certainly due to the
changing modern environment and lifestyle factors, acting to
promote immune dysfunction through early perturbations in im-
mune maturation, immune tolerance and regulation. This early
propensity to inflammation may also have implications for the
rising risk of other inflammatory non-communicable diseases
(NCDs) later in life. Identifying risk factors and pathways for
preventing early onset immune disease like allergy is likely to
have benefits for many aspects of human health, particularly as
many NCDs share similar risk factors. This review focuses on

recent advances in primary intervention strategies for promoting
early immune health and preventing allergic disease, highlight-
ing the current evidence-based guidelines where applicable and
areas requiring further investigation.

Keywords Allergy prevention . Nutrition . Allergen
exposure . Probiotics . Fatty acids . VitaminD

Introduction

The last century has seen a dramatic and relatively rapid change
in disease profile. In almost all regions of the world, non-
communicable diseases (NCDs) including allergy, autoimmune
diseases, cardiovascular disease, diabetes and other obesity-
associated diseases, mental ill health and cancer have far
surpassed infectious diseases as the major threat to human
health. Inflammation and dysregulation are common elements
of all these conditions and may predate disease as a critical
antecedent risk factor. There is increasing evidence that the ris-
ing propensity for inflammation may be ‘programmed’ in early
life and that a range of early environmental risk factors might
influence the dynamics of the inflammatory response and the
risk of low-grade chronic inflammation in adulthood [1, 2]. Ear-
ly life strategies to promote ‘immune health’ and reduce propen-
sity to inflammation are likely to benefit all aspects of health.

Allergic diseases, including atopic dermatitis, allergic rhi-
nitis and allergic asthma, are the most common and earliest
onset of NCDs, now estimated to affect up to 40 % of the
population in developed countries [3], and there is evidence
that food allergy and eczema are continuing to rise as part of a
new ‘second wave’ of the allergy epidemic, particularly in
young children [4]. Although genetic risk factors can influ-
ence individual susceptibility to disease, the rise in allergic
diseases and NCDs over the past decades can only be
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explained by changes in environmental factors associatedwith
modern lifestyle and environments.

Many factors implicated in environmental change have
recognised effects on the immune system. Examples include
complex dietary changes, changes in physical activity and
time spent outdoors, vitamin D deficiency, use of antibiotics
and vaccination, decreased prevalence of helminth infestation,
exposure to indoor allergens, cigarette smoke and air pollu-
tion. Both human and animal studies demonstrate immuno-
modulatory effects and potential pathways through which the-
se risk factors may promote allergic diseases, chronic low-
grade systemic inflammation and many associated NCDs. In
every case, the pathogenesis of these chronic diseases is com-
plex and multi-factorial, with complex interactions between
genetic risk and environmental factors, that likely exert differ-
ential and time-sensitive effects on developmental processes
in many organ systems. Many of these influences are likely to
be mediated by effects on metabolic and immune program-
ming, including epigenetic effects on patterns of gene expres-
sion (reviewed in [5•, 6–8]).

Identifying specific, modifiable risk factors to facilitate the
development of effective primary prevention strategies is very
important, as is the optimal timing of such interventions,
which are generally likely to be far more effective when im-
plemented early in development. Prenatal and early postnatal
events play a pivotal role in susceptibility to both early and
later onset NCDs, at least in part through an effect on immune
development and subsequent function. Longitudinal studies
have revealed that emergent differences in immune function
can be detected at birth in newborns who go on to develop
allergic diseases in later childhood [9, 10], suggesting that the
prenatal environment has a likely influence in the rising pre-
disposition to allergy. In keeping with this, foetal immune
function has been shown to be influenced by a range of spe-
cific maternal environmental exposures including dietary fac-
tors, microbial exposure and tobacco smoke, factors that have
also been linked with allergic risk in epidemiological studies
(reviewed in [6, 11]). This means that the environment during
gestation may be an important early window of opportunity
for disease prevention. Similarly, the early postnatal environ-
ment is another critical determinant in the pattern of immune
maturation and another window of opportunity (reviewed in
[12]). During this period, establishment of mucosal colonisa-
tion with symbiotic bacteria and breastfeeding, together with
direct exposure to many other environmental factors, play a
role in dictating the patterns of response to a broad range of
newly encountered antigens. Our studies have shown that sen-
sitisation to food allergens is an early event, often prior to
4 months of age, before complementary feeding even com-
mences, potentially as a result of allergen exposure via breast
milk, cutaneous exposure or whilst in utero [13•]. This sug-
gests that to be most effective, prevention strategies may need
to be targeted prior to this.

In general, the main prevention methods used include var-
ious strategies to (1) promote ‘tolerogenic’ conditions during
initial allergen encounter (many of these nutritional); (2) mod-
ify the pattern and timing of allergen exposure to promote
tolerance and (3) reduce major risk factors associated with
early sensitisation, such as eczema. Although not the main
subject of this review, an important consideration is how these
and any future strategies should best be targeted—whether
specific risk groups should be targeted, and how these may
be accurately identified, or whether a general population-
based approach should be taken. These decisions are likely
to vary with the nature and efficacy of any particular interven-
tion strategy as well as the burden and risk of the particular
disease.

Here, we examine the current perspectives and recent data
on primary prevention strategies for allergic diseases, focusing
on predominantly maternal and infant intervention studies
published within the last 7 years, since new guidelines were
introduced in 2008 [14].

Nutritional Interventions

Avoidance of Highly Allergenic Food During Pregnancy
and Lactation

Dietary recommendations for the primary prevention of aller-
gic diseases have changed markedly over the past decade. For
many years, guidelines recommended the avoidance of highly
allergenic foods in pregnancy, lactation and infancy to reduce
the risk of allergic disease, despite little evidence to support
these guidelines [14]. This is no longer recommended, and
more recent systematic reviews, including the most recent
Cochrane review, concluded that avoidance of highly aller-
genic foods, such as cow’s milk, eggs and nuts during preg-
nancy and lactation does not affect the incidence of allergic
disease in their offspring [15, 16]. This has been supported by
a recently published analysis which included five randomised
or quasi-randomised comparisons of maternal dietary antigen
avoidance prescribed to high-risk pregnant women [17].

Instead of preventing allergic diseases, avoidance of highly
allergenic foods may actually increase the risk of allergic dis-
ease [18], and new studies suggest that early exposure rather
than avoidance may actually promote oral tolerance [19–22].
This has been demonstrated in animal studies examining the
effects of dietary allergen exposure during pregnancy and lac-
tation [23–25]. In human studies, the effects of exposure to
cow’s milk and egg allergens during pregnancy and lactation
on subsequent infant sensitisation have been less consistent
[26, 27]. However, despite differences in the amount and
timing of allergen administration and different measures of
allergic diseases, there is growing evidence in human obser-
vational studies that exposure to allergens, such as peanut and
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tree nuts, during pregnancy affords some protective effect on
allergy in the offspring [28–30]. Similar evidence of allergen-
induced tolerance is emerging in the postnatal period as well
(see below).

In summary, there is currently insufficient evidence to rec-
ommend maternal modification of nutritional allergen expo-
sure during pregnancy or lactation to prevent allergic diseases
in their children. There is a recognised need to explore the role
of maternal allergen exposure in pregnancy and lactation in
the pathogenesis and/or protection of early infant sensitisation,
including well-designed randomised trials.

Breastfeeding

Breast milk is a complex, bio-active fluid, containing a range
of anti-inflammatory, antimicrobial and immunomodulatory
agents, hormones and growth factors including oligosaccha-
rides which facilitate beneficial bacterial colonisation of the
infant’s intestine, particularly the establishment of
bifidobacteria. Short-chain fatty acid (SCFA) oligosaccharide
metabolites are also important for the stimulation of regulatory
T-lymphocyte maturation and the development of oral toler-
ance [31], as well as systemic metabolic and anti-
inflammatory effects [32••].

While early observational studies suggested that
breastfeeding for at least 4 months may protect from cow’s
milk allergy in high-risk infants (reviewed in [33]), most sub-
sequent systematic reviews have failed to confirm this [34].
Similarly, studies examining the impact of breastfeeding on
the development of asthma have reported conflicting results
[35, 36], and generating more definitive data with randomised
controlled trials is not ethical or feasible.

Because of its immune-active properties, there has been
ongoing speculation that breastfeeding during the period
when solids are first introduced may promote tolerance to
these allergens. Offering support for this, one recent prospec-
tive birth cohort study showed that continued breastfeeding
during complementary feeding was associated with fewer
food allergies [37•].

In summary, exclusive breastfeeding is recommended for
around 6 months [38] and should be continued whilst solids
are introduced into the diet [31, 39]. These recommendations
are based on the well-established and diverse benefits to both
mother and child, rather than allergy protective effects
specifically.

Use of Hydrolysed Formulas

Current infant feeding guidelines in the USA [14], Australia
[39] and Europe [34] all recommend that hydrolysed formula
is considered as a primary prevention strategy for allergic
diseases. This is based on a Cochrane review (last updated
in 2009) of randomised and quasi-randomised studies

comparing the use of hydrolysed infant formula to human
milk or cow’s milk formula. Meta-analysis of seven studies
(2514 infants; RR 0.79, 95 % CI 0.66, 0.94) found a signifi-
cant reduction in infant allergy with use of hydrolysed formu-
la. However, the authors stressed methodological concerns,
inconsistency of findings and potential of publication bias
and the need for further large, well-designed trials [40]. Stud-
ies have consistently failed to show benefits of hydrolysed
formulas in reducing asthma [41–43].

Since the last Cochrane review, several larger studies have
published conflicting findings, generating debate on this issue.
The largest RCT to date, the German Infant Nutrition Inter-
vention Study included 2252 infants and found a preventative
effect of hydrolysed formula on eczema, which was still evi-
dent at 6 years of age [42]. However, subsequent follow-up of
this population showed little persistent benefits between the
ages of 7 and 10 years [43]. The Melbourne Atopic Cohort
Study, a single-blind randomised controlled trial which in-
cluded 620 high-risk infants, failed to show any preventative
effect of partially hydrolysed formula (PHF) on the develop-
ment of allergic disease up to 7 years of age [41]. Both studies
have substantial strengths, and each has limitations, including
the impact of parental choice during the feeding intervention,
which is inevitable in studies of this nature. Interestingly, al-
though there is significant debate around the role of PHF for
the prevention of allergic disease, both show similar results
when the findings of the intention to treat analysis (ITT) are
compared, failing to show any benefit of PHF compared with
conventional cow’s milk formula. These more recent findings
have not been incorporated in the last Cochrane analysis [40],
and updated meta-analysis might change the perspective.

Guideline recommendations for the use of PHF in allergy
prevention are largely based on the fact that it is both cheaper
and more palatable than extensively hydrolysed formula
(EHF), rather than differences in their preventive effects,
which appear to be similar [34]. Other formulas are not rec-
ommended for allergy prevention. Amino acid-based formu-
las are more expensive than hydrolysed formula and generally
only indicated for the treatment of preexisting disease [41].
There is no evidence to support the use of soy-based formulas
for the prevention of allergies [40].

In conclusion, the use of hydrolysed formula should gen-
erally only be considered in infants at high risk of allergic
disease, if exclusive breastfeeding is not possible [34]. Until
more definitive evidence is available, overstating the potential
for hydrolysed formula to reduce the risk of allergic disease
should be avoided.

Introduction of Complementary Foods

Infant feeding recommendations for allergy prevention have
also changed significantly over the past decade, reversing pre-
vious advice to delay complementary feeding and avoid
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potentially allergenic foods [44]. A series of observational
studies have suggested that delayed introduction of solid
foods beyond 4–6 months of age may actually increase the
risk of sensitisation and that more ‘allergenic’ foods do not
need to be specifically avoided [20, 21, 45, 46]. In 2008, infant
feeding guidelines of most expert bodies were updated to re-
flect this. Collectively, the available literature suggested that
introducing solids after 17 weeks and before 6 months of age
may have potential benefits in reducing the risk of some food
allergies but that it was important that the introduction of
solids should not occur before 17 weeks [20, 21, 46]. This
highlighted the need for RCTs to specifically test the hypoth-
esis that early, regular exposure to highly allergenic food ac-
tually induces oral tolerance and reduces the risk of subse-
quent food allergy.

Recently, the first RCTs to address this have been pub-
lished [47, 48••]. The first of these, the STAR study, was a
double-blind placebo controlled trial in Perth, Australia,
which examined the effects of early introduction of egg on
challenge-proven egg allergy in infants at very high risk of
food allergy—based on early onset moderate to severe eczema
[13•]. In this study, we observed a lower rate of egg allergy at
12months in those receiving daily egg powder from 4months,
compared with those who were allocated to a rice powder
placebo until both groups started eating egg at 8 months of
age (Table 1). Although this study was smaller than originally
anticipated and therefore not powered for clinical outcomes, it
was notable that the group with exposure to egg had signifi-
cant early induction of tolerance-associated IgG4 to egg aller-
gen compared with the placebo group. Also of note, a high
proportion (over 30 %) were found to have established food
sensitisation and clinical reactivity prior to the introduction of
solid foods at 4–5 months of age. This highlights that sensiti-
sation commonly occurs prior to the introduction of these
foods, particularly in children with altered skin, and potential-
ly other mucosal, barrier function. This study also indicated
that children with eczemamay be particularly at increased risk
of reactivity when allergenic foods are introduced early. There
is a pressing need to better understand the antecedent events
that lead to the establishment of both eczema and food allergy
so early in infancy.

These findings are consistent with a second RCT which
examined the effects of early introduction of peanut. The
LEAP study, which also targeted children with eczema
showed that delayed introduction of peanuts into the diet, is
associated with a greater risk of peanut allergy at 5 years of
age (Table 1) [48••]. Unlike the STAR study, the LEAP study
was not blinded and only 8.6 % of children were recruited
between 4 and 6 months of age. Furthermore, skin prick test
(SPT) was performed prior to LEAP enrolment, and children
with a higher risk for adverse reactions (9%, SPTsize>4 mm)
were excluded. The findings also suggested that children al-
ready showing low-level sensitisation (SPT size 1–4 mm)

benefit significantly from early introduction, presumably
through induction of allergen-induced secondary tolerance.

The results of these studies appear to confirm the hypoth-
esis that early exposure is more likely to induce tolerance and
reinforce the current recommendations. As the median age of
introduction of peanut in LEAP was 7.8 months, and the age
at neither introduction nor screening for sensitisation was
standardised, it is more difficult to make decisive conclusions
about the optimal timing of early introduction. Infants with
severe eczema have an increased risk of allergic sensitisation
potentially through an impaired skin barrier [49•], and these
findings have sparked intense debate about the role of ‘rou-
tine’ screening for infants with eczema, with a view to super-
vised introduction of peanut in those showing early low-level
sensitisation. At the time of writing, most expert bodies do not
believe that this is justified, feasible or supported by the cur-
rently available data.

These studies were performed on a very specific high-risk
group of infants with severe eczema and/or cow’s milk allergy,
so the findings may not be generalisable to either the general
population or other at risk groups. At present, there are several
other studies underway that are anticipated to provide further
evidence regarding this, including RCTs in ‘normal’ risk pop-
ulations, and those at high risk based only on family history
(Table 1).

Dietary Factors with Possibly Immunomodulatory Effects

Many dietary components have immunomodulatory effects
together with epidemiological associations with the risk of
developing allergic disease, such as omega-3 polyunsaturated
fatty acids (n-3 PUFA), vitamins A, C, D and E, copper, zinc
selenium, prebiotics and probiotics. Here, we focus on nutri-
ents that have been most studied in this context: n-3 PUFA,
vitamin D, prebiotics and probiotics.

n-3 PUFAs

The anti-inflammatory properties of n-3 PUFAs have been
investigated for therapeutic effects in many inflammatory con-
ditions [50, 51]. Declining consumption of anti-inflammatory
n-3 PUFAs has been a prominent feature of Western dietary
patterns, with an increase in the ratio of pro-inflammatory n-6
to anti-inflammatory n-3 fatty acids from 1–2:1 in traditional
diets to 20:1 in some westernised diets [52]. In pregnancy,
these dietary changes have implications for the n-3 PUFA
status of the developing foetus [53]. Furthermore, declining
maternal n-3 PUFA intake is also reflected in changes in the
PUFAs profile in breast milk [54], adding to reduced infant n-
3 PUFA intake in the postnatal period, a critical period of
immune maturation.

A number of observational studies have suggested an
allergy-protective role of n-3 PUFA intake and status in
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pregnancy [55–57] and early childhood [58, 59], providing
the basis for RCTs to assess both prenatal and postnatal inter-
vention for the prevention of allergic disease. In one of the
earliest RCTs, we supplemented atopic women with fish oil
from 20 weeks of gestation and a showed a range of immu-
nomodulatory effects in their offspring [60–62]. There was
also preliminary evidence of reduced food (egg) sensitisation
and eczema severity at 1 year of age [60]. Subsequently, in a
much larger RCT, we also observed a reduction in egg sensi-
tisation and atopic eczema at 12 months following maternal
fish oil supplementation in pregnancy [63]. At the 3 year fol-
low-up, eczema was still less common in the fish oil group,
although it was no longer statistically significant [47].

Consistent with this, a Swedish RCTalso observed a lower
risk of developing sensitisation to egg, a decreased risk of
eczema and a reduced occurrence of food allergy in infants
whose mothers received fish oil supplements from 25 weeks
of gestation and during lactation [55]. A subsequent follow-up
from the same study cohort showed that the decrease in the
cumulative incidence of allergic sensitisation and IgE-
associated disease remained until 2 years of age [58].

The effect of early postnatal fish oil supplementation has
also been investigated for allergy prevention. The first of these
studies (n=616) commenced supplementation from the time
the infant was bottle feeding or started on complimentary
foods (around 6 months of age), without any long-term bene-
fits for allergy outcomes [64]. The other major study (n=420)
commenced fish oil supplementation much earlier, in the first
week of life [65]. While the intervention increased n-3 PUFA
levels and was associated with lower allergen-specific Th2
responses and elevated polyclonal Th1 responses by 6 months
of age [66], there was no effect on the risk of eczema or other
outcomes in the primary intention-to-treat analysis [65]. A
lower risk of eczema and recurrent wheeze in the children
who had higher n-3 PUFA levels suggest that there was still
some immunomodulatory influence of these fatty acids. In
support of this, a per-protocol analysis revealed a significant
reduction in eczema prevalence in the participants who were
more than 75 % compliant with the supplementation, suggest-
ing that favourable n-3 PUFA status during early infancy may
reduce eczema risk.

Adequate intake of n-3 PUFA supplementation during
pregnancy and lactation is important for many other aspects
of development, including brain development, and may have
beneficial long-term effects on metabolic programming and
cardiovascular risk. With emerging evidence of greater allergy
protective effects of LCPUFA during pregnancy compared
with the postnatal period, we suggest that optimising infant
n-3 PUFA status remains desirable but best achieved earlier,
through promotingmaternal n-3 PUFA intake during pregnan-
cy, possibly in conjunction with lactation. Further studies will
reveal optimal doses, timing and longer term effects on allergy
prevention.

Vitamin D

Although some vitamin D is obtained from the diet, in humans,
vitamin D is predominantly generated through cutaneous UV
exposure [67, 68]. Modern changes in human behaviour, in-
cluding reduced physical activity and time outdoors, are asso-
ciated with increasing predisposition to vitamin D insufficiency
even in lower latitude regions. This is also implicated in a
corresponding rise in immune-mediated and inflammatory dis-
eases, including allergic diseases, in the same regions of the
world. Recognised immunomodulatory properties of vitamin D
provide a plausible biological basis for epidemiological associ-
ations between surrogate markers of sunlight exposure (such as
latitude) and higher allergy prevalence (reviewed in [69]).

Currently, most of the data supporting these associations
are derived from observational studies, with results being lim-
ited and conflicting (reviewed in [70]). To date, a single small
RCT (n=180) reported no effect of prenatal vitamin D sup-
plementation on allergic outcomes [71]. However, the study
was too small to reliably assess clinical outcomes, and vitamin
D was started comparatively late in pregnancy (27 weeks) and
given as either a modest dose of ergocalciferol or a single
bolus dose of cholecalciferol. Yet to be completed, there are
several larger (n=600–870) RCTs currently investigating the
effect of maternal vitamin D supplementation during pregnan-
cy and allergy outcomes in the offspring. These RCTs are
using higher doses (2400 or 4000 IU/day) of maternal vitamin
D (cholecalciferol) supplementation during pregnancy and
will provide more definitive information.

There is also a paucity of RCTs examining the effect of
postnatal vitamin D exposure on allergy outcomes. As part
of efforts to address this, we are currently conducting a
double-blind RCT to investigate the effect of infant vitamin
D supplementation (400 IU/day) during the first 6 months of
life on immune function and allergy outcomes in later infancy.
Until the results of well-designed, adequately powered RCTs
of vitamin D supplementation in the prenatal and/or postnatal
period are available, the role of supplementation is unclear,
and it is difficult tomake specific recommendations for allergy
prevention.

Prebiotics and Probiotics

There is growing certainty that factors which influence the
establishment of gut microbiota during early critical periods
of development have the potential to influence both immune
andmetabolic programming and the risk of subsequent allergy
and other NCDs. This has been the basis for various interven-
tion strategies to improve both maternal and infant gut colo-
nisation. Here, we focus on human clinical trials using prebi-
otics and probiotic bacteria in pregnancy, lactation and/or in-
fancy to assess the potential to reduce the burden of allergic
disease through primary prevention.
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Prebiotics and Dietary Fibre

Prebiotics is a general term for non-digestible fibre
(oligosaccharides) that confer benefits to host well-being and
health by inducing the growth and/or activity of commensal
microorganisms, typically bifidobacteria and lactic acid bac-
teria. This is generally associated with increased production of
SCFA and other microbial digestion products. Prebiotics oc-
cur naturally in grains, legumes, vegetables, fruit and breast
milk, and refined low-fibre diets are a major determinant of
disruptions in ‘gut homeostasis’ and immune maturation
[32••]. The gut microbiota responds rapidly to dietary changes
[72], with significant changes in the production of microbial
metabolites, including SCFA fermentation products. These
metabolites have strong anti-inflammatory effects in the gut
mucosa and beyond [32••], inducing tolerogenic dendritic
cells and regulatory T cells [73]. SCFAs also have systemic
effects on metabolism and appetite regulation explaining the
well-documented health benefits of dietary fibre and protec-
tion against other NCDs. These systemic metabolic and im-
mune effects are also relevant in pregnancy, with the potential
to influence the developing foetus.

There is preliminary evidence that increasing maternal di-
etary fibre may influence the developing immune and meta-
bolic responses in utero to protect against allergic disease in
the offspring [32••]. In animal studies, it has been demonstrat-
ed that maternal consumption of prebiotics during pregnancy
and lactation reduce eczema-like skin inflammation in their
offspring [74]. As well as maternal microbiota and SCFA
metabolism influencing foetal immune development, the role
of postnatal infant colonisation patterns (reviewed in [32••])
and breast milk composition [75] are also being recognised as
key factors in immune and metabolic development. More
studies are needed in humans to confirm this.

So far, most RCTs evaluating the effect of prebiotics on
allergy prevention have been largely focused on postnatal
interventions, assessing the effects of adding prebiotics to sol-
id foods and infant formula. To date, these studies have dem-
onstrated that prebiotics reduce the risk of eczema in infants at
both ‘low’ risk [76] and ‘high’ risk [77] of allergy, based on
whether they have an immediate family history of allergy. At
the time of writing, the results of several new prebiotic studies
are still awaited, along with the development of recommenda-
tions that may follow. In the meantime, it is important to
encourage the recommended intake of dietary fibre of around
28–30 g/day during pregnancy and lactation as part of a
healthy diet [78].

Probiotics

The use of probiotic supplements has been a logical response
to early observations that reduced infant intestinal biodiversi-
ty, as a result of environmental changes, may be a fundamental

factor in the rising risk of allergic disease (reviewed in [79•,
80•]). There have now been at least 15 RCTs using different
strains and combinations of probiotics in late pregnancy and/
or the early postnatal period. Most of them have evaluated
early outcomes of allergic disease, such as eczema and food
allergy, with far fewer looking at longer term outcomes on
respiratory allergic disease. When considering probiotic stud-
ies collectively, half showed a significant reduction of atopic
dermatitis of between 25 and 50 %, whereas the remaining
studies indicated no benefits even when similar protocols or
the same probiotic strains were used (reviewed in [80•]). In-
consistencies between studies may be due to differences in the
genetic and environmental context of the study populations, as
well as methodological heterogeneity, including different pro-
biotic strains or combinations, method of delivery, foodmatrix
used, dose, inclusion criteria, timing or duration of the inter-
vention and measurement of clinical outcomes.

Most of these studies have focused on improving postnatal
colonisation in the infants rather than influencing immune
development during foetal life. Although some of these stud-
ies usedmaternal probiotics during pregnancy, most only used
probiotics in the last 2–4 weeks of gestation with the goal of
influencing infant colonisation in the postnatal period [80•].
The only RCT that has used probiotics earlier than this for
primary allergy prevention significantly reduced the preva-
lence of eczema in infancy but had no effect on other allergic
outcomes [81].

A recent meta-analysis [82] concluded that probiotic treat-
ment reduced the incidence of eczema, and the effect was
greatest if mixed strains were used. The effects on allergic
sensitisation were less consistent, although there was some
evidence of benefit when probiotics were given prenatally
and postnatally but not when they were only given postnatally
[83]. There have been no consistent findings on the effect of
probiotics on allergic outcomes other than eczema, and only a
few studies have assessed the longer term beneficial effects on
eczema with conflicting findings [84, 85].

Due to the great heterogeneity in the studies and variability
in results, many expert bodies have not recommended using
prebiotics, probiotics or synbiotics for the prevention of any
allergic condition. However, recently, the World Allergy Or-
ganization (WAO) guideline panel, in collaboration with
McMaster University, followed the Grading of Recommenda-
tions Assessment, Development and Evaluation (GRADE)
approach to support parents, clinicians and other health care
professionals in their decisions on whether to use probiotics.
This approach balances the desirable and undesirable conse-
quences, preferences and values, economics and resources, as
well as the strength of recommendation and the confidence of
estimates. Considering all critical outcomes in using these
rigorous methodologies, the guideline panel determined that
there is a likely net benefit from using probiotics resulting
primarily from prevention of eczema but no benefit for any
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other allergic outcomes [86•]. Based on this, the WAO now
suggests using probiotics in pregnant and lactating women
and in infants when there is high risk of allergy in the children,
defined as presence of a biologic parent or sibling with asth-
ma, allergic rhinitis, eczema or food allergy [86•]. This rec-
ommendation places a relatively high value on preventing
eczema in children and the low risk of possible adverse ef-
fects. Timing, duration and choice of probiotic strain and dose
are not specified in these guidelines. The recommendations
are conditional and supported by very low-quality evidence
[86•], stressing the need for more research in this field.

In summary, there is growing evidence that promoting
healthy biodiversity during the establishment of infant gut
microbiota is important for many aspects of health; however,
the best strategies to achieve this are not yet clear. A combined
antenatal and postnatal approach to supplementation seems to
be the most promising approach. Based on the potential ben-
efit for eczema prevention and low risk of adverse effects,
many families and health care professionals may reasonably
choose to use probiotics in pregnancy, lactation and infancy
when there is a risk of allergy. While this is still not recom-
mended by many organisations, we consider that the alterna-
tive approach newly proposed by the WAO [86•] is equally
reasonable given the low-quality evidence available. If these
guidelines are followed, parents/caregivers should be made
aware that the only expected benefit is a moderately decreased
chance of developing eczema.

Non-Nutritional-Based Interventions

Infants with eczema/atopic dermatitis have an increased
risk of other allergies, including food allergy [87], and
defects in skin barrier function are now thought to play
a significant role in the aetiology of both eczema and food
allergy, with allergic sensitisation proposed to occur via
transcutaneous, rather than oral exposure to allergens
[49•, 88]. A recent RCT on 124 neonates at high risk of
atopic dermatitis found that parental application of once
daily full-body emollient therapy from within 3 weeks of
birth reduced the risk of atopic dermatitis at 6 months of
age by 50 % (RR 0.50; 95 % CI, 0.28–0.9) [89]. Emol-
lient therapy, in conjunction with specific instructions re-
garding bathing and clothing, may be effective in reduc-
ing the risk of atopic dermatitis in individuals with
filaggrin deficiency [90]. Although further research is re-
quired to inform clinical guidelines and recommendations,
these findings suggest that improving the skin barrier
function using emollient therapy may provide a simple
and cost-effective primary prevention strategy for atopic
dermatitis and, therefore, potentially food allergies and
other allergies [88].

Exposure to environmental factors such as cigarette smoke,
air pollutants, indoor dampness, pet and house dust mite anti-
gens have been associated with allergic diseases. Intervention
studies based on reduced exposure to cigarette smoke and/or
aeroallergens suggest that modification of these factors as part
of multi-faceted interventions are more effective than individ-
ual exposure reduction measures, but the preventative effect
on allergies is inconsistent and not necessarily maintained
long term [66, 91–94]. Avoidance of cigarette smoke during
pregnancy and throughout life has multiple, well-established
health benefits for both mothers and their offspring, including
reduced risk of allergic disease, and is strongly recommended.

The use of microbial compounds in allergy prevention
is a growing area of research. A recent RCT of oral bac-
terial lysate application in infants at high risk of allergy
observed a reduced prevalence of atopic dermatitis in the
intervention group at 7 months [95]. However, further
RCTs are needed to determine whether the use of micro-
bial compounds are effective in the prevention of other
allergic diseases and if any beneficial effect is maintained
longer term [80•]. Similarly, there is ongoing research into
the immunomodulatory effects of chronic helminth infes-
tations, which have been eradicated in westernised envi-
ronments and are known to be associated with reduced
risk of allergies [96]. Although currently experimental,
research into this area may inform the development of
future primary prevention strategies [97].

Conclusion

The aetiology of allergic disease is multi-factorial and almost
certainly related to modern diet and lifestyle. Many of the
potentially modifiable risk factors are inter-related and influ-
enced by changes in behaviour, lifestyle and nutritional pat-
terns. Similarly, although we have focused on the primary
prevention of allergic disease, it is clear that other NCDs share
many of the same environmental risk factors and that the same
strategies are important in reducing the risk of other inflam-
matory NCDs. Despite recent advances in knowledge, much
work is still required to better inform clinicians and their pa-
tients on the best strategies for effectively reducing the risk of
these diseases in the future.

As strategies and recommendations evolve further, it is
likely that there will be a greater need for both general
population-based approaches to promote immune health, as
well as more specific and tailored strategies that target indi-
viduals based on their genetic risk, their environmental risk
and their phenotypic risk. This will require better biological
markers to assess and predict risk as well as a deep under-
standing of the heterogeneity of allergic phenotypes
and heterogeneity of causal pathways and disease mech-
anisms [89, 98].
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1.5 The role of vitamin D as an allergy prevention strategy 

 

Having reviewed the role of environmental risk factors including general nutritional approaches 

for the prevention of allergic diseases (section 1.4), this thesis literature review chapter will now 

focus and expand on the possible implications of vitamin D and sunlight as modifiable 

environmental risk factors.  

 

Declining sunlight exposure with increasing indoor behaviors and the associated predisposition to 

vitamin D deficiency have been implicated with the rising rates of immune and inflammatory 

diseases in many parts of the world. Although the physiological effects of this are likely to have a 

broad impact on many aspects of health, this review will focus particularly on the implications for 

the possible prevention of allergic diseases.  

 

Vitamin D and sunlight are known to have immunomodulatory functions and considering that 

immune mechanisms are underlying all allergic diseases these might be factors which beneficially 

modulate immune function to prevent allergies.  So far, numerous observational trials and a few 

intervention trials have been performed with conflicting results, however there remains a paucity 

of intervention trials in this field.  In the context of reviewing further literature, it is useful to first 

describe sources of vitamin D, followed by vitamin D metabolism, physiology and immuno-

modulatory functions before further exploring clinical trials on the influence of vitamin D on 

allergy outcomes. 

 

1.5.1 Environmental factors as causes for the global rise of vitamin D deficiency  

 

As we highlight the dramatic rise of allergic diseases over the last decades, it is also important to 

acknowledge the parallel rise in vitamin D deficiency and insufficiency, which has become a global 

phenomenon of today’s society that afflicts more than one billion people. Although found in all 

age groups,155-160 at particular risk are pregnant and lactating mothers as well as newborns.160-163  

 

Considering that 90 to 95% of vitamin D can be provided by cutaneous synthesis under the 

influence of UVB light156 the major cause for the vitamin D deficiency pandemic is a lack of 

appreciation that sunlight exposure is the major physiological source of vitamin D.164-166  Increased 
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time spent indoors due to the exponential rise of indoor employment and relaxation activities 

(particularly increase in screen time) in modern times, as well as sun protection behaviours167-169 

are lifestyle factors which have an influence on sunlight exposure. In addition lower UVR levels are 

found in high latitude locations and winter season as well as being outdoors only early in the 

morning or after 3 pm (reviewed in 170).  

 

Considering physiological factors particularly increased skin pigmentation has an influence on 

vitamin D status.171,172 Furthermore aging and obesity play a role.168 Low dietary vitamin D intakes 

caused by changes in nutrition from more traditional food to modern commercial, often highly 

processed fast food can contribute to vitamin D deficiency as well.  

 

Vitamin D occurs in two forms: Vitamin D2 and vitamin D3. Vitamin D2 is obtained from the UV 

irradiation of the yeast sterol ergosterol and is found in sun-exposed and sun-dried mushrooms 

while vitamin D3 is found in foods including oil-rich fish like herring, salmon and mackerel, tuna, 

cod liver oil and egg yolk.156 People living in the far southern or northern latitudes may also obtain 

vitamin D from seal blubber, whales or polar bear liver.165 In addition foods enriched with fortified 

vitamin D156 and nutritional supplements play a role in maintaining a sufficient vitamin D status.  

 

In summary, in addition to nutritional intake, it is critical to consider that vitamin D status is 

dependent to a considerable degree on sunlight exposure. Indeed, an increasing body of evidence 

suggests that -consistent with findings relating to the unprecedented rise of allergic diseases- the 

global problem of vitamin D deficiency or insufficiency is predominantly caused by environmental 

factors and behavioural changes in our modern society. Thus, considering that both, vitamin D and 

UVR have immunomodulatory functions it is plausible to link vitamin D and sunlight exposure with 

allergic disease development and consider them as a possible allergy prevention strategy.  

Before understanding and discussing this concept further, this review will describe the 

metabolism, physiological, genetic and most importantly immunological actions of vitamin D. 

 

1.5.2 Vitamin D metabolism and physiology  

 

Vitamin D is a pre-hormone which historically plays a critical role in calcium and mineral 

homeostasis, bone modeling and remodeling. However the role of vitamin D goes far beyond the 
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regulation of calcium and phosphorus balance, as different activities of vitamin D ensure proper 

functioning of vital human organs including the skin (reviewed in 173).  Apart from functioning on 

the skin vitamin D is also predominantly derived from the skin via sun exposure which makes 

vitamin D unique among hormones.155,156,174  

 

During sun exposure 7-dehydrocholesterol in the skin, the immediate precursor in the cholesterol 

biosynthetic pathways, absorbs UVB radiation which results in breaking the bond between carbon 

9 and carbon 10 to produce pre-vitamin D3. As this is a thermodynamically unstable seco-steroid 

the molecule undergoes another chemical rearrangement to form the thermodynamically stable 

vitamin D3 (reviewed in 170).  

 

Vitamin D2 and D3 act as pro-hormones and when activated have the same biological activity. 

Following ingestion or transport from the skin to the circulation these calciferols are bound to the 

Vitamin D binding protein (DBP).175 The binding to DBP allows the creation of a large pool of 

circulating 25(OH)D, which prevents rapid vitamin D deficiency when the supply of new vitamin D 

is compromised (reviewed in 176 ). DBP transports the calciferols to the liver where the first step of 

hydroxylation to 25-hydroxyvitamin D (25(OH)D) takes place by one or more cytochrome P450 25-

hydroxylase enzymes (reviewed in 177). 

 

Vitamin D2 (ergocalciferol) will be hydroxylated to 25(OH)D2 and vitamin D3 (cholecalciferol) to 

25(OH)D3. Both circulate in the blood bound to DBP.175 However, while 25(OH)D is the 

predominant circulating metabolite, it is largely inert and displays minimal binding affinity to the 

vitamin D receptor (VDR).177 Hence, to gain biological activity in a second step 25(OH)D must 

undergo further renal  hydroxylation in the  proximal tubule cells by Cyp27B1 1-α hydroxylase to 

1,25-dihydroxyvitamin D (1,25(OH)2D, Calcitriol).177 1,25(OH)2D is the active metabolite of vitamin 

D which circulates in the blood and is bound to DBP.156,178 Calcitriol exerts its biological activities 

through binding to the nuclear ligand binding domain of the VDR which functions as a 

transcription factor. The key biological activity mediated by VDR is the regulation of calcium and 

phosphate metabolism 179-181 (reviewed in 170).  

 

Although 1,25(OH)2D is the biologically active metabolite of vitamin D, it is not used as a measure 

of vitamin D status182  due to its short circulating half-life time (4 hours), low serum concentrations 
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and tight regulation by parathyroid hormone, calcium and phosphate.182 Instead 25(OH)D is used 

to evaluate vitamin D status as it has a long half-life time (2-3 weeks), provides stable serum 

concentrations and is present at concentrations about 1000 times greater than 1,25(OH)2D.182 The 

international Endocrine Society’s guidelines define vitamin D deficiency as a 25(OH)D <50 nmol/l 

(<20 ng/ml), and vitamin D insufficiency as <75 nmol/l (<30 ng/ml).182  

 

More recent research revealed that Calcitriol modulates activation, proliferation and 

differentiation of immune and inflammatory cells through the VDR expressed on these cells.183-187 

Apart from cells of the immune system187 the VDR is also present on cells of the skin188 and 

cardiovascular system189, these functions may provide some explanation for the epidemiological 

associations between vitamin D status and NCDs including cardiometabolic conditions, 

malignancies and immune disorders  (reviewed in 190).  Hence, the next section will further explore 

the role of VDR and associated with this DBP. 

 

1.5.3 Polymorphisms of the vitamin D receptor and vitamin D binding protein and links to 

allergic diseases 

 

VDR is a member of the nuclear receptor family of transcription factors and is found on most cells 

of the human body including immune cells, with effects on cell differentiation and apoptosis.191  

 

The VDR mediates its actions by first binding with 1,25(OH)2D then forming a heterodimer with 

retinoid X receptor (RXR). The DNA-bound VDR/RXR heterodimers can down regulate transcription 

in relation to T cell cytokine production.192 It is therefore quite feasible that the VDR 

polymorphisms in interaction with environmental factors could significantly influence immune 

regulation by altering cell proliferation and differentiation.193 

 

Genetic studies have provided early evidence of a potential role of VDR in the genesis of allergic 

diseases. Looking at the link to asthma specifically the association between a number of VDR 

restriction fragment length polymorphisms and the risk of asthma has been described.194 

However, other studies could not confirm the role of VDR polymorphism on allergy outcome.195,196 

The inconsistency between findings may be due to different study designs, but also likely reflects 

that allergic diseases are complex involving multiple genetic and environmental factors.194 
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There are numerous other genes involved in the vitamin D metabolism pathway that have been 

associated with the risk of allergic disease.197,198 One of those is the polymorphism of the highly 

complex DBP which leads to variation in binding affinity and subsequently has an influence on the 

availability of vitamin D to immune cells.199 The polymorphism of DBP and vitamin D may jointly or 

independently contribute to a variety of skeletal and non- skeletal adverse health outcomes 

including different NCDs such as osteoporosis, diabetes, thyroid autoimmunity, inflammatory 

bowel disease, chronic lung disease (reviewed in 200) and also allergy development.201,202 

 

The exact role of DBP in the pathophysiology of all these inflammatory diseases is however not 

completely understood and further work is needed to explore the possible links between DBP, 

immune function, inflammation and allergic diseases. Also, as in other genetic associates, the 

influence of DBP on allergic diseases is likely to be affected by gene-gene and gene-environment 

interactions and we will have to await further studies to investigate these complex associations. 

 

After giving an overview on vitamin D pathophysiology, metabolism and its associated nuclear 

actions and polymorphisms this review will now turn to some of the potential immune modulating 

properties by which vitamin D and UV light exposure may alter the course of allergic disease. An 

understanding of the potential immunological mechanisms is crucial as this explains clinical 

findings and directs the design and analysis of future research projects. Here, we will focus on 

immunomodulating properties in certain essential immune cell subsets.  

 

1.6 Immunoregulatory functions of vitamin D and the influence in allergic disease development 

 

A link between vitamin D and the immune system was first acknowledged about four decades ago 

with the expression of VDR in both activated T and B cells.187 Since then the body of evidence 

suggesting that vitamin D, especially its active metabolite, plays a key role in modulating the 

physiological activity of the immune system has grown.  

 

1.6.1 The role of vitamin D in the Th1/Th2 dichotomy  

 

Looking at the influence of vitamin D in early experiments, it had been shown that the active 

metabolite 1,25(OH2)D3 inhibited Interleukin (IL)-2 production and T cell proliferation.187,203 Th (T-
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helper) cells are a primary target for 1,25(OH)2D  by suppressing Th cell proliferation through 

decreased  Th1 cytokine production of these cells.204-206 

In the first instance actions like this would not seem to be beneficial for the genesis of allergic 

diseases. However, it needs to be considered that the immunosuppression of Th1 is not associated 

with an increase in pro-inflammatory Th2 cytokine production.207,208 Indeed an Austrian study had 

even shown that in cluster of differentiation (CD)4+ cord blood (CB) cells 1,25(OH)2D3 suppressed 

Th2 driven IL-4 and IL-13 expression. Hence, 1,25(OH)2D3 induced a T cell population without 

further predominance of Th2 related cytokines. It was concluded by the authors that 

predominantly naïve cells have a balanced effect on cytokine production, inhibiting both Th1 and 

Th2 cytokines.208  

 

1.6.2 Immunomodulatory function of vitamin D on T regulatory cells and allergic disease 

development 

 

Another group of T cells known to be potentially induced by 1,25 (OH)2D3 are regulatory T cells 

(Treg).209 Allergic disease reflects a failure to develop immunotolerance and although a part of the 

Th family, Treg cells act to suppress immune responses by other T cells and are essential in 

controlling inflammation and promoting tolerance to allergens. 

 

First described in the 1980s and 1990s using combinations of unspecific markers such as CD4 and 

CD 25, phenotyping of Treg was greatly improved by identifying the transcription factor Forkhead 

box P3 (FoxP3), which is required for the differentiation of Treg and established them as a distinct 

CD4+T-cell subpopulation.210,211  

 

The majority of Treg arise in the thymus. These CD4+FOXP3+ natural regulatory T cells (nTreg) 

mediate tolerance to self-antigens.212 A second population of CD4+FOXP3+ Treg develop in 

peripheral lymphoid tissues from naïve conventional CD4+FOXP3-  T cells after exposure to 

antigens in combination with Transforming Growth Factor (TGF)-beta.213 These cells are called 

induced regulatory T cells (iTreg) and are predominantly found within environmental interfaces 

such as the lung respiratory mucosa and the intestines during chronic inflammation activities 

against microbial agents or importantly environmental (e.g. food, airborne) allergens.214,215 Both 

subsets, nTreg and iTreg play a key role in maintaining peripheral tolerance (reviewed in 216). 
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Due to the strong associations between Treg and allergic diseases,217-220 identification of factors 

which may influence the number and function of Treg is crucial. Interestingly vitamin D appears to 

influence Treg activity and differentiation221 suggesting  an influence on allergic disease and 

asthma outcome.221,222 

 

There is considerable evidence in animal studies that vitamin D3 stimulates DC, which in turn may 

induce IL-10 producing CD4+ T cells and antigen specific Treg.223 High levels of 1,25(OH)2D have 

been shown to induce the lineage-specific FOXP3 transcription factor which is essential for the 

development and functioning of Treg224,225 by enhancing the number and activity of circulating 

CD4+ Treg and their anti-inflammatory functions.226-228 A recent study by Gorman et al. found that 

topical application of vitamin D in mice suppressed skin swelling in response to mechanisms that 

may be dependent on mast cells and Treg.229 

 

These animal or in vitro findings are supported by different observational studies in humans 

showing that higher 25(OH)D levels are associated with higher Treg/total T-cell ratios and a more 

immunosuppressive phenotype.230,231,232 Furthermore, it was found that high doses of oral vitamin 

D influenced the functional capacity of Treg to suppress effector cells in patients with autoimmune 

or inflammatory disease.233,234  

 

Due to numerous reported interactions between vitamin D and Treg and its relation to allergic 

disease development further investigation of the influence of vitamin D particularly on the 

developing infants’ T cell numbers and function would be crucial in understanding the role of 

vitamin D in the development and prevention of allergic disease.  

 

1.6.3 Antigen presenting cells and dendritic cells  

 

Antigen presenting cells (APC) play a significant role in the Th1/Th2 paradigm of autoimmune and 

allergic disease235 and allergic disease development.236,237 As on many other cell types the VDR is 

expressed on APC however, beyond this DC,238 monocytes and macrophages239 can produce 

25(OH)D3 with subsequent local effects.  

Different DC subsets have been identified on sites which are frequently involved in allergic 

reactions such as the skin, the respiratory and gastrointestinal tract. For at least a decade vitamin 
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D3 has been suggested to program DC for tolerance by reducing their capability to activate and 

generate T cells, while increasing their potential to upregulate Treg and altering receptor 

expression (reviewed in 240). Treatment of DC with 1,25(OH)D3 had shown a decreased production 

of pro-inflammatory cytokines (e.g. Interferon (IFN)-α, IL-12) and an increased production of the 

anti-inflammatory cytokine IL-10.241  

 

In addition to being targets of vitamin D3, DC can generate 1,25(OH)D3 locally to influence T cell 

programming (reviewed in 240). 

 

The primary function of DC is to initiate and refine adaptive immune responses, highlighting them 

as a potential therapeutic tool in diseases with skewed T cell responses, including allergic diseases. 

Hence, adequate 25(OH)D3 levels through preventing/correcting vitamin D deficiency, may 

facilitate a tolerogenic, anti-inflammatory immune profile.  

 

1.7 The influence of ultraviolet radiation on immune development and allergic disease 

development 

 

Whilst it is known that exposure to solar UVR is essential for vitamin D production and hence has 

indirect effects on immunomodulation156,165 it has now been more than 30 years since vitamin D 

independent immunoregulatory properties of UVR were first reported.242 Accumulating evidence 

from the field of photobiology - the study of the biological effects of sunlight – clearly 

demonstrates that UV light can suppress allergic-type immune reactions.243 

 

An observational study in Korea investigated the relationships between birth season, UV exposure 

during infancy and allergy outcome in elementary school students (n=3400). The authors found 

that the prevalence of eczema (aOR, 1.24; 95% CI, 1.03–1.49; P=0.024) and food allergy (aOR, 

1.56; 95% CI, 1.09–2.24; P=0.015) was higher in children born in winter than in those born in 

summer suggesting that reduced UVR exposure in winter time played a role. Moreover the 

lifetime prevalence of eczema (aOR, 1.26; 95% CI, 1.06–1.51; P=0.01), asthma (aOR, 1.4; 95% CI, 

1.17–1.67; P<0.001) and AR (aOR, 1.4; 95% CI, 1.17–1.67; P<0.001) was higher in children with 

parent reported reduced sunlight exposure before the age of 2 years.244 
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This finding was further supported by animal245,246 and other human cohort studies.247,248 which 

also demonstrated inverse associations between UV light exposure and allergic disease.249,250 

 

Focusing on the underlying immune mechanisms it has been shown that UV light exposure directly 

impacts skin cells to produce multiple mediators that modulate skin DC. These in turn regulate T- 

cell-dependent responses in the skin-draining lymph nodes, including reduced Th1- and Th17-

driven responses, less induction of effector memory cells, and greater production and increased 

function of Treg and B regulatory cells.251 Skin DC induce peripheral Treg which migrate from 

lymph nodes into circulation252,253 and back to UV-irradiated skin where they reduce inflammation 

associated with skin disease.252  

 

Circulating Treg subsets have also been associated with UVR exposure254, in particular Treg with an 

activated phenotype (CD45RA-CD27), and in lighter-skinned individuals those expressing skin-

homing receptors.254  

 

In mice, UVR exposure induces fewer T effector cells than normal and therefore fewer T memory 

cells, including both central and effector memory cells.251 UVR also appears to have a direct 

impact on the function of T cells255 and UV exposure impacts activated T cells and T cell motility.  

Thus, given the central role T cells have in allergic disease development, UV light exposure early in 

infancy may potentially play a role in specifically modulating allergen-specific T cell responses 

contributing to the development of allergic diseases.  

 

Furthermore it has been previously proposed that sunlight exposure to the skin releases bioactive 

molecules, such as nitric oxide256-258 and urocanic acid259,260, which could mediate long-lasting, 

epigenetically imprinted effects on immune function. This finding is supported by chimeric mouse 

studies that have demonstrated altered functionality within cells of the myeloid lineage that is 

transferable from UV-irradiated donor mice to naïve recipients.260,261 

 

Apart from systemic immunomodulatory effects, studies have shown that sub-erythemal doses of 

UV radiation also have localized vitamin D-dependent and also -independent effects that protect 

against the development and severity of allergic disease.110 Recent data in patients with eczema 

suggested that nitric oxide released during phototherapy may restore and increase suppressive 
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function and Treg cell migration to the skin to reduce localized inflammation.257  

 

Hence, given the central role T cells have in allergic disease development, the local and systemic 

immunomodulating effects of UV radiation present an alternative interpretation of geographic 

studies (section 1.8) that report associations between latitude and allergic disorders and raise the 

question on whether vitamin D status is to some degree merely acting as a biomarker for UV 

exposure. 

 

As animal studies support that sunlight exposure independent of vitamin D status may play an 

integral role in facilitating allergy prevention by inducing immune modulation (specifically 

modulating allergen-specific T cell responses), there is a need to further investigate these 

concepts in well designed studies in humans and explore whether UVR may have an influence on 

systemic or local immunoregulation and inflammation independent of vitamin D and thus could 

potentially influence the development of allergic diseases.  

 

After discussing metabolism, physiology, sources and immunomodulatory functions of vitamin D 

and sunlight this thesis literature review chapter now moves on to review ecological studies and 

clinical trials looking at the influence of vitamin D and sunlight on allergic disease outcomes.  

 

As outlined previously there is an increasing body of evidence that Vitamin D and sunlight may 

play a role in modulating the immune system ante- and postnatally with a potential impact on 

allergic disease development. However, clinical data have been inconsistent (reviewed in 262-264).  

When comparing various studies it is crucial to consider the different study designs, in particular 

considering how vitamin D status was captured (e.g. latitude as a proxy of vitamin D status and 

UVR versus estimated oral vitamin D intake by food frequency questionnaires versus 25(OH)D 

serum levels) and most importantly at what time point (prenatally, at birth or postnatally) vitamin 

D status was evaluated. Hence, it makes sense to order the reviewed evidence accordingly starting 

with ecological studies, followed by studies on maternal vitamin D intake, subsequently maternal 

25(OH)D serum levels, cord blood  levels and finally post-natal infant vitamin D exposure and 

measurement.  
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1.8 Studies of geographical variation and allergy outcome 

 

Ecological studies were the first to report an inverse correlation between latitude (as a proxy of 

sunlight exposure and vitamin D status) and allergic diseases when higher rates of allergic disease 

were observed at higher latitudes.265-267  

 

Camargo et al. reported that the distribution of adrenaline autoinjectors in the USA was greater in 

the northeast (8-12 prescriptions/ 1000 people) than the southwest (2-3 prescriptions/ 1000 

people).268 Findings of this study regarding the strong latitude gradient269 were  reproduced and 

extended in a similar study in Australia, where the investigators found lower rates for anaphylaxis 

admissions and adrenaline autoinjector prescriptions with closer proximity to the equator.270 This 

novel finding raised the possibility of an etiologic role for sunlight/vitamin D status particularly in 

food allergy, a major driver of adrenaline autoinjector prescriptions.123 

 

Two further studies located in the USA and South America directly associated anaphylaxis (coded 

as hospital presentations or admissions) to latitude and showed a significant association267,271 

which appeared to be even stronger for food related anaphylaxis.271 Studies in South Korea 272 and 

Australia248 focusing specifically on food related anaphylaxis or allergy found similar associations. 

Notably the Australian study found an even stronger association between latitude and eczema.248 

Similarly a study in 12 European countries (the International Study of Asthma and Allergies in 

Childhood (ISAAC) study) identified that the prevalence of eczema symptoms increased with 

latitude and decreased with mean annual temperature.265 

 

Different trials have investigated climatic factors and eczema outcome.273 A study in the US on 

91,642 children found the prevalence of eczema to be lower in regions with higher UV index, 

annual relative humidity and air temperature.247  

 

Looking at asthma outcome data from Brazil274 the US and Australia266 have also shown an 

association between latitude and asthma prevalence further supporting the concept of a possible 

influence of an increasing geographical latitude on subsequently decreasing sun exposure and 

reduced vitamin D synthesis on allergic disease outcome. It can be hypothesized that this flow on 

effect from eczema and food allergy in the earlier years to asthma in the later years may be 
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related to the similar mechanistic immune effects underlying all allergic diseases (section 1.3.4), 

which are influenced by latitude as a proxy for sunlight exposure and vitamin D status.  

 

The strength of these geographical studies is related to the large population based samples and 

the number of risk-modifying factors that can be examined. However, allergic disease outcomes 

are often self- (or parent) reported or rely on correct coding of diagnosis in the hospital which is 

often performed by clerical staff with restricted medical knowledge and hence prone to 

misclassification. Secondly, these studies are limited by different and broad geographical 

classifications (continent versus state, versus country, versus city). Thirdly, although associations 

between latitude, UV light exposure and vitamin D status are well known, many other climatic 

factors could also have an influence and measures of exposure are only a proxy based on the 

average in the population. Living in a sunny environment of lower latitude does not necessarily 

lead to more sun exposure (if most time is spent indoors and other sun protective behavior is 

applied) and subsequently vitamin D production275,276 which has been shown in equatorial regions 

such as the Middle East and North Africa where vitamin D deficiency is a significant problem in all 

age groups (reviewed in 277). 

 

This initial epidemiological evidence has since driven further observational studies and 

interventional trials to investigate the influence of vitamin D status and sunlight exposure on 

allergy prevention. Accordingly, the next sections of this literature review will explore the 

evidence to date from observational studies on vitamin D status and interventional randomized 

controlled trials (RCT). 

 

1.9 In utero effects of vitamin D exposure and the risk of allergic disease in the offspring 

 

1.9.1 Observational studies of the estimated maternal vitamin D intake  

 

Numerous observational prospective cohort studies have used maternal vitamin D intake as an 

indicator of in utero vitamin D exposure and associated them to allergic disease outcomes. Self-

reported food frequency questionnaire (FFQ) methodology was used to estimate maternal vitamin 

D intake. Study results using this methodology have been very heterogeneous, which was not 

surprising given that corresponding UVR exposure and associated vitamin D production was not 
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factored in.  

 

For eczema outcomes, findings differed between an increased risk associated with higher vitamin 

D maternal intakes in one study 278, and no associations found in other studies.279,280 Another 

study revealed a reduced risk of eczema with higher estimated maternal vitamin D intakes.281 

However the results of these four studies were difficult to compare, as different questionnaires 

and assessment tools were used and dependent on the study design eczema was assessed in a 

wide range of age groups (at 16 to 24 months281, vs. 3 years279 vs. 5 years280 of age) although it is 

known that eczema in most cases presents very early in childhood and is often fading at preschool 

age. 

 

Compared to the eczema outcomes results were more consistent regarding allergic respiratory 

diseases. Numerous cohorts have reported a reduced rate of asthma280,282 or wheeze279,281,283 in 

their offspring when food-derived maternal vitamin D intake or supplementation284 was higher or 

beyond a certain cut off (reviewed in 263). Again generally the study designs differed significantly 

and some of the associations were very weak and even disappeared after adjustment for 

confounding factors,282 while others could not find any association between maternal vitamin D 

intake and asthma or wheeze offspring outcomes.285  

 

Two other studies performed assessments for asthma/wheeze longitudinally at two or three time 

points. They found a protective association with asthma but only for a limited period of time, with 

increasing age in the Danish study 282 but decreasing age in the study from the UK.286,287 These 

differences may be explained by the dissimilar age groups when the allergic disease outcome 

assessments were conducted (at 18 months and 7 years in the Danish study versus 5, 10 and 15 

years in the UK based study).  

 

A meta-analysis on this topic has found that antenatal estimated vitamin D intake may have an 

association with childhood asthma or wheeze in children >5 years of age, whereas the authors did 

not find the association when looking at pooled results of maternal 25(OH)D levels288 indicating 

that parallel longitudinal measurements of  maternal vitamin D intake and 25(OH)D levels or -

more preferably- well designed intervention studies would be required to shed light on this area 

of uncertainty. 
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Conflicting results were also found when associating estimated maternal vitamin D intake with AR, 

with a Danish study not finding any associations at 7 years of age282, compared to a Finnish study 

which found higher vitamin D intakes were associated with reduced AR in the offspring at 5 years 

of age.280 These varied results may have been influenced by the Finnish study design involving the 

FFQ being filled out retrospectively while FFQ were completed prospectively in the Danish study.  

 

In addition, some general weaknesses in the methodology of using FFQs need to be flagged, which 

challenge a direct comparison between the reviewed study results. Firstly, FFQ data were 

frequently collected on a single occasion making it impossible to capture changes of dietary 

patterns which often occur in pregnancy. Secondly, data were collected at heterogeneous time 

points ranging from first trimester, to second or third trimester. However, it is well known that 

particularly the timing in pregnancy could have an influence on immune development. Thirdly, 

different FFQs were used by the different cohorts. Fourthly, allergic disease outcomes were 

assessed in a wide range of age groups and dissimilar assessment criteria were applied.  

 

Furthermore, it is important to note that when eating a vitamin D rich food, other nutrients with 

immunomodulatory properties are also being consumed. For example, a primary source of vitamin 

D is fatty fish which also contains the immunomodulatory nutrient of n-3 long-chain 

polyunsaturated fatty acids, that are known to have protective effects against the development of 

allergic disease too (reviewed in 263). Supporting this concept, an analysis by Miyake et al. found 

that an inverse association between maternal vitamin D intakes and offspring eczema outcomes 

did not persist after adjusting for associated variations in n-3 long-chain polyunsaturated fatty acid 

consumption.281  

 

In addition, some studies incorporated data on additional maternal vitamin D supplementation 

279,280,282,283,285 while others did not 278,281, hence not including the total oral vitamin D intakes. 

Finally, and most importantly as over 90 % of Vitamin D production can be induced by sunlight 

exposure, the lack of incorporation of measuring this element of vitamin D exposure in these 

studies is a major limitation. 

 

In conclusion, results from the cohort studies investigating the influence of maternal vitamin D 

intake based on FFQ have multiple limitations which may at least partially explain the 
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heterogeneous findings regarding the influence of vitamin D on allergy outcomes. Measuring 

serum vitamin D levels to determine vitamin D status which captures both dietary (food and 

supplement) intakes as well as vitamin D produced from sunlight exposure is more reflective and 

should be used in preference to just reporting dietary intakes.  

 

A few of the following described studies in the next section have measured 25(OH)D levels both, in 

pregnancy and at birth (CB) and associated them to allergic disease outcomes. Taking into account 

that there is a growing body of evidence regarding the timing153 of various exposures for allergy 

preventative purposes38 these studies will be reported in different sections allowing a direct 

comparison with study results taken at the same time point. 

 

1.9.2 Observational studies of maternal vitamin D status  

 

Measuring 25(OH)D levels in pregnancy is a better reflection of vitamin D exposure to the 

developing fetus than using maternally reported estimated vitamin D intake based on FFQ 

methodology and/or vitamin D supplementation as it reflects both, vitamin D intake and vitamin D 

produced by sunlight exposure. 

 

Newborn infant 25(OH)D plasma levels are correlated with maternal 25(OH)D levels indicating that 

fetal and newborn infant vitamin D status is dependent on maternal vitamin D status and 

interventions in pregnancy have an influence on the fetus and newborn.162  

 

Two strategies have been used in observational studies to estimate the influence of fetal 25(OH)D 

exposure on health outcomes: the first by measurement of maternal 25(OH)D levels in pregnancy, 

and the second by measuring levels in CB at birth. This section will focus on the former. 

 

Similar to aforementioned publications relating allergy outcomes to maternal vitamin D intakes, 

studies measuring maternal vitamin D status during pregnancy have also found very 

heterogeneous results regarding offspring allergic outcomes. Perhaps one of the key factors 

explaining this may be the inconsistent stages in pregnancy at which vitamin D status was 

assessed. Considering the significant developmental changes a fetus faces during pregnancy this 

might be a major limitation making it difficult to compare findings. Hence, study results will be 
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grouped in this review and compared according to when 25(OH)D levels where taken in pregnancy 

(1st, 2nd or 3rdtrimester). This will be followed by a general discussion to elucidate why the results 

might be so conflicting. 

 

No studies were strictly performed in early pregnancy only. A British prospective population-based 

study where vitamin D levels were taken in both the early stage but also at any other stage in 

pregnancy could not find any association to eczema at mean age 7.5 years.289  

 

Whilst there were no studies strictly performed in early gestation, numerous studies with 

conflicting results collected maternal blood samples in mid pregnancy. A study in Detroit included 

858 mother-child pairs of different ethnic backgrounds and found that 25(OH)D levels were 

inversely associated with eczema outcome via parental report between 0 to 2 years of age  (OR, 

0.85; 95% CI 0.75-0.96).290 This was supported by another study in the USA indicating that 

maternal 25(OH)D levels below 25nmol/l were associated with a higher risk of eczema in early 

childhood (birth to 3 years) (aOR 2.74; 95% CI 1.37-5.49).291  

 

In contrast, two other studies did not find any association between severely deficient, deficient 

and sufficient vitamin D groups and eczema outcome at 2 years of age292 and up to 4 years of 

age.293 The former study also assessed the children for food allergy and aeroallergen sensitisation 

at 2 years and asthma at 5 years of age and could not find any associations.292 No associations 

between asthma/wheeze and maternal vitamin D levels were found in Norwegian (current asthma 

at 3 years of age) and Spanish (wheeze at 1 and 4 years of age and asthma at 4 to 6 years of age) 

studies.294,295  

 

In contrast, a Danish cohort study demonstrated a U-shaped relationship indicating that maternal 

vitamin D prediction scores of ≥100 nmol/l and <25-30 nmol/l were associated with increased risks 

of “asthma” at 18 months of age.296 Opposed to this an Australian study reported an increased risk 

of current wheeze at 6 years of age only in children born to mothers who were vitamin D deficient. 

However, the effect of higher maternal vitamin D status on reduced current wheeze or asthma 

was not present anymore at 14 years of age.297 
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These very heterogeneous results are at least partially related to inconsistent outcome definitions 

across childhood asthma and wheeze. Another reason might be that some studies associated 

outcomes to maternal 25(OH)D levels in general while others allocated 25(OH)D levels to groups 

(deficient versus insufficient versus sufficient). 

 

Seven studies have conducted maternal 25(OH)D measurements in late pregnancy (24-42 weeks 

of gestation).285,298-303 These include a German study (n= 378) which found that higher maternal 

25(OH)D levels at 34-weeks gestation were associated with an increased risk of food allergy and 

sensitisation within the first 2 years of life298, while two recent studies from Malaysia (n=380)301 

and Singapore (n= 925)302 looked at maternal vitamin D deficiency (<30 nmol/l and < 50 nmol/ l 

respectively) and could not find any associations to food allergy in infancy301 or food sensitisation 

up to 5 years of age.302 

 

Examining eczema outcomes in these various studies also reveals conflicting results. The 

aforementioned German study did not find any associations between maternal 25(OH)D levels and 

eczema outcomes in children within the first two years of life.298 This finding was supported by the 

abovementioned Malaysian301 and the Singaporean studies.302 In contrast, a small Taiwanese 

cohort study (n= 164) found that higher maternal 25(OH)D levels appeared to be associated with a 

significantly lower risk of eczema (OR 0.12; 95% CI 0.02-0.63; p=0.012)304 which differed from a 

larger study in the UK (n= 860) where higher maternal 25(OH)D levels were associated with a 

higher risk of eczema (adjusted OR 3.26, 95% CI 1.15-9.29).181  

 

Regarding asthma and wheeze, most studies did not find any consistent associations with 

maternal vitamin D levels in the third trimester.303.285,302,301 300 The Taiwanese study revealed a 

lower risk of asthma (OR 0.22; 95% CI 0.06-0.92; p=0.038) at age four when maternal 25(OH)D 

levels were higher304, whereas a UK based cohort study299 found at 9 years of age a higher risk of 

parent reported asthma when maternal vitamin D levels were higher (>75nmol/l compared to 

<30nmol/l).299 However, it needs to be noted that both eczema and asthma outcomes in the 

Taiwanese study were limited by the small sample size. 

 

Although it was anticipated that studies based on maternal 25(OH)D levels rather than self-

reported maternal vitamin D intake would be more accurate, and potentially more consistent, 
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results have again been very heterogeneous and conflicting. This raises the critical question of why 

is this the case. 

 

One key factor discussed to possibly explain this diversity is the timing in pregnancy when vitamin 

D status was assessed.38 With this in mind, in above paragraphs there have been made efforts to 

compare the studies relative to the stage of pregnancy when maternal levels were measured. 

However, inconsistent findings remain.  

 

Another limiting factor is the once-off nature of 25(OH)D measurements to assess maternal status. 

Given the strong seasonal influences UVR has on vitamin D production with possibly non-linear 

associations measurements would have ideally been taken longitudinally at multiple time points.  

 

Additionally, studies use different assays for 25(OH)D measurement. While some investigations 

utilized liquid chromatography–tandem mass spectrometry (LC-MS/MS)295,296,300 others used 

different immunoassays285,297,299,303 or other methodologies.294,304 The utilization of divergent 

types of assays could have an impact on 25(OH)D measurement and subsequently  influence study 

outcomes.305   

 

Furthermore, comparison of study results was limited by various assessment tools used to 

evaluate allergy outcomes including standardized International Study of Asthma and Allergies in 

Childhood (ISAAC)306 questionnaires 285,291,304, parental report of physician diagnosis294,302, parental 

report290,303, parental report plus name of medication295 or clinical assessment in addition to 

questionnaire.290,292 Also, inconclusive results for wheeze and asthma reflect inconsistencies 

across studies in the definition, diagnosis and assessment of these outcomes, especially at early 

ages. Moreover, while some studies captured allergic outcomes in early childhood others focused 

on older age groups making a comparison of study results very difficult.  	
 

Conflicting results may also reflect different methodologies used to assess food or aeroallergen 

sensitization—some by SPT302 while others used blood specific IgE levels285,301,304 or both.290  

 

These observational studies were also performed in various seasons and countries with different 

locations and latitudes—and maternal UV exposure may reflect the season and region the study 
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was performed. Apart from vitamin D dependent effects (sections 1.5.1, 1.5.2), maternal UV light 

exposure could also have vitamin D independent immunomodulatory effects on allergy outcome in 

the offspring (section 1.7) placing major limitations on the interpretation of these findings.  

 

1.9.3 Observational studies of cord blood 25(OH)D levels  

 

Direct neonatal measures of 25(OH)D in CB at the time of birth provide a unique window and a 

consistent point in time to investigate these relationships between vitamin D status in pregnancy 

and allergy outcomes. 

 

Although CB 25(OH)D levels have been shown to correlate with maternal 25(OH)D levels304,307,308, 

25(OH)D levels in CB are usually lower than maternal levels.309,310 Hence, it is important to review 

studies on CB 25(OH)D levels and allergy outcomes separately from studies on maternal vitamin D 

levels. 

 

Examining eczema outcomes in association with CB 25(OH)D levels, studies again revealed 

heterogeneous results. Five studies did not find any associations between CB vitamin D levels and 

eczema 291,293,298,311,312, whereas three studies found lower CB 25(OH)D to be associated with 

higher risk of eczema (Table 1.1).313-315 Here, two of the studies were located in Australia (latitude 

31.9-34.9πS) and were performed in a high risk population (any of the parents and/or siblings 

diagnosed with allergic disease).313,315 A recent systematic review concluded that current findings 

revealed no robust and consistent associations between maternal 25(OH)D status or CB on 

eczema outcome in infancy.264  

 

Focusing on IgE mediated food allergy, most studies did not find any associations (Table 

1.1).312,313,316 One Australian study found higher CB 25(OH)D to be associated with less IgE 

mediated food allergy at 1 year of age, however food allergy was only medically diagnosed in 1.5 

% of the cohort and due to the low incidence results should be interpreted with caution, especially 

as no association between CB 25(OH)D levels and IgE mediated food allergy was found at 3 years 

of age.315 A German cohort study reported an association between higher CB 25(OH)D 

concentrations and an increased likelihood of parent reported food allergy by 2 years of age. It 

needs to be considered that this study was conducted at a higher latitude with a subsequent lower 
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average CB concentration (median 27 nmol/l; IQR 17;43 nmol/l). These lower average CB levels 

may have contributed to different findings between studies.298 

 

Other CB studies have focused on allergy related respiratory outcomes with the recognized 

limitation that wheezing in early childhood is typically associated with viral infection and may not 

herald subsequent asthma.317 Several studies revealed an inverse relationship between CB 

25(OH)D levels and wheeze312,314,318 or asthma311, while others could not find any associations 

316,313 (Table 1.1). 

 

The inconsistency between results in these meta-analyses may be related to different eligibility 

criteria, searching strategies (e.g. literature search by Song et al.319 consisted predominantly out of 

Chinese databases) and study selection criteria as well as inconsistency across asthma and wheeze 

definitions and outcomes.  

 

None of the studies which assessed AR found any associations to CB 25(OH)D levels (Table 1.1). 

311,314,315 When looking at sensitisation to allergens Rothers et al. described a “U-shaped 

association” with increased risk of sensitisation at both high (>100nmol/l) and low (<50 nmol/l) 

levels of CB 25(OH)D.320 A similar U-shaped effect has been observed in other epidemiological 

studies looking at the risk of elevated IgE concentrations.321 Numerous other studies did not find 

any associations between CB 25(OH)D levels and sensitisation (Table 1.1).311,315,316,292 A meta-

analysis by Pacheco-Gonzalez et al. supported these findings.322  

 

Overall high heterogeneity across the reviewed observational CB studies was detected (Table 1.1). 

A major contributor for the conflicting results might have been the significant range in 

mean/median 25(OH)D levels for vitamin D deficiency ranging from 15.8 nmol/ml (IQR 10.4-21.3) 

to 48 nmol/l (IQR 10-145 nmol/l) between studies (Table 1.1).  

 

Heterogeneous findings between studies could also be caused by inconsistencies in the definition 

of outcome measures, different study populations (e.g. some studies selected high risk 

populations313,315,316 while others did not), study location, sample size, duration of follow-up, 

assays used for vitamin D level measurement, seasonal variation, and adjustment for different 

covariates.
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Table 1.1: Prospective birth cohort studies of 25(OH)D cord blood (CB) levels and allergy outcome in childhood 

  
Reference and year 
Latitude 

Study 
population 

25(OH)D level Main results Higher vitamin 
D3 level 

Camargo et al. 
 (2011) 
Wellington and 
Christchurch, 
New Zealand 
Latitude 41-43π S 

922 mother-
child pairs 
General 
population 
 

CB  
median= 44 nmol/l 
(IQR 29-78) 

Lower CB 25(OH)D (<10ng/ml) levels were at higher risk for wheezing at 15 mo, 3 and 
5 years than higher CB levels (>30 ng/ml) 
No association to asthma at 5 years of age  

 
W ê 
Açè 

Rothers et al.  
(2011) 
Tuscon, Arizona 
Latitude 32.22πN 

219 mother-
child pairs 
General 
population 
 

CB  
median= 64 nmol/l 
(IQR 49-81) 

Lower (<50ng/ml) and higher (≥100ng/ml) levels of CB 25(OH)D were associated with 
increased total IgE and aeroallergen (sIgE) sensitisation at 1,2,3,5 years of age  
No association with AR or asthma at 5 years 
 

S U 
A çè 
ARçè 

Jones et al.  
(2012) 
Perth, Australia 
Latitude 31.95πS 
 

231 mother–
child pairs  
High risk 
population 
 

CB  
mean= 58 nmol/l  
(SD ±24.1) 
 

Lower CB level is associated with a higher risk for eczema at 12 months                             
No association to wheeze, allergen sensitisation  
or IgE mediated food allergy  
 

Eê 
Wçè 
Sçè 
FAçè 

Weisse et al.  
(2013) 
Leipzig, Germany 
Latitude 51.4πN 

378 mother-
child pairs 
General 
population 
 

CB  
median=27 nmol/l 
(IQR: 17-43) 

Positive association between CB 25(OH)D levels with food allergy within 2nd year of life 
No association to eczema and sensitisation 
 

FAé 
Sçè 
Eçè 

Baiz et al. 
(2014) 
Poitiers and Nancy, 
France 
Latitude 46-48πN 

239 mother-
child pairs 
General 
population 
 

CB  
mean= 44 nmol/l 
(IQR: 38nmol/l) 

Inverse association between CB 25(OH)D levels  with early transient wheezing and 
eczema by age 1,3,5 years 
No association with asthma and AR at 5 years of age 
 
 

Wê 
Eê 
Açè 
ARçè 

Chawes et al.  
(2014) 
Copenhagen, 
Denmark 
Latitude 55.67πN 

257 mother–
child-pairs  
High risk 
population 
 

CB  
median= 48 nmol/l  
(IQR 10-145 nmol/l)  

No association between CB 25(OH)D levels with food or aeroallergen sensitisation, 
eczema,  
asthma or AR to 6-7 years old  

Eçè 
Açè 
ARçè 
Sçè 

Stelmach et al. 
(2015) 
Lodz, Poland 
Latitude 51.76πN 

240 mother-
child pairs 
General 
population 

CB  
median 15.8 nmol/ml 
(IQR 10.4-21.3) 
 

Inverse association between CB 25(OH)D levels wheezing in first 2 years of life  
No association with food allergy and eczema 
 
 

Wê 
Eçè 
FAçè 
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Reference and year 
Latitude 

Study 
population 

25(OH)D level Main results Higher vitamin 
D3 level 

Palmer et al.  
(2015) 
Adelaide, Australia 
Latitude 34.92πS 

270 mother-
child pairs 
High risk 
population 
 

CB  
mean 57.0 nmol/l  
(SD±24.1) 

Inverse association between CB 25(OH)D and eczema to 3 years, stronger association 
at  1 year of age. 
IgE-mediated food allergy at 1 year of age in 4/260 (1.5 %) children. The risk of IgE 
mediated food allergy at 1 year of age (but not at 3 years of age) decreased as CB b 
25(OH)D concentration increased. 
No association with asthma, allergic rhinitis or sensitisation 

 
 
E ê 
FAê 
A çè 
AR çè 

Visness et al.  
(2015) 
 
Baltimore, Boston, 
New York and St 
Louis, USA 
Latitude 38-42πN 
and  
 
Madison, Wisconsin 
Latitude 43.1πN 
 

435 mother-
child pairs 
 
 
and  
 
 
258 mother-
child pairs 
 
both high 
risk 
population 

CB  
median 50.3 nmol/ml 
(range 10.5 -109.2) 
 
 
 
 
CB  
median 52.8 nmol/ml  
(range 10.0-194.3) 

No association between CB 25(OH)D and any wheeze in first year or recurrent wheeze 
at 3 years  
No association to food allergy or food or aeroallergen sensitisation to 5 years old 
 
 
 
No association with wheeze in the first 3 years, of life,   
food or aeroallergen sensitisation to 5 years old and asthma at 6 years of age 
 

 
W çè 
FA çè 
S çè 
 
 
 
 
W çè 
S çè 
 

Gazibara et al. 
(2015) 
Rotterdam, The 
Netherlands 
Latitude 51.91πN 

2407 
mother-child 
pairs 
General 
population 
 

CB  
median 40.2 nmol/l 
(range 11-144.9) 

No association between CB 25(OH)D levels divided into tertiles (lowest tertile 
(30.5nmol/l), middle tertile  (≥30.5-49), and highest tertile (≥49.0)) and wheeze within 
the first 6 years of age 

 
W çè 
 

Blomberg et al.  
(2017) 
Massachusetts, USA 
Latitude 42.41πN 

1418 
mother-child 
pairs 
General 
population 

CB  
mean or median level 
not given 

No association between CB 25(OH)D levels of sufficiency, deficiency and insufficiency 
(divided into 6 categories ) and eczema outcome within the first  7 to 8 years of life 

 
E çè 
 

Hennessy et al. 
(2018) 
Cork, Ireland 
Latitude 51.89πN 

1050 
mother-child 
pairs 
General 
population 

CB  
mean 35.5 nmol/l 
(SD±18.2) 

No association between CB 25(OH)D levels and: 
Persistent eczema in the first 2 years  
Food allergy and food and aeroallergen sensitisation at 2 years of age  
Asthma at 5 years of age  

E çè 
FA çè 
S çè 
A çè 
 

ê:	inverse	association;	çè:	no	association;	é:	positive	association,	U:	U-shaped	association,		
E=	eczema;	FA=	food	allergy;	W=wheeze;	A=	asthma;	AR=	allergic	rhinitis;	S=	sensitisatio
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In summary, there is mixed evidence from observational studies (and associated different meta-

analyses) with regard to the role of prenatal vitamin D status in the offspring’s risk of allergic 

manifestations. Additionally the question of causality cannot be answered by observational 

studies. Hence, RCTs are warranted to shed light on the possible causative and thus modifiable 

effect of fetal vitamin D status for the development of allergic disease. 

 

1.9.4 Randomized controlled trials of prenatal vitamin D supplementation 

 

Three RCTs investigated the effects of maternal vitamin D supplementation during pregnancy on 

offspring allergic disease development, as summarized in Table 1.2, with the primary outcome 

being allergy related respiratory symptoms.323-325 All three RCTs failed to find significant 

differences between the vitamin D supplemented and placebo groups in terms of allergy related 

respiratory and other allergic disease outcomes (Table 1.2).324,323,325 

 

The US study found that allergen sensitisation was lower in the higher vitamin D supplemented 

group325, however neither the Danish nor the UK studies could confirm this finding323,324, but the 

results may have been influenced by different methods of evaluating sensitsation with the Danish 

and UK studies using both SPT and allergen sIgE testing, whereas the US study only used sIgE 

testing. 

	
Focusing further on differences in study protocols, intervention products (ergocalciferol was used 

by Goldering et al. versus cholecalciferol in the two other studies), doses of vitamin D and 

intervention periods were dissimilar. Also outcome measures and assessment tools were different 

(Table 1.2).  

 

Whereas the two studies from Europe recruited their participants from one city only 

(Copenhagen323 and London324), Litonjua et al. included pregnant women from three different 

health care institutions in the US located at different latitudes. Latitude is known to have an 

impact on UVR and could potentially influence vitamin D levels and allergy outcomes independent 

of vitamin D supplementation (section 1.8). In addition, the ethnicity differed between study 

populations (Table 1.2). Knowing that race and ethnicity are determinants of circulating 25(OH)D 

levels326,327 and can also influence allergy outcome41,328,329 this is an important factor.
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Table 1.2  Randomized controlled trials of prenatal intake of vitamin D and allergic outcomes in the offspring 
 
Reference and 
year 
Latitude 

Study 
population 

Intervention groups/ 
doses 

Intervention 
period 

Duration of 
intervention  

Follow up 
period/ age at 
assessment 

How the outcome 
was assessed 

Main results 
 

Goldering et 
al. (2013) 
UK, London 
51.5 πN 
 
RCT, 
prospective 

180 mothers 
 
Mixed ethnic 
groups:   
25% Asian, 
26% Middle 
Eastern,  
25% Black, 
24% White 
 
General 
population 

Maternal: 
1. placebo,  
n=50 
 
2. 800IU/ d vitD2,  
n=56 
 
3. single oral bolus of  
200.000 IU vitD3,  
n=52 

27 weeks to 
birth 

3 months At 3 years of age ISAAC 
questionnaire  
 
Except food allergy: 
physician diagnosed 

1. 800IU/day 25(OH)D2 vs. 
placebo: 
No difference at age 3 in: 
-Wheeze ever (aOR 0.56; CI 
0.20-1.57; p=0.27) 
-Eczema ever (aOR 0.61; CI 
0.23-1.67; p=0.34) 
-AR (aOR 0.63; CI 0.17-2.36; 
p=0.49) 
-Food allergy (aOR 4.53; CI 
0.52-39.33; p=0.17) 
 
2. Single oral bolus of 200.000 
IU 25(OH)D3 vs. placebo:  
No difference at age 3 in: 
-Wheeze ever (aOR 1.17; CI 
0.44-3.10; p=0.75) 
-Eczema ever (aOR 0.86; CI 
0.32-2.28; p=0.76) 
-AR (aOR 0.91; CI 0.20-4.11; 
p=0.90) 

Chawes et al. 
(2016) 
Denmark  
55πN 
 
RCT, 
prospective 
 
 
 
 
 

623 mothers 
 
>90 % 
European 
 
General 
population 

Maternal: 
 
1. placebo and  
400 IU/ d vit D3,  
n=308 
 
2. 2400IU/ d and  
400IU /d vitD3, 
 n=315 
 

24 weeks to 
1 week post 
partum 

3.5 to 4 
months  

Face to face 
medical follow up 
visits at  
1,3,6,12,18,24,30, 
36 months 
 
Sensitisation 
tested at 6 and 18 
months 

Persistent wheeze/ 
asthma diagnosed 
by validated quanti- 
tative algorithm  
 
Eczema: criteria of 
Hanifin and Rajka330 
 
For sensitisation: 
SPT (≥2mm than 
negative control) or 
sIgE 

2800 IU/ day vs. 400IU/day 
25(OH)D. No difference in: 
-Persistent wheeze (HR 
0.76, CI 0.52-1.12; p=0.16) at 
0 -3 years 
-Asthma (OR  0.82; CI 0.50- 
1.36; p=0.45) at 3 years 
-Eczema (HR  0.90; CI 0.65- 
1.26; p=0.55) at 0- 3 years 
-Sensitisation at 6 or 18 mo 
by sIgE (OR 1.55; CI 0.89-
2.73; p=0.13) or SPT (OR 
1.24; CI 0.66- 2.31; p=0.51) 
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Reference and 
year 
Latitude 

Study 
population 

Intervention groups/ 
doses 

Intervention 
period 

Duration of 
intervention 

Follow up 
period/ age at 
assessment 

How the outcome 
was assessed 

Main results 
 

Litonjua et al. 
(2016) 
USA:  
Boston  
42.3πN 
 
Washington  
47.75πN 
 
and San Diego 
32.71πN 
 
RCT, 
prospective 

876 mothers, 
 
Mixed ethnic 
groups:  
49% Black  
13 % White 
Hispanic  
20% White non 
Hispanic  
18% other 
 
High risk for 
allergies 
 

Maternal: 
1. 400 IU/d vitD3,   
n= 436 
 
2. 4400 IU/d vitD3,  
n=440 

Between 10 
and 18 
weeks to 
delivery 

5 to 7.5 
months 

Every 3 months: 
phone call 
 
At 1, 2,3 years of 
age: face to face  
assessment by 
scientific staff 

Parental report of 
physician diagnosis  
 
Specific IgE levels 

4400 IU/ day vs. 400 IU/day 
25(OH)D 
No difference within first 3 
years in: 
-Recurrent wheeze/ asthma 
(HR 0.8, CI 0.6-1.0; p=0.51) 
-Eczema with rash (HR 0.9; CI 
0.7-1.2; p=0.56) 
 
Sensitisation (IgE): lower in 
the 4400 IU/d group than in 
the 400 IU/d group: (10.7%; 
CI, 9.4%-12.1% vs 12.4%, CI, 
11.45-13.5%, p=0.02) 
 

Grant et al. 
(2016) 
 
New Zealand, 
Auckland 
36.84πS 
 
RCT, posthoc  

260 mother/ 
infant pairs 
 
Mixed ethnic 
groups : 
16%European
24% Mãori, 
43% Pacific  
17% Other 
 
General 
population 

Maternal/ infant pairs 
 
1. placebo/ placebo, 
n=87 
 
2. 1000 IU/ 400 IU/d 
vitD3 
n=87 
 
3. 2000 IU/ 800 IU/d 
vitD3  
n=86 

Maternal:  
27 weeks to 
birth 
 
Infant: birth 
to 6 months 

Maternal:  
3 months  
 
 
Infant:  
6 months  

Interviews at: 
 2,4,6 and  
18 months 

Primary care 
records for physician 
diagnosis 
 
For sensitisation to 
aeroallergens:  
SPT (≥3 mm than 
negative control) or 
specific IgE levels 

At 18 months of age: 
Sensitisation: 
Results presented for 
placebo, lower dose, and 
higher dose 25(OH)D  
sIgE levels:  
Der-f1 (18% vs 10% vs 2%) 
Der-f2 (14% vs 3% vs  2%) 
Der-p1 (19% vs 14% vs 3%) 
Der-p2 (12% vs 2% vs 3%)  
For all p<0.05 
Grass pollen: p=0.74 
Cat: p=0.99 
SPT: 
HDM (9% vs 3% vs 0%: 
p=0.03) 
Cat: p=0.74 
Grass pollen: p=0.99 
 
Asthma (11% vs 0% vs4%, 
p=0.002) 
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Although races were equally distributed between the intervention and control groups in US and 

UK based studies, the investigators did not explore whether vitamin D supplementation had 

differential effects on maternal levels of 25(OH)D or on allergy outcomes in the offspring 

according to ethnicity. Thus to address this issue a secondary analysis was performed in the US 

study by subdividing their cohort into different races (African American versus non-African 

American). However, this subsequent study was also unable to reveal a significant difference 

between both ethnic groups.331 This is unsurprising as even the original study design by Litonjua et 

al.332 was not powered for clinical outcomes. Hence, in the sub-analysis numbers per group were 

even lower and therefore most likely insufficient to find any effects. It needs also to be considered 

that in the secondary analysis the “non-African American” population still consisted of different 

races (Hispanic, European and others). 

 

Apart from the different study protocols, which make a comparison between these RCTs difficult, 

a major limitation of all three studies is a lack of power for clinical outcomes due to insufficient 

sample sizes. In addition, the studies by Goldering et al. 324 and Chawes et al.323 were conducted in 

the general population where a sample size needs to be even much larger than in a high risk 

population to provide sufficient power for clinical outcomes.333  

 

While the authors of the Danish and US studies323,325 argue that the non-significant trial responses 

observed in the individual intent-to-treat analysis of each study may be due to this lack of power 

they tried to overcome the problem by combining analyses of both individual trials.334 Compared 

to the Danish323 and US325 based studies in isolation, the combined analysis interestingly revealed 

a significant effect of vitamin D supplementation on the occurrence of wheeze/asthma in the 

offspring within the first 3 years of life particularly when 25(OH)D level was >75 nmol/l (30ng/l) at 

randomisation.334 However, it needs to be considered that combining both studies is problematic, 

because as aforementioned the study design in each individual study was very different (Table 

1.2). Firstly vitamin D supplementation was started much earlier in the US study at 10 to 18 weeks 

gestation compared to 24 weeks of pregnancy in the Danish study. Secondly the supplemented 

doses were different. Thirdly the study population was dissimilar in both trials, limiting the 

comparison and generalizability of results. Fourthly baseline levels of vitamin D vary in different 

geographical locations which has not been considered when combining the analyses of both 

studies.335 Furthermore the definition and assessment of outcomes (usage of heterogenous 
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criteria and questionnaires) was varied, causing difficulties in combining and comparing the 

different study results (Table 1.2). 

 

A meta-analysis by Garcia-Larsen et al.336 found no overall effect on the risk of early childhood 

recurrent wheeze or eczema results where this meta-analysis included an additional trial337 

conducted in Auckland, New Zealand on 260 mother/ infant pairs (Table 1.2). However the results 

from this additional fourth RCT were from a posthoc analysis and the primary outcome was 

sensitisation to aeroallergens (Table 1.2).  

 

Results of these RCTs suggest that further sufficiently powered well designed RCTs using similar 

study protocols are still required to determine the effect of maternal vitamin D supplementation 

during pregnancy as an allergy prevention strategy. There is also the question as to whether the 

early postnatal period may be the most critical time to ensure adequate infant vitamin D status, 

more so than the antenatal period. Thus, the next sections of this literature review will further 

explore the evidence to date in the postnatal and early childhood period. 

 

1.10 Vitamin D intake and status during childhood in association to allergy outcomes 

 

Although it is unquestionable that the antenatal period has an important influence on the 

developing immune system, postnatal exposures also play a critical role in the development of the 

immune system.  

 

Immune and organ development (e.g. lung)338,339 continues upon exposure to various 

environmental influences in the postnatal period. As outlined in the incorporated review article340 

this includes oral exposure to foods, airway exposure to pollen, air pollution and most importantly 

in the context of this thesis vitamin D and sunlight. 

 

A solid body of literature links observational studies on vitamin D status in childhood to allergic 

disease outcomes. To explore this in detail, this literature review will first review the literature 

regarding postnatal vitamin D intakes, followed by vitamin D status, on allergic disease outcomes 

in childhood. 
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1.10.1 Observational studies of vitamin D intake or status in relation to allergy outcomes 

 

Lactating mothers with a sufficient 25(OH)D status have comparatively low 25(OH)D levels of only 

around 25 IU/l in their breastmilk.341 These levels can be increased by more maternal sunlight 

exposure342 or vitamin D supplementation.343 Different studies have shown that a daily 

supplementation of the lactating mother with 4000 to 6000 IU/ day would be required to attain 

infant vitamin D sufficiency (≥50 IU/l)161,343,344, alternatively oral vitamin D supplementation can be 

given directly to the infant and/or the infant is exposed to adequate levels of UVR.   

 

A prospective birth cohort study in Northern Europe estimated vitamin intake from breast milk, 

infant formula, solid foods and vitamin D supplementation using questionnaires at 5, 7 and 10 

months of age and could not find any associations to eczema at 6 years of age. However the study 

results were limited by the small sample size (n=123) and no serum vitamin D levels were 

measured.345 A study in the US (n=389), where vitamin D intake was determined by semiquantitive 

FFQs in early childhood (median 3.2 years) found that lower vitamin D intake was associated with 

higher odds of persistent eczema in mid-childhood (aOR 1.37 per 100 IU decrement, 95% CI 1.01, 

2.09).291 

 

A Swedish study on adolescents could not find an association between vitamin D intake (reported 

by FFQs) and eczema or asthma at 13 years of age, and this null finding also applied for 25(OH)D 

levels taken at 13 years of age.346 A large Swedish prospective birth cohort study (n=4089) 

investigating the use of supplements found that vitamin D and A in water soluble form increased 

the risk of developing allergic disease (by parental questionnaires) and sensitisation to food and 

airborne allergens in children up to 4 years of age. Surprisingly this effect was not found with 

supplementation of the same vitamins in peanut oil. However, the study had significant limitations 

as the authors firstly did not specify the dose of vitamin D given, secondly no measurement of 

25(OH)D levels was taken, thirdly the possible effect of vitamin A (in isolation or combination) on 

the outcome remained unclear. The mechanisms behind different results when comparing water 

soluble vitamin D versus vitamin D in peanut oil remained unexplained. 347 

 

Focusing on vitamin D blood levels taken in childhood and eczema outcomes, numerous studies 

could not find any associations between vitamin D status and eczema 348,349,350,351 while others 
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found an inverse relationship352,353 or a positive association (Table 1.3). 354 

 

Similarly conflicting results were found for vitamin D levels in relation to food allergy or 

sensitisation with no associations349, positive associations355,356 or inverse associations.41,351,357 

Although both, Allen et al. and Molloy et al., performed their studies in Victoria, Australia, and the 

major outcome was a challenge proven food allergy, results were different. No influence of 

vitamin D was found in the study by Molloy et al. which may be related to the much smaller 

sample size (n=274) compared to the study by Allen et al. (n= 577). While only Allen et al. found an 

inverse relationship between vitamin D levels and food allergy outcome, it needs to be highlighted 

that this inverse relationship was only applicable for infants of Australian born parents.41 However, 

this particular relationship was not investigated in the study by Molloy et al.. Furthermore while 

Allen et al. took vitamin D levels only once (at 11- 15 months) and challenges were performed at 

14 to 18 months of age, vitamin D status was taken earlier and twice (at birth and 6 months) by 

Molloy et al. who also determined outcome measures earlier (at 12 months)349 (Table 1.3). 

 

Moving to studies linking vitamin D status to allergic airway disease outcomes, results again have 

again been very heterogeneous. Some studies could not show any association between vitamin D 

status and asthma, AR or aeroallergen sensitisation,350,351,352 one study found a positive 

association to AR358 and opposed to this three other studies revealed an inverse association  to 

wheezing/ asthma and AR359 360 or sensitisation to aeroallergens.351 

 

Whilst all of the aforementioned reviewed studies (Table 1.3) did not take longitudinal 25(OH)D 

measurements, Hollams et al. followed a birth cohort of high risk for allergy through the first 10 

years of life. The number of times a child was found to be deficient in vitamin D was positively 

associated with the risk for asthma and wheeze at age 10 years, suggesting that prevention of 

vitamin D deficiency throughout the first few years of life may be an important determinant of 

asthma risk.353 This mirrors earlier findings of the same group where vitamin D levels at age 6 

years were significant predictors of subsequent atopy/asthma-associated phenotypes at age 14 

years.361  

 

In summary, consistent with prenatal observational studies on vitamin D intake or status and 

allergy outcome, the reviewed literature in infancy and childhood also showed variable results.
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Table 1.3  Observational studies of vitamin D status in childhood and allergy outcome 
	
Reference		
Study	location	
Latitude	

Study	design	 Study	population	 Assay	for	
vitamin	D	
levels	

Time	point	
when	vitamin	D	
level	was	taken	

Data	
collection/	
outcome	
variable	

Main	results	 Higher	
vitamin	D	
level	

Sharief	et	al.	
(2011)	
USA	
37.09π	N	
	

National	
Health	and	
Nutrition	
Examination	
Survey	
(NHANES)	

n=	3136	(1	to	21	years)		
	
Non-hispanic	white	61.9%	
	
General	population	

CIA	 Any	stage	
between	1	and	
21	years	of	age	
(mean	age	12.5	
years)	

NHANES	
2005/2006	
questionnaire	
351	
	
sIgE	levels	for	
aeroallergens	
and	foods	

25(OH)D	levels	of	<	37.5	nmol/l	
associated	with	peanut	(OR	2.39;	
CI1.29-4.45),	ragweed	(OR	1.83;	
CI1.20-2.80)	and	oak	(OR	4.75;	CI	1.53-
4.94)	sensitisation,	(sIgE)	(p<0.01)		
	
Association	between	25(OH)D		
<50	nmol/l	and	sIgE	to	dog,	cockroach,	
Alternaria	species,	shrimp,	ryegrass,	
Bermuda	grass,	birch,	thistle		(p<0.05)	
	
No	association	to	eczema	and	AR	

S	ê 
 
E	çè	
	
AR	çè	
 
 
	

Heimbeck	et	
al.	(2013)		
Germany	
51.2πN	

Survey		
	

n=	9838	(0	to	17	years)		
	
Residence	in	Germany	
(including	1411	migrants)		
	
General	population	

CIA	 Any	stage	
between	1	and	
17	years	of	age	
(no	mean	age	
given)		

Parental	
questionnaire:	
“ever	physician	
diagnosed	
eczema?”	

25(OH)D	level	for	eczema	(n=	1364;	
mean=50.6	nmol/l)	higher	than	for	
control	group	(	n=8474;	mean=	47.1	
nmol/l)	(p<0.001)	
	
Inverse	association	between	low	25	
(OH)D	levels	and	eczema	(multivariant	
OR	for	1st	quartile		vs.	2nd	quartile:		
0.76	(95%CI	0.61-0.94))	

E	é	

Wang	et	al.	
(2014)		
Hong	Kong	
22πN	
	
	
	
	
	
	
	
	
	

Case	control	
study	
	
	
	
	
	
	
	
	
	
	
	

n=	826	(0	-18	years)	
	
1.	Eczema:	n=	498;		
2.	No	eczema:	n=328	
(no	eczema:	general	
population)	
	
Chinese	population;		
Ethnicity	not	further	specified	
	
	
	
	

Enzyme	
Immuno-
assay	
	
	
	
	
	
	
	
	
	
	

Any	stage	
between	0	and	
18	years	of	age	
	
Mean	age	in	
eczema		group	
10.5	(SD	3.9)		vs.	
no	eczema	12.3	
years	(SD	4.1)		
	
	
	
	

Medical	
assessment	for		
eczema;	
Hanifin	and	
Rajka	criteria	
applied330	
	
Total	IgE	and	
sIgE	for	
aeroallergens	
	
	
	

Eczema	cases	(n=498,	mean	age	10.5	
years)	more	frequently	25(OH)D	levels		
<25nmol/l	than	controls	(n=328,	mean	
age	12.3	years)	(mean	25(OH)D	level		
(SD);	28.9	(15.3)	vs.	34.2	nmol/l	(14.5);	
p<0.001)		
	
Total	IgE	and	sensitisation	to	
aeroallergens	(sIgE	and	SPT):	n.s.	
between	groups	
	
	
	

E	ê 
	
	
S	çè 
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Reference		
Study	location	
Latitude	

Study	
design	

	
Study	population	

Assay	for	
vitamin	D	
levels	

Time	point	
when	vitamin	D	
level	was	taken	

Data	
collection/	
outcome	
variable	

Main	results	 Higher	
vitamin	D	
level	

Berents	et	al.	
(2016)	
Oslo,	Norway		
59.9πN	
	

Cross	
sectional	
study	

n=623,	<	12	months	of	age		
	
1.	n=388	general	population	
(mean	age	6.5	months)		
2.	Recruited	from	trial	on	
acute	bronchiolitis	(n=235,	
mean	age	4.3	months)	
	
93	%	European	ancestry	

LC-MS/MS	 Between	1	and	
13	months	
(mean	age	5.1	
months)	and		
at	24	months	
	
	

Caregivers	
interviewed	by	
structured		
questionnaires	
	
Hanifin	and	
Rajka	criteria	
applied330		

Appointment	at	1	to	13	months	of	age:	
(n=67	eczema,	n=529	no	eczema;	mean	
age	5.1	months):	25(OH)D	level	(mean	
58.2	nmol/l)	no	association	to	eczema		
	
At	2	year	appointment	(n=103	eczema,	
n=346	no	eczema;	mean	age	24.7	
months):	25(OH)D	level	(mean	66.9	
nmol/l)	no	association	to	eczema	

	
E	çè 
 
	
	 
 
	

Allen	et	al.	
(2013)	
Melbourne,	
Australia		
37.81πS	

Cohort	study	 n=	577,	11	to	15	months	
General	population	
	
62.5%	both	parents	born	in	
Australia;	
Ethnicity	not	provided	

LC-MS/MS	 11	to	15	months	 Challenge	
proven	food	
allergy	at	14	to	
18	months	
(n=344),	
sensitized	but	
tolerant	(n=74)	
	
SPT	(wheal	
size	>2mm)	or	
sIgE	to	egg,	
sesame,	
peanut,	cow’s	
milk,	shrimp	

Infants	of	Australian-born	parents	
only:	if	25(OH)D	≤50nmol/l	at		
12	months	of	age:	
	
1.	More	likely	to	have	challenge	proven	
allergy	to	egg	(aOR,	3.79;	95%	CI,	1.19-
12.08,	p=0.025)	and	peanut	(aOR,	
11.51;	95%CI,	2.01-65.79;	p=0.006)		
2.	More	likely	to	have	multiple	food	
allergies	(>2)	rather	than	a	single	food	
allergy	(aOR,	10.48;	95%	CI,	1.60-68.61	
vs.	aOR,1.82;	95%	CI,	0.38-8.77,	
respectively)	
3.	No	parent	reported	eczema	

	
FA	ê 
 
E	çè 
 
 
 
 
 
 
 
 
 
 
	

Molloy	et	al.	
(2017)	
Barwon,	
Australia		
38.14πS 
 
 
 
 
 
 
	
	

Birth	cohort	
study	
	
	
	
	
	
	
	
	
	
	
	

274	mother-	infant	pairs	
(mean	age	=	41	months	
(24;60))	
	
75.2%	European	ancestry	
	
General	population	
	
	
	
	
	
	

LC-MS/MS	
	
	
	
	
	
	
	
	
	
	
	
	

At	birth	and	
At	6	months	
	
	
	
	
	
	
	
	
	
	
	

Challenge	
proven	food	
allergy	at	1	
year	of	age	
	
Questionnaire:	
Eczema	UK	
working	party	
criteria	applied	
362	
	
	
	

No	association	between	25(OH)D	
<50nmol/l	at	birth	(n=105;	aRR	1.25,	
95%	CI	0.7-2.22)	or	at	6	months	of	age	
(n=55;	aRR	0.93,	95%	CI	0.41-2.14)		
and	food	allergy	at	1	year	of	age	
	
No	association	between	25(OH)D	
<50nmol/l	at	birth	(n=105;	aRR	0.88,	
95%CI	0.54-1.43)	or	at	6	months		of	
age	(n=55;	aRR	0.84,	95%	CI	0.33-2.14)	
and	eczema	within	first	12	months	of		
age	
	

FA	çè	
	
	
	
	
	
	
E	çè 
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Reference		
Study	location	
Latitude	

Study	design	 Study	population	 Assay	for	
vitamin	D	
levels	

Time	point	
when	vitamin	D	
level	was	taken	

Data	
collection/	
outcome	
variable	

	
Main	results	

	
Higher	
vitamin	D	
level	

Cairncross	et	
al.	(2016)	
New	Zealand	
35-46πS	

Cross	
sectional	
study	

n=	1329	(2	to	3	years,	mean	
age	41	months)	
	
General	population	
	
70%	European	ancestry	
	

LC-MS/MS	 Any	stage	from	
24	to	60	months	
	
	

ISAAC	
questionnaire	

Food	allergy	associated	with	higher	
mean	25(OH)D	levels	(56	vs.	52	nmol/l,	
p=0.007)	
	
25(OH)D	≥75nmol/l		compared	to	50-
74.9nmol/l	(n=29):	increased	risk	of	
parent	reported	food	allergy	(OR=2.21,	
1.33-3.68,	p=0.002)	
	
No	associations	between	eczema	
(mean	25	(OH)D	level	53	vs.	52	nmol/l,	
p=0.50)	
AR		(52	vs.	52nmol/l,	p=0.94)	
Asthma	(52	vs.	52	nmol/l,	p=0.98)	
	

	
FA	é	
	
E	çè	
	
AR	çè	
	
A	çè	
	
	
	
	
	

Bener	et	al.		
(2014)	
Doha,	Qatar	
25.28πN	

Cross	
sectional	
study	

n=1833	(5	to	16	years)	
	
General	population	
	
Population	from	Qatar;	
Ethnicity	not	further	specified	

Compete	–
tive	RIA	

Any	time	from		
5	to	16	years	

Questionnaire:	
Parent	
reported	
physician		
diagnosed		

25(OH)D	<50nmol/l	associated	with	
risk	for:	
wheezing	(OR=1.29;	p=0.05)		
asthma	(OR=2.31:	p=0.001)		
AR	(OR1.59;	p<0.001)	

W	ê	
	
A	ê 
	
AR	ê	

Freishtat	et	al.	
(2010)	
Washington,	
USA	
47.75πN	

Cross	
sectional	
case	control	
study	

n=113	African	American	
	
1.	Asthma	n=	92	(6	to	20	
years	of	age,	mean	age	11.1		
(SE	0.4))	
2.	No	asthma	n=	21		
(6	to	9	years,	mean	age	7	
years		(SE	0.3))	
Controls	younger	than	cases	
(p<0.001)	
	
100%	African	American	
	
	
	

Enzyme	
linked	
immuno-	
sorbant	
assay	
	
	

1.	For	cases:		
Any	stage	from		
6	to	20	years		
	
2.	For	controls:	
Any	stage	from		
6	to	9	years		

Cases:	
Physician	
diagnosed	
asthma	
	
Controls:	
General	
population	

25(OH)D	<75	nmol/l	associated	with	
more	asthma	cases	than	controls	
(73/85	vs.	4/21,	aOR=	42	(95%	CI:	4.4	
to	399)	
	
25(OH)D	<50nmol/l	associated	with	
more	asthma	cases	compared	to	
controls	(46/84	vs.	1/21,	aOR=20	
(95%CI:1.4	to	272)	

	
	
	
	
A	ê	
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Reference		
Study	location	
Latitude	

Study	design	 Study	population	 Assay	for	
vitamin	D	
levels	

Time	point	
when	vitamin	D	
level	was	taken	

Data	
collection/	
outcome	
variable	

Main	results	 Higher	
vitamin	D	
level	

Kutlug	et	al.	
(2017)		
Samsun,	
Turkey	
	
41.27πN		

Case	control	
study	

n=	200,	6-18	years	of	age	
1.	100	cases	with	AR	with	
seasonal	symptoms	for	at	
least	2	years	and	positive	SPT	
to	pollen		
2.	100	controls,	general	
population	

LC-MS/MS	 1.	For	cases:		
median	age	
12.35	years		
(6;	17.8)	
2.	For	controls	
median	age	11.5	
years	(6;	17.8)	

AR	diagnosis	
by	“Allergic	
Rhinitis	and	its	
impact	on	
asthma	(ARIA)	
criteria	2008”	

25(OH)D	level	in	AR	group	(mean	
51.95,	SD	16,2)	significantly	higher	
than	in	control	group	(mean	44.8,	SD	
16.2),	(p=0.002)	

AR	é	
 

Baeck	et	al.	
(2014)	
Seongnam-Si,	
Korea	
37.44 πN	
	

Cross	
sectional	
study	
	

n=226,	age	3	to	24	months	
	
High	risk	population	
	
1.	n=168	diagnosed	with	
eczema	
	
2.	n=58	suspected	food	
allergy,	no	eczema	

CIA	 Any	time	from	3	
to	24	months	

Physician	
diagnosed,	
parent	
reported	
questionnaire	
	
sIgE	to	food		
(milk,	egg,	
wheat,	soy)	

1.Polysensitization	group	significantly	
lower	levels	of	25(OH)D	than	the	
nonsensitisation	(p=	0	.001)	and	
monosensitisation	(p=	0.023)	group		
2.	25(OH)D	≤	50nmol/l	increased	the	
risk	of	sensitization	to	food	allergens	
(OR	5.0;	95%	CI	1.8-14.1),	milk	
(OR10.4;		95%	CI	3.3-32.7)	wheat	(OR	
4.2;	95%	CI	1.1-15.8)	

S	ê	

Guo	et	al.	
(2020)	
Guangdong,	
China	
23.38πN 
	

Cross	
sectional	
study	

n=2642	(at	12	months	of	age	
or	24	months	of	age)		
	
General	population	
	
Chinese	population,	not	
further	specified	
	

CIA	 At	12	months	or	
24	months	of	age	

Total	IgE	
	
Food	and	
aeroallergen	
sensitisation	
by	sIgE	

1.	Positive	association	between	
25(OH)D	≥75	nmol/l	and	sIgE	to	cow’s	
milk	(<0.001),	cat	(p<0.001),	dog	
(P=0.028)			
2.	Inverse	association	between		
25(OH)D	<75	nmol/l	and		
sIgE	to	Der	f	(p=0.012)	
3.	No	difference	in	total	IgE		

S	milké,		
S	caté,		
S	dogé	
 
S	Der.	farinaeê 
 
Total		
IgE	çè 

Hollams	et	al.	
(2016)	
Perth,	
Australia	
31.95 πS	

Cross	
sectional	
analysis	

n=263	
	
High	risk	population	

LC-MS/MS	 25	(OH)D	levels	
at	birth	and	at	
0.5,	1,	2,	3,	4,	5,	
10	years	of	age	

Up	to	5	years	
symptom	
diary:	
Clinical	
phenotyping		
	
Total	and	sIgE	
levels	

1.	Inverse	association	between	
25(OH)D	concentration	and	
sensitisation	at	age	0.5,	2	and	3	years	
No	association	for	all	other	age	groups	
2.	Number	of	25(OH)D	deficient	levels	
on	follow	ups	positively	associated	
with	risk	for	asthma/wheeze,	eczema	
and	sensitisation	at	10	years	of	age	

S	ê	
at	0.5,	2,	3	
years		
Sçè 
at	1,	4,	5,	10	
years		
Number	of	f/u:	
A/Wê	
E	ê	
Sê		

ê:	inverse	association;	çè:	no	association;	é:	positive	association,		
E=	eczema;	FA=	food	allergy;	W=wheeze;	A=	asthma;	AR=	allergic	rhinitis;	S=	sensitisation	
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Both, allergy preventing and allergy promoting effects, as well as no effects, have been described. 

Differences in age, study population, size and risk level of allergic disease due to family history and 

geographical location make it difficult to compare study results. Heterogeneity in criteria used for 

defining allergic disease, the possibility of non-linear associations between 25(OH)D levels and 

outcomes, methods for measuring vitamin D levels (e.g. LC-MS/MS41,349,353 versus different types 

of immunoassays351,356,357) and variables used in the statistical adjustment contribute further to 

these difficulties and may at least partially explain why results of these observational studies are 

very heterogeneous. To overcome this problem well designed RCTs in infants and children are 

needed. 

 

1.10.2 Randomized controlled trials of vitamin D supplementation in infancy and allergy outcomes 

 

Interventional studies can provide better evidence for causal inference than cohort studies. 

Hence, well designed RCTs are required to shed light on the above discussed conflicting findings.  

 

At the time of starting this thesis, very few observational studies on vitamin D intake or status in 

childhood and allergy outcomes had been published and maternal intervention trials had just 

commenced with no RCTs on infant vitamin D supplementation and allergy or immune outcomes. 

Since then, a very few postnatal RCTs have been performed. However, in contrast to the 

intervention trial of this thesis project none of the published studies have been specifically 

designed as intervention trials involving direct infant vitamin D supplementation to term infants. 

 

Rosendahl et al. compared two different vitamin D supplemental doses  (400 IU/day versus 1200 

IU/day) given from 2 weeks to 24 months of age. However, allergy outcomes were only analysed 

in a secondary analysis (primary analysis investigated the effect on bone health and infection 

rate).363 The authors were unable to find an influence on food and aeroallergen sensitization, 

parentally reported physician-diagnosed wheezing, food allergy or eczema at 12 months.364 Cow’s 

milk allergy was reported more frequently in the group receiving 1200 IU/day vitamin D 

supplementation (n= 20/387) compared with the 400 IU vitamin D group (n= 9/377) (OR, 2.23; 

95% CI, 1.00-4.96). However, this finding needs to be interpreted with caution due to the very 

small numbers. Also cow’s milk allergies were not matched with sIgE levels for cow’s milk and 

based on parental report.364  
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Another recently published US based multicenter study by Hibbs et al. found that recurrent 

wheezing was experienced less in infants in the sustained supplementation group (400 IU/day 

vitamin D from 0 to 6 months of adjusted age) compared with infants in the diet-limited 

supplementation group (difference, −10.7%(95%CI, −27.4% to −2.9%); relative risk, 0.66 (95%CI, 

0.47 to 0.94)) while no difference was found in asthma, eczema, food allergy, pollen or dust allergy 

(parental report) or sensitisation at 12 months of age.365  

 

The results of both of these RCTs regarding wheeze outcomes at 12 months of age364,365 are 

conflicting. However, differing study protocols make it hard to directly compare findings. While 

Hibbs et al.365 performed a primary study on preterm black infants with a low birth weight (mean 

gestational age 33 weeks, median birth weight 1.9 kg), including a considerable number of vitamin 

D deficient or insufficient infants, the posthoc analysis by Rosendahl et al.364 was performed on 

term-born (birth weight appropriate for gestational age) white, vitamin D sufficient infants. It is 

known that all three factors, ethnicity290, prematurity and birth weight366 can have an influence on 

immune development and consequently any of these three factors or alternatively the interaction 

between them could lead to changes in immune function and subsequently differences in wheeze 

outcomes. Premature infants are also prone to develop chronic lung disease which is known to be 

linked to recurrent wheeze367 and could explain the findings in the study by Hibbs et al.. 

Furthermore, starting levels of 25(OH)D, intervention doses and periods were very different 

between both studies and no information regarding intentional or unintentional vitamin D intake 

(or UVR exposure) in control groups was provided. Thus, there remains an urgent need for studies 

particularly designed as intervention trials investigating vitamin D supplementation in infancy to 

clarify its role on allergy prevention.  

 

1.11 Conclusions and future directions 

 

To date, no intervention studies have explored the role of vitamin D supplementation and status 

in the early postnatal period and its effects on allergic disease development in early childhood. 

Furthermore only a single observational study353 and none of the intervention studies analysed 

vitamin D status longitudinally in early childhood. In addition, none of the reviewed studies 

critically appraised the issue of different assays used for the measurement of vitamin D levels. 
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Furthermore, no human studies have explored whether direct UV light exposure in infancy may 

have a vitamin D independent effect on the risk of allergic disease development and may act 

independently of vitamin D as an allergy prevention strategy. 

 

Clear evidence exists that vitamin D has immunomodulatory properties, and reduced supply of 

vitamin D to immune tissues may result in an inflammatory and allergic phenotype. In particular, 

vitamin D is associated with the cytokine production profiles of T cells (e.g. Th1/Th2 balance)208, 

and the number or function of Treg221,232 and DC. 240,241  

 

Evidence also links high latitude, and consequently reduced UV light exposure, to the increased 

risk of development of allergic diseases in children.248,368 Apart from the extensively discussed 

prominent role vitamin D production and its effects may play, sunlight independent of vitamin D 

production needs to be highlighted as a potentially critical factor in allergic disease modulation as 

well. 

 

Thus, in a RCT study design, the work of this thesis will examine the effect of vitamin D 

supplementation in infancy on allergy outcomes in early childhood. In addition, this PhD project 

will also shed light on the inaccuracy and discrepancy regarding vitamin D level measurements by 

different types of assays which are in use internationally. Furthermore, this PhD thesis will 

uniquely examine the influence of sunlight exposure on allergic disease development in early 

childhood.  

 

1.12 Hypothesis and aims 

 

Hypothesis 

Our hypothesis was that infant oral vitamin D supplementation would reduce allergic disease 

development in early childhood. 

 

Primary aim of this thesis was to: 

Investigate whether the effect of oral vitamin D supplementation in early infancy has an influence 

on allergy outcomes in early childhood (chapters 4 and 6). 
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Secondary aims were to: 

1. Explore the influence of circulating 25(OH)D levels during early childhood on allergy outcomes 

(chapters 4, 6). 

2. Compare the accuracy of two commonly used assays for longitudinal 25(OH)D measurement in 

infancy (chapter 3). 

3. Examine infant immune development within the first 6 months of life dependent on vitamin D 

supplementation group allocation and circulating 25(OH)D levels (chapters 4 and 5). 

4. Explore the association between direct UV light exposure measured by a UV dosimeter in early 

infancy and subsequent allergy outcomes in early childhood (chapter 4 and 7). 

5. Investigate the association between direct UV light exposure measured within the first 3 

months of life and proinflammatory immune markers in early infancy (chapter 4). 

6. Assess whether time spent outdoors and sun protective behaviours in early childhood have an 

influence on allergy outcomes in early childhood at specific time points and/ or longitudinally 

(chapter 7). 
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Chapter 2 

 

 

 

Vitamin D in Allergy (VITAL) Trial Study Design Methods 
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2.1 VITAL trial design  

	

	
	
	

Figure 2.1 Timeline and summary of the VITAL study design. Above picture (right hand side) shows 

the UV dosimeter used in the study. 

 

The VITAL (Vitamin D in Allergy) trial was designed as a double blinded randomized controlled trial 

(RCT). Infants (n=195) with a high risk of allergic disease due to a positive family history were 

supplemented with vitamin D3 (cholecalciferol) or placebo from birth to 6 months of age. The 

effect of early vitamin D supplementation on immune function in infancy and allergy outcome in 

infancy and early childhood were assessed. 

 

2.1.1 Ethics approval 

 

The trial was approved by the Princess Margaret Hospital for Children Ethics Committee and 

Research Governance Office (1959/EP) and the University of Western Australia (approval number 
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RA/ 4/ 1/ 5566). The trial was registered with the Australian New Zealand Clinical Trials Registry 

(ACTRN 12612000787886). All participants provided written, informed consent. 

 

2.1.2 Study population 

 

Pregnant women were recruited at antenatal clinics and education sessions in hospitals or through 

antenatal visits to obstetricians at the Perth metropolitan area, Western Australia.  Eligible women 

(Table 2.1) consented to participation during an antenatal screening visit which took place 

between 36 and 40 weeks of gestation. 

 

Inclusion criteria Exclusion criteria 

 

Family history of allergic disease (mother, father 

or full sibling) 

 

 

Maternal 25(OH)D<50nmol/l or >100nmol/l at 

36-40 weeks of gestation 

 

Term delivery (>37 weeks of gestation) 

 

Maternal autoimmune disease or 

immunodeficiency 

 

 

Table 2.1: Inclusion and exclusion criteria for VITAL trial participants 

 

Only high risk for allergic disease infants were included with the aim to increase the likelihood of 

detecting differences in immune profiles and allergic outcomes or to limit heterogeneity in the 

study population. In order to reduce the risk of either vitamin deficiency (25(OH)D <50 nmol/l) or 

toxicity in the infants and to reduce heterogeneity in the cohort vitamin D status in late pregnancy 

needed to range between 50 nmol/l and 100nmol/l. 

 

2.1.3 Randomization 

 

Trial participants were either randomized to receive 400 IU of vitamin D3/day or placebo. 

Randomization was performed by the Princess Margaret Hospital for Children Clinical Trials 

Pharmacy. Pharmacy staff had no contact to participants and their families and all research staff 

were blinded to allocations. 
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When dispensing cholecalciferol or placebo pharmacy followed a randomization plan and chose 

the correct stratification group. Stratification occurred according to participant sex and maternal 

allergy status (history of any allergic diseases). Randomization was performed by Pharmacy 

according to an online source (htpp://www.randomization.com) for each of the four stratification 

groups.  

 

2.1.4 Intervention and control group  

 

Infants were enrolled within the first 28 days of life. Supplementation was ceased after 6 months.  

 

Infants allocated to the intervention group received 400 IU vitamin D3/day. The dose was 

according to the internationally recommended dose for exclusively and partially breastfed infants 

(<1000 ml/day of vitamin D-fortified infant formula).159,369 Cholecalciferol was dissolved in 

vegetable oil containing purified components of palm and coconut oil. One drop (0.03 ml, Ddrops 

Company, Woodbridge, ON, Canada) contained 400 IU vitamin D3. 

 

Infants in the control group obtained one drop of vegetable oil (0.03 ml, Ddrops Company, 

Woodbridge, ON, Canada) which contained components of palm oil and coconut oil. Both 

products looked identical and had no flavoring. A distinction between the intervention and control 

product was impossible. 

 

According to the recommendations for vitamin D supplementation in infancy the trial products 

were ceased when infants consumed ≥1000 ml infant formula per day.159,369  

 

2.1.5 Personal UV dosimetry 

 

UV radiation is subdivided into UVA (315- 400nm), UVB (380- 315 nm), and UVC (100-280 nm). 

UVC radiation is blocked by stratosphere gases, and therefore only UVA and UVB rays reach the 

earth’s surface.370 Direct UVA and UVB exposure can be measured by UV dosimeters. As an 

observational part of the study personal UV dosimeters were equally distributed between the 

placebo and intervention groups at enrolment and provided data on the total UV light (290-

380nm) exposure dose (in joule per square meter [J/m2]) over the first 3 months of life.  
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As direct UV dosimeter measurement was not the primary outcome of this project and due to 

funding constraints, dosimeters were allocated only to the first 3-4 infants enrolled per month 

over the course of 2 years. The aim was to achieve an equal distribution over the months and take 

seasonal influence on UV exposure into account.  

 

The subgroup of infants who was equipped with UV dosimeters (Viospor blue line Type II, Biosense 

Bornheim, Germany) was instructed to wear this for 3 months every time when outdoors. This 

PhD thesis used biofilm UV dosimeters which contain a film of immobilized, UV-sensitive spores of 

Bacillus subtilis. The central part of the film is exposed to UV radiation, while the outer, unexposed 

part is used for calibration.  

 

The UV dosimeter allows to obtain objective quantitative data on UV exposure by incubating 

spores in a bacterial growth medium to stimulate germination and protein production. Proteins 

are stained for densitometric quantification, with the quantity of protein produced corresponding 

to the amount of UV-induced DNA damage maintained by the spores.371,372 Subsequently total UV 

exposure (expressed in J/m2) can be calculated for the period of use. 

 

Parents were instructed to clip the dosimeter to the infants clothing at shoulder level. 

Alternatively the dosimeters could also be placed inside the pram close to the child’s head. This 

positioning was specified on the assumption that the face would be unobscured to light373 (not 

covered by blankets or clothing as other body parts) and most reliably exposed to UV light. 

Dosimeters which were incorrectly used were excluded from analysis.  

 

2.1.6 Compliance with the study product or UV dosimeter use 

 

Compliance with the study product or UV dosimeter use was assessed by diary cards (appendix 11) 

and standardized questionnaires (appendices 3 to 8). Research staff conducted monthly phone 

calls between clinic appointments not only to monitor compliance but also to encourage 

participation and answer arising questions. Unused study product was returned and also served as 

a measure of compliance. After 3 months of measurements the UV dosimeters were collected and 

sent to Bornheim, Germany for measurement. 
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2.2 VITAL questionnaires and clinical assessments  

 

A longitudinal summary of the study procedures is outlined in the table below. 

 
Infant age 

(months) 

1 2 3 4 5 6 7 8 9 10 11 12 30 

Randomisation X             

Face to face 

appointment 

X  X   X      X X 

Telephone call  X  X X         

Intervention 

and diary card 

X X X X X X        

Infant dietary 

intake data 

X X X X X X      X X 

Allergic disease 

symptoms 

X X X X X X      X X 

Reported Outdoor 

exposure 

  X   X      X X 

Blood test   X   X      X X 

Skin prick testing            X X 

 

Table 2.2: Summary of VITAL study procedures from birth to 2.5 years of age 

 

2.2.1 Antenatal visit 

 

At the antenatal visit standardized questionnaires were used (appendix 1). Data potentially 

affecting risk factors for allergy development in the offspring or factors that may influence vitamin 

D status were collected including allergy history in first degree relatives, ethnicity, Fitzpatrick skin 

type,374 sun exposure habits and anthropometry, gravidity, pregnancy complications or illnesses, 

educational status and occupation, smoking at home, nutritional supplements, use of medications, 

number and age of siblings and pet ownership were collected.  

 

2.2.2 Enrolment 

 

Enrolment took place between 1 and 28 days of age as a home or clinic visit. Questionnaires were 
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completed in attendance of research staff and included anthropometric measures such as length, 

birth weight and head circumference as well as questions regarding sex, infant mode of delivery, 

and any potential formula intake (appendix 2). 

 

2.2.3 Infant questionnaire data collected by monthly phone calls during the intervention period 

 

The participating infant’s parent/guardian was telephoned at 1, 2, 4 and 5 months of age to assess 

compliance with the trial product as well as UV dosimeter use (for the first 3 months only). Data 

was collected to prospectively capture information on the use of sunscreens, breastfeeding and/or 

formula feeding, and to document any allergy symptoms (see appendices 3, 4, 6, 7). 

  

 2.2.4 Early childhood questionnaire data and allergic disease assessment at 3, 6, 12, and 30 

months of age 

 

If possible face to face appointments were conducted by research staff in attendance of a Clinical 

Allergist/Immunologist at 3, 6, 12 and 30 months of age at the Princess Margaret Hospital for 

Children, Perth, Australia. If this was impossible a phone appointment was arranged. Standardized 

interview-administered questions about compliance with the trial product (appendices 5, 8) as 

well as UV detector clip use (appendix 5) were completed. On all appointments data on 

anthropometry were collected. Questions related to feeding (e.g. breast or formula, introduction 

of solids) use of nutritional supplements, medication use and other (non allergic) medical 

conditions were asked and data on sun exposure and sun protective behaviour were collected 

(appendices 5, 8, 9, 10). 

 

Questions regarding the home environment (carpeting, pets, mattress and pillow covers, and 

cigarette smoke exposure) were added from 12 months of age. (appendices 9, 10). On each 

appointment children were assessed for signs of allergic disease.  

 

2.2.5 Clinical assessments for allergic disease outcomes 

 

Eczema was defined by typical skin lesions on presentation or with a previous history of a 

physician diagnosis. Scoring Atopic Dermatitis (SCORAD) index was used to capture severity.375 
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Wheeze/asthma related questions were based on those of ISAAC376 including “ever wheeze or 

whistling” to the chest, number of episodes, possible triggers causing or exacerbating the wheeze, 

additional factors relating to severity and medical management. 

 

IgE-mediated food allergy was based on a history of immediate IgE-mediated symptoms (within 

120 minutes of food ingestion) including angioedema, urticaria, cough, wheeze, stridor, vomiting, 

diarrhoea and/or cardiovascular symptoms in association with raised food specific IgE levels in 

blood tests or positive reaction in a skin prick test  (SPT) to the specific food allergen.377,378 

Symptoms of allergic rhinoconjunctivitis were evaluated by an Immunologist/ Allergist based on 

clinical signs on the day of assessment or parent reported specific symptoms including runny, 

watery and red eyes, frequent sneezing and blocked nose (only if symptoms were independent of 

an upper respiratory tract infection or infectious conjunctivitis). 

 

At 12 and 30 months of age a SPT was performed to determine sensitisation status to common 

foods (wheat, egg, cow’s milk, peanut, cashew nut, fish) and aeroallergens (rye grass pollen, cat 

and house dust mite (D. pteronyssinus). Sensitisation was defined as a mean weal diameter ≥3mm.  

SPT was conducted by a research nurse specifically trained in this area of expertise. 

 

2.2.6 Reported behavior concerning outdoor exposure 

(chapter 7; appendices 5, 8, 9, 10) 

 

In this observational part of the PhD project parents of VITAL trial participants were asked 

standardized questions (based on a sunlight exposure questionnaire by Cargill et al379) regarding 

their child’s outdoor exposure and any sun protective behaviours during the preceding weeks of 

the 3, 6, 12 and 30 months appointment. Data collection included questions regarding an 

estimated average of:   

• Time spent in direct sunlight and/or shade before 11 am, between 11 am and 3pm and 

after 3 pm (in minutes/day) 

• Sunscreen use (including the SPF factor used)  

• Amount of skin exposed   

• Skin type of each infant participant (type I to VI, Fitzpatrick scale)	374  
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2.3 Laboratory methods 

 

2.3.1 Blood sample collection 

 

For processing of cord blood mononuclear cells (CBMC), blood was collected from the umbilical 

cord at birth by venipuncture of the umbilical vessels into Roswell Park Memorial Institute 

medium (RPMI-1640) (Life Technologies, Grand Island, NY, USA) supplemented with 10 IU/ml of 

heparin. Samples were transported at room temperature and processed within 12 hours of 

collection. 

 

When feasible infant blood samples were taken at the 3, 6, 12 and 30 months appointment after 

parental consent. Peripheral blood was collected by venipuncture by trained research or medical 

staff into lithium heparin tubes (Vacuette, Greiner Bio-one GmbH, Kremünster, Austria) and 

processed immediately after the clinic visit for plasma and nuclear cells. 

  

2.3.2 Vitamin D analysis 

 

Detailed information regarding 25(OH)D analysis and the assay used is provided in chapter 3. In 

brief: maternal and infant samples were analysed for total 25(OH)D levels by a delayed one-step 

chemiluminescent immunoassay (CIA) on an automated Abbott Architect i2000 (Abbott 

Laboratories, Illinois, operated by PathWest Laboratory Medicine, Western Australia). The 

calibrators were standardized against Standard Reference Material 2-972 from the National 

Institute of Standards and Technology.380 The analytical coefficient of variation for 25(OH)D was 

7.8% at 24 nmol/l, 4.2% at 46 nmol/l and 4.1% at 82 nmol/l. The Abbott Architect i2000 is 

accredited by the National Association of Testing Authorities for measurement of 25(OH)D, and 

the recently improved version has been shown to have reduced variability in comparison to liquid 

chromatography with tandem mass spectrometry (LC–MS/ MS). 

 

In a subset of infants from whom sufficient blood sample was collected, peripheral blood plasma 

from the 3, 6 and 12 months appointments were later batch analysed using also LC-MS/MS 

certified by the Centers for Disease Control vitamin D Standardization Certification Program. In a 
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serum based approach vitamin D metabolites are extracted using liquid-liquid extraction, followed 

by 2-dimensional LC-MS/MS analysis using an Agilent 6460 LC-QQQ mass spectrometer. The 

imprecision (coefficient of variation) of the assay is consistently <5% at 22.9 through 182 nmol/l, 

and can report down to 2 nmol/l.381 

 

2.3.3 Response to Toll-like receptor ligands, polyclonal mitogen and allergens  

 

Cell culture was conducted in a subset of infants from whom sufficient peripheral blood 

mononuclear cells (PBMC) were collected. To assess innate immune functional responses PBMC 

(1x 106/ml) were cultured alone or with TLR2/6 ligand (FSL-1, 100 ng/ml), TLR4 ligand (LPS-EK 

Ultrapure, 10 ng/ml), and TLR7/8 ligand (R848, 10µg/ml), all of which were purchased from 

InvivoGen (San Diego, CA, USA) to assess innate immune functional responses. All cultures were 

plated in 96-well round-bottom plates in 250 µl of RPMI-1640 (Life Technologies, Grand Island, NY, 

USA) plus 10% non–heat-inactivated fetal calf serum ((FCS) Australian Biosearch, Karrinyup, 

Australia), and incubated at 37°C in a 5% CO2 atmosphere for 24 hours.  

 

Polyclonal T cell responses were assessed by culturing PBMC in AIM-V media (Life Technologies) 

supplemented with 2-mercaptoethanol, in the presence of 1 µg/ml phytohaemaglutinin (PHA) 

mitogen (Murex Biotech Ltd, Dartford, UK) for 48 hours at 37°C and 5% CO2. Cytokine production 

to house dust mite extract (HDM) (10 mg/ml; gifted by the Department of Cell Biology, Telethon 

Kids Institute, Subiaco, Australia) and egg ovalbumin (OVA) (100 mg/ml, Invivogen, San Diego, CA, 

USA) were also determined after 48 hours of incubation at 37°C and 5% CO2 atmosphere. 

Following culture, plates were centrifuged and the supernatants aliquoted and stored at -20°C 

until cytokine analysis (chapter 4). 

 

2.3.4 Cytokine protein detection 

 

Cytokines in cell culture supernatants were measured using the Human Cytokine Magnetic 25-plex 

Panel (Life Technologies, Frederick, MD, USA) and Luminex 200 multiplexing technology (Luminex 

Corp, Austin, Tex). A value equivalent to the upper limit of the assay was assigned to 

measurements exceeding this limit of detection. All data are shown as increases above the 

cytokine levels in unstimulated control wells (chapter 4). 
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2.3.5 Flow cytometry: Phenotypical analysis of T lymphocyte and myeloid/DC subsets 

 

When sufficient mononuclear cells (MC) from CB and 6 month peripheral blood cells were 

available, cells were labeled using two panels of fluorochrome conjugated monoclonal antibodies 

(mAb) one for the identification of T cells (13 colour) and the other to identify DC (15 colour). 

Preference was given to the T cell panel if MC number was limited. Data acquisition was 

performed on a LSRFortessa (BD Biosciences) and analysed using FlowJo version 10.1 software 

(TreeStar, CA, USA). The fluorescence minus one (FMO) method was used to obtain a precise 

definition for cells with high background fluorescence.382 

 

2x106 MC were first stained for viability with viability dye Zombie NIR (BioLegend) for 15 minutes 

at room temperature in phosphate buffered saline (PBS). Cells were subsequently washed in 

buffer (PBS + 1% FCS). 

 

Nonspecific binding of Abs to Fc receptors was controlled by pre-incubating MC with 50 μg/ml 

human immunoglobulins (BD Biosciences) for 10 minutes at room temperature to block 

nonspecific antibody binding by Fc receptors.   

 

After washing in PBS supplemented with 4% heat-inactivated FCS (FACS buffer), cells were 

incubated for 30 minutes on ice with 2 separate multi-fluorochrome panels designed for analysis 

of either T lymphocyte or myeloid/DC subsets. The specific T cell and DC panels used are further 

outlined in chapter 5.  

 

Following incubation, cells in the T cell panel, were washed and incubated with Streptavidin-AF700 

(BD Biosciences) for 20 minutes. Once surface labelling was completed cells were washed again 

and intracellular staining for intracellular markers was performed using the Transcription Factor 

Buffer Set (BD) for permeabilization and fixation according to manufacturer’s instructions. For the 

DC panel, cells were washed in FACS buffer.  

 

Cells from both panels were subsequently suspended in FACS buffer and analysed on a 

LSRFortessa (BD). Flow samples were analysed using FlowJo v10.1 software (BD). For analysis in R, 

compensated and down-sampled files, 50,000 events per sample, were exported from FlowJo and 



	

	 70	

imported into R 3.6.1 using FlowCore383 and visualised using the CATALYSt.384 Differential 

abundances were assessed using the diffcyt package.385 

 

2.4 Statistical analysis 

(outlined in detail in chapters 3 to 7)  

 

Analyses for the RCT were performed according to the intention-to-treat principle (chapters 4, 6). 

Between-group differences were assessed by using unpaired Student t tests, assuming equal 

variances for parametric data. Normality of the continuous variables was determined with the 

Kolmogorov–Smirnov test of normality. For between-group differences of continuous variables, 

independent samples t test was used or Mann–Whitney U test if data were not normally 

distributed. Mean (standard deviation (SD)) and median (interquartile range (IQR)) were reported 

for parametric and non-parametric data, respectively. Pearson’s Chi-square test or a Fisher exact 

test were used for between-intervention/placebo group comparisons and clinical outcomes 

(categorical variables). To evaluate the effect of the intervention/placebo group on clinical allergy 

outcomes, logistic regression was applied. All tests were two-sided with a p < 0.05 considered. 

Analysis was performed with IBM SPSS Statistics software for Windows (version 25; IBM, Armonk, 

NY).  

 

Comparing CIA with LC-MS/MS assay (chapter 3) statistical analysis was conducted using Stata v14 

(ref: StataCorp. 2015. Stata Statistical Software: Release 14. College Station, TX: StataCorp LP). As 

measures of agreement, Lin’s concordance correlation coefficient and corresponding 95% 

confidence interval and Bland–Altman’s limits of agreement method was used. Bradley–

Blackwood test was also performed. All statistical tests were two-tailed. Statistical significance was 

set at p < 0.05. Concordance was implied if the value for the correlation between difference and 

mean was near zero and the Bradley–Blackwood coefficient (F) was not statistically significant.  

 

Regarding UV light exposure data (chapter 7) statistical analysis was performed using IBM SPSS 

Statistics for Windows, version 26 (IBM Corp., Armonk, N.Y., USA).  For the dosimeter worn only 

group, a generalized linear model (GEE) with binomial probability distribution and logit link 

function was used to examine the influence of direct UV light exposure in the first three months 

(covariate) on the development of allergic disease within the first 2.5 years of life (dependent 
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variable yes/no), with the odds ratio (OR), 95% Wald confidence intervals (CI) and significance 

reported, and Bonferroni corrected pairwise comparison conducted as appropriate. Generalized 

linear mixed models (GLMM) (binomial distribution with a logit link) were used to examine the 

changes over the four time points for each of the binary outcomes (present/absent): eczema, 

wheeze or any allergic disease (atopy). Time was used as a repeated measure. An unstructured 

random effect for participants was included for the atopy models only. Fixed effects for 

confounding variables were examined in separate models (due to sample size limitations) to 

identify potential confounding.  The model used an unstructured repeated covariance structure, 

with a robust estimation for model assumptions. A sequential Bonferroni corrected pairwise 

comparison was conducted as appropriate. A final GLMM model was conducted with all 

confounders that reported a significant effect for each outcome. 

 

For flow cytometry data (chapter 5) and comparison of multiple experimental groups, two-way 

ANOVA followed by Bonnferroni’s post test was used; and for comparison of categorical data 

between groups, Pearson’s χ2 test was used; for survival analysis, log-rank test was utilized. For 

comparison of differential abundance of clusters a GLMM was used through the diffcyt R-package. 

Statistical analysis was performed using R 3.6.1 (R-project.org) or Prism 8.02 (GraphPad Software, 

San Diego, CA). Flow cytometry figures were generated using FlowJo software and GraphPadPrism 

v 6.05 (GraphPad Software, La Jolla, CA). 
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Abstract: Hypovitaminosis D is prevalent worldwide; however, analytical bias in the measurement
of circulating 25-hydroxyvitamin D (25(OH)D) concentrations may a↵ect clinical treatment decisions
and research. We performed parallel plasma 25(OH)D analyses using the Abbott Architect i2000
chemiluminescent immunoassay (CIA) and liquid chromatography–tandem mass spectrometry
(LC–MS/MS) for paired samples from the same infants at 3 (n = 69), 6 (n = 79) and 12 months (n = 73)
of age. To test agreement, we used Lin’s concordance correlation coe�cient and corresponding
95% confidence interval, Bland–Altman’s limits of agreement, and Bradley–Blackwood (BB) test.
Agreement was high at 3 months (coe�cient between di↵erence and mean �0.076; BB F = 0.825;
p = 0.440), good at 12 months (�0.25; BB F = 2.41; p = 0.097) but missing at 6 months of age (�0.39;
BB F = 12.30; p < 0.001). Overall, 18 infants had disparate results based on the cut-o↵ point for
vitamin D deficiency (25(OH)D < 50 nmol/L), particularly at three months, with seven (10%) infants
deficient according to CIA but not LC–MS/MS, and four (6%) deficient by LC–MS/MS but not CIA.
To our knowledge, this is the first study to show that the reported 25(OH)D concentration may be
influenced by both age and assay type. Physicians and researchers should be aware of these pitfalls
when measuring circulating 25(OH)D concentrations in infants and when developing treatment plans
based on measured vitamin D status.

Keywords: 25-hydroxyvitamin D; analytical bias; infants; vitamin D

1. Introduction

Vitamin D deficiency is a significant global concern due to both its high prevalence in diverse
populations and its multisystem health implications [1–5]. Sunlight exposure is required for vitamin D
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synthesis, and a growing body of evidence suggests that lifestyle changes, including reduced outdoor
activity, may explain the global rise of vitamin D insu�ciency over the last decades [6–8]. There is
long-standing awareness of the importance of vitamin D for bone health [4]. There is also expanding
evidence that vitamin D plays a role in various other inflammatory non-communicable diseases [2–4].

Many of these multisystem e↵ects may be influenced by the impact of vitamin D on the immune
function [9]. Increased knowledge of the broader health implications of vitamin D status has translated
to higher demands for measuring circulating 25-hydroxyvitamin D (25(OH)D) concentrations, with
substantial cost to health systems [10,11]. This underscores the importance of cost-e↵ective, reliable
and accurate assays for determining vitamin D status—and a clear understanding of the variability
between di↵erent assays used in clinical practice and research.

Thresholds for vitamin D deficiency are based on total 25(OH)D concentrations (25(OH)D3 plus
25(OH)D2) [12,13]. However, the accurate assessment of vitamin D status is challenging, since 25(OH)D
is lipophilic, strongly bound to vitamin D-binding protein and has more than 50 epimers [12,14].
The interpretation of total circulating 25(OH)D concentrations is further complicated by the presence
of the C3-epimeric form (C3-epi-25(OH)D3), particularly in infants aged 12 months [15,16]. Due
to their molecular similarity, C3-epi-25(OH)D3 may be incorrectly interpreted as 25(OH)D by some
assays. Furthermore, the downstream hydroxylated C3-1,25(OH)2D is thought to have considerably
lower biological activity than the active form of vitamin D, 1,25-dihydroxyvitamin D. Inadvertently
including C3-epi-25(OH)D3 may result in an overestimation of circulating 25(OH)D concentrations in
infants, leading to under-prescription of supplements and undue toxicity concerns [15,16].

A liquid chromatography–tandem mass spectrometry (LC–MS/MS) method that is certified to
the reference measurement procedures (RMPs) developed by the National Institute of Standards
and Technology, Ghent University, and the US Centers for Disease Control and Prevention [17,18] is
considered to be the gold standard for measuring circulating 25(OH)D concentrations [19]. LC–MS/MS
can report 25(OH)D3 concentrations independently of 25(OH)D2 and C3-epi-25(OH)D3 [12]. However,
the requirement of highly trained technologists, the limited sample throughput, and the high cost of the
equipment, places constraints on the widespread use of LC–MS/MS in clinical laboratories. In contrast,
the automated immunoassay is less expensive and much easier to perform with high-throughput
capacity [20]. This is the method most commonly used in clinical laboratories and is the basis for
the clinical classification of vitamin D deficiency and subsequent recommendations for vitamin D
supplementation [12].

Despite the introduction of monitoring programs (International Vitamin D External Quality
Assessment Scheme (DEQAS) [21], Vitamin D Standardization Program (VDSP) [17,22] and the College
of Pathologists’ recommendations [23]), substantial between-assay di↵erences have been documented
between laboratories engaged in measuring circulating 25(OH)D concentrations [24]. Studies in adults
have demonstrated that serum 25(OH)D concentrations measured by LC–MS/MS were generally higher
than those measured by other assays [19,24].

Limited data on assay variability are available in infants [25,26]. An Australian study in neonates
showed a tendency towards lower serum 25(OH)D concentrations measured by LC–MS/MS compared
with those determined by immunoassay, although the di↵erence was not statistically significant [25].
Adequate vitamin D status in infancy has unique implications for long-term health—not only for
life-long bone health [27], but also for immune and metabolic health [28]. Even small individual
di↵erences around the cut-o↵ point for vitamin D deficiency can potentially result in misclassification
of vitamin D status [26] and alter decisions around vitamin D supplementation [29]. Given the lack of
data comparing the performances of vitamin D assays in infants, we aimed to investigate the inter-assay
variability between the chemiluminescent immunoassay (CIA) and the LC–MS/MS method in infants
at 3, 6 and 12 months of age.
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2. Materials and Methods

This is an observational study comparing parallel analyses by CIA and LC–MS/MS of identical
paired samples for plasma 25(OH)D concentrations in the same cohort of infants at 3, 6, and 12 months
of age. The samples were collected between March 2012 and August 2016 as part of a randomized
controlled trial conducted in Perth, Australia [30], which was designed to assess the e↵ect of oral
vitamin D supplementation (400 IU/day cholecalciferol over 6 months) on infant immune outcomes
(ACTRN12612000787886). Written informed consent was obtained before trial participation. Ethics
approval was granted by the Human Research Ethics Committees of Princess Margaret Hospital
(1959EP).

Peripheral blood was collected by venipuncture and processed for plasma and mononuclear cells.
Ref. [30] Two di↵erent assays were used for the determination of plasma 25(OH)D concentrations.

We used a delayed one-step chemiluminescent microparticle immunoassay (CIA) on an automated
Abbott Architect i2000 (Abbott Laboratories, Illinois). The calibrators were standardized against
Standard Reference Material 2-972 from the National Institute of Standards and Technology [31].
The analytical coe�cient of variation for 25(OH)D was 7.8% at 24 nmol/L, 4.2% at 46 nmol/L and 4.1%
at 82 nmol/L. Cross reactivity between 25(OH) vitamin D and 25(OH)D3 epimer was 1.3%, and that
between 25(OH) vitamin D and 25(OH)D2 epimer was 0.8%. The Abbott Architect i2000 is accredited
by the National Association of Testing Authorities for measurement of 25(OH)D, and the recently
improved version has been shown to have reduced variability in comparison to LC–MS/MS [32].

The concentrations of 25(OH)D were also analysed by the LC–MS/MS method certified by
the VDSP [17]. This method has been previously described [33]. Briefly, liquid–liquid extraction
of vitamin D metabolites was followed by 2-dimensional LC–MS/MS analysis on an Agilent 6460
LC–QQQ mass spectrometer. The coe�cient of variation of the assay was consistently <5% at 23 to
182 nmol/L and could report down to 2 nmol/L. Using this assay, 25(OH)D2, 25(OH)D3 and C3-epimer
concentrations were measured; 25(OH)D2 concentrations were consistently <3 nmol/L and were
therefore not reported [33]. As Abbott Architect i2000 did not measure C3-epimer concentrations, these
were not included in our analysis, however, they are reported in Tables 1 and 2.

Statistical analysis was conducted using Stata v14 (ref: StataCorp. 2015. Stata Statistical Software:
Release 14. College Station, TX: StataCorp LP). As measures of agreement, we used Lin’s concordance
correlation coe�cient and corresponding 95% confidence interval and Bland–Altman’s limits of
agreement method. Bradley–Blackwood test, a test of equality of means and variances of both variables,
was also performed. All statistical tests were two-tailed. Statistical significance was set at p < 0.05.
Concordance was implied if the value for the correlation between di↵erence and mean was near zero
and the Bradley–Blackwood coe�cient (F) was not statistically significant. Vitamin D deficiency was
defined as 25(OH)D concentrations < 50 nmol/L, the preferred cut-o↵ point used in Australia [34,35].
We compared results for plasma 25(OH)D concentrations between CIA and LC–MS/MS. For each assay,
we also determined the proportion of samples identified as below the cut-o↵ point for vitamin D
deficiency (25(OH)D < 50 nmol/L) [36,37].

3. Results

Of the 120 participants, parallel plasma 25(OH)D measurements using CIA and LC–MS/MS
were available for paired samples of 69 infants at 3 months, 79 infants at 6 months, and 73 infants at
12 months of age (Table 1).
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Table 1. Descriptive statistics for plasma 25(OH)D concentrations reported by chemiluminescent
immunoassay (CIA) and liquid chromatography–tandem mass spectrometry (LC–MS/MS).

Assay n Range (nmol/L) Mean (nmol/L) SD (nmol/L)
Mean (SD) Di↵erence

between Laboratories

Age: 3 months

CIA 69 18.00–97.00 72.16 28.81
LC–MS/MS

C3-epimer 69 9.30–183.80
2.40–33.00

74.79
11.11

27.43
7.40 +2.63 (19.35)

Age: 6 months

CIA 79 26.00–182.00 86.91 29.29
LC–MS/MS

C3-epimer 79 25.80–149.80
2.60–36.00

93.23
10.92

22.18
7.32 +6.32 (19.04)

Age: 12 months

CIA 73 42.00–167.00 76.19 21.83
LC–MS/MS

C3-epimer 73 36.00–125.60
1.80–16.20

76.62
4.53

18.19
2.56 +0.43 (15.71)

SD, standard deviation.

Table 2. Individual plasma 25(OH)D concentrations of infants with inconsistent measurements at the
cut-o↵ point for vitamin D deficiency comparing CIA and LC–MS/MS data.

Age CIA (nmol/L) LC–MS/MS (nmol/L)

3
months

40 * 84.3 (9 ^)
46 * 56.2 (3.6 ^)
44 * 56.6 (6.9 ^)
49 * 66.9 (15 ^)
49 * 53.5 (2.6 ^)
34 * 56.3 (5.3 ^)
46 * 51.7 (4.3 ^)
78 31.2 * (4.0 ^)

102 40.9 * (3.4 ^)
89 35.2 * (3.6 ^)
87 44.8 * (2.4 ^)

6
months

36 * 120.8 (2.7 ^)
34 * 55.6 (4.4 ^)
46 * 55.4 (3.8 ^)
45 * 66.2 (4.8 ^)
26 * 89.3 (10.6 ^)

12
months

44 * 52.2 (2.4 ^)
42 * 63.3 (3.0 ^)

* Below the cut-o↵ point for vitamin D deficiency (25(OH)D <50 nmol/L); ^ including C3-epimeric form.

The Abbott CIA reported the sum of D2 and D3 metabolites. Using LC–MS/MS, we were able to
di↵erentiate D2 and D3 metabolites, and this analysis consistently revealed 25(OH)D2 concentrations
of <3 nmol/L for each included sample.

There was good agreement between assays at three months of age (Bland–Altman bias =2.63,
correlation between di↵erence and mean R = �0.076; Bradley–Blackwood F = 0.825; p = 0.443) (Figure 1)
but not at six months of age (Bland–Altman bias= 6.316; R = �0.40; F = 12.32; p < 0.001) (Figure 2).
There was agreement at 12 months of age (Bland–Altman bias= 0.433, R = �0.25; F = 2.41; p = 0.097)
(Figure 3).
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Figure 1. Comparison of 25(OH)D concentrations in paired samples at three months of age using two
di↵erent assays: (A) Bland–Altman plot; (B) Concordance analysis; 25(OH)D, 25-hydroxyvitamin D;
Lin’s correlation = 0.760 (0.659–0.860, p < 0.001).



Int. J. Environ. Res. Public Health 2020, 17, 412 6 of 12

 
Mean 25(OH)D concentrations (nmol/L) of paired samples  

measured by LC-MS/MS and CIA 

D
iff

er
en

ce
 in

 2
5(

O
H

)D
 c

on
ce

nt
ra

tio
ns

 (n
m

ol
/L

) b
et

w
ee

n 
 

pa
ire

d 
sa

m
pl

es
 m

ea
su

re
d 

by
 L

C
-M

S
/M

S
 a

nd
 C

IA
 

 
Figure 2. Comparison of assays in paired samples at six months of age: (A) Di↵erence between
two parallel analyses using Bland–Altman plots; (B) Concordance analysis; Lin’s correlation = 0.710
(0.610–0.810, p < 0.001).
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measured by LC-MS/MS and CIA 
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Figure 3. Comparison of assays in paired samples at 12 months of age: (A) Di↵erence between
two parallel analyses using Bland–Altman plots; (B) Concordance analysis; Lin’s correlation = 0.694
(0.578–0.811, p < 0.001).

For each assay, we also determined the proportion of samples identified as below the cut-o↵ point
for vitamin D deficiency (25(OH)D < 50 nmol/L). Seven (10%) of the three-month-old infants were
defined as vitamin D-deficient by CIA but not LC–MS/MS, and four (6%) were defined as deficient
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by LC–MS/MS but not CIA (Table 2). Among the 6- and 12-month-old infants, five and two infants,
respectively, were deficient according to laboratory CIA but not LC–MS/MS. None of the 6- and
12-month-old infants were vitamin D-deficient according to LC–MS/MS. (Table 2).

4. Discussion

This study compared the two major 25(OH)D assays currently in use (immunoassay and
LC–MS/MS) for analysing plasma 25(OH)D concentrations in the same cohort of 3-, 6-, and 12-month-old
infants. We found that inter-assay variation di↵ered by age. Overall, there was agreement at 3 and
12 months, but not at 6 months of age. On an individual basis, measurements around the cut-o↵
point for vitamin D deficiency (25(OH)D < 50 nmol/L) di↵ered between assays. At three months of
age, 10% of the infants were defined as vitamin D-deficient by CIA but not LC–MS/MS, and 6% were
defined as deficient by LC–MS/MS but not CIA. Hence, such assay variability may lead to therapeutic
consequences for younger infants, including errors in the determination of the need and dose of
vitamin D supplementation to promote bone health.

Uniquely, we compared CIA and LC–MS/MS longitudinally in the first year of life and noticed
an age di↵erence in assay variability which is supported by a European study in older children
and adults [6], suggesting that this finding may be influenced by age-related metabolic changes.
The observed age di↵erence in assay variability in our cohort may also be impacted by the actual
25(OH)D concentration, as other studies have observed more agreement for lower than for higher
concentrations of 25(OH)D [24,38]. In our study, 25(OH)D concentrations were higher at 6 months
than at 3 and 12 months of age, which could be explained by nutritional factors, such as changing
from breastfeeding to vitamin D-enriched formulas. Further, vitamin D supplementation commenced
in some infants at three months of age due to low vitamin D status, which likely resulted in higher
plasma 25(OH)D concentrations at six months.

Potentially, it could be argued that the C3-epimer concentrations may have a↵ected the outcome
of the comparison between the two assays. However, in our study, C3-epimer concentrations were
very similar at three and six months of age, although our results showed agreement between methods
at three months of age but not at six months of age. Furthermore, looking at CIA, cross reactivity
between 25(OH)D3 and the C3-epimer is known to be only minimal (1.3%). Hence, detection of the
C3-epimer would not explain the missing agreement between the two assays at six months of age.

While our results are consistent with those of the previous small (n = 10) South Australian study
on neonates [25], there are a number of points of distinction. Firstly, the South Australian study used an
enzyme immunoassay for comparison with LC–MS/MS, while we compared the more commonly used
CIA. Secondly, in the South Australian study, a capillary blood sample was collected for a newborn
screening test, while we used venous blood samples from older infants. Thirdly, we analysed plasma
25(OH)D concentrations at three di↵erent time points through the first year of life, while the South
Australian study only collected a single sample during the neonatal period. Hence, for the first time,
we were able to track inter-assay di↵erences in infancy longitudinally.

Using blood samples from children aged 9–11 years, an Iranian paediatric study compared a
competitive protein-binding assay-based enzyme immunoassay (CPBA) with a high-pressure liquid
chromatography (HPLC) method for measuring 25(OH)D concentrations [39]. They found that CPBA
sensitivity and specificity were poor (44% and 61%, respectively) compared to HPLC. Although
the results of this study cannot be directly compared to ours (di↵erent assays, ages, ethnicity and
lower cut-o↵ point for vitamin D deficiency at 12.5 nmol/L) [19,38], its findings nonetheless support
that vitamin D determinations in infants are influenced by the assay used. A recent German study
which includes children aged 1 to 17 years highlights how standardization has a substantial impact
on estimates of vitamin D status. The authors concluded that standardization of clinical, research
laboratory and commercial assays for 25(OH)D measurement is urgently required, supporting our
findings that until then, researchers and clinicians need to be aware of the problems when using
di↵erent assays [6].
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Studies in adults also demonstrate inter-assay variability [17,19,24,38,40]. Due to di↵erences in
sample preparation and lack of standardization in calibration, there is also substantial variability
between the same assay type in di↵erent laboratories [13,19,25,41,42]. Substantial variation was even
observed using repeated measures of the same assay in the same laboratory [38].

Since accurate and reliable measures are essential for clinical indications for vitamin D
supplementation, assay variability may have an influence on clinical decisions. Correct clinical
decisions, while important at all ages, are particularly important in early childhood [43,44], a life stage
when optimal bone health is crucial for gross motor development. Furthermore, there is growing
evidence that vitamin D deficiency may have a long-lasting impact on immune and metabolic health.
This highlights the need for reliable and standardized measurements and, if required, adequate vitamin
D supplementation early in life [28]. Ideally, the same assay should be used longitudinally to monitor
treatment responses.

Assay variability may also impact on research, since the use of di↵erent assays hinders pooling of
results. A few randomized controlled trials have assessed the e�cacy of daily drops of 400 IU vitamin
D in the first year of life. However, di↵erent assays were used to quantify 25(OH)D: CIA [30,45],
radioimmunoassay (RIA) [46] and LC–MS/MS [47], and only two of these studies referred to the use of
an external quality assessment system [30,47].

Although e↵orts have been made to standardize 25(OH)D measurements in research and clinical
settings [17,21,22,42], substantial variability in the measurement of 25(OH)D concentrations still occurs.
In these instances, harmonising results to international standards by reanalysing a relatively small
number of samples is suggested [24].

A strength of the present study is the analysis of sample pairs in the same cohort of infants at 3, 6
and 12 months of age. However, our study was a single-centre study with a limited number of analysed
samples; therefore, results may not be generalizable. The inherent limitations of vitamin D assays must
also be considered when comparing variability, including variations between and within methods
carried out in di↵erent laboratories, by di↵erent operators, or using di↵erent reagent kit batches.

5. Conclusions

We have shown that age in infancy influences the variability between commonly used assays for
measuring 25(OH)D concentrations. Physicians, researchers, laboratory technicians and authorities
need to be aware of the current limitations when interpreting and comparing vitamin D values derived
from di↵erent assays. Accurate measurement of circulating 25(OH)D concentrations is essential for
indicating the need for vitamin D supplementation, which is particularly important in pregnancy,
lactation and infancy, when optimal bone growth is of paramount importance. Reliable measurement
is also crucial for research and public health initiatives, particularly for estimating the prevalence of
vitamin D deficiency and for following participants longitudinally.
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Atopic dermatitis and inflammatory skin disease

Direct infant UV light exposure is associated
with eczema and immune development

Kristina Rueter, MD,a,b,c* Anderson P. Jones, PhD,d* Aris Siafarikas, MD,a,b,d Ee-Mun Lim, MD, PhD,e,f

Natasha Bear, MBiostats,g Paul S. Noakes, PhD,a,d Susan L. Prescott, MD, PhD,a,b,c,d and Debra J. Palmer, PhDa,d

Crawley, Subiaco, Nedlands, and Perth, Australia, and West New York, NJ

GRAPHICAL ABSTRACT

Presence 
of eczema

Placebo Intervention

3 months 6.7% 10.0%
6 months 19.3% 21.8%

Vitamin D 
supplementation 
had no impact on 

eczema 
development

Less UV light 
exposure was 

associated with 
eczema development

Presence 
of eczema

UV exposure [J/m2]
Median (Interquartile range)

no 998 (676-1577)
yes 555 (322-1210)

UV light exposure appears more beneficial 
than vitamin D supplementation as an 

eczema prevention strategy in early infancy 

Background: Suboptimal vitamin D levels during critical
periods of immune development have emerged as an
explanation for higher rates of allergic diseases associated with
industrialization and residing at higher latitudes.
Objective: We sought to determine the effects of early postnatal
vitamin D supplementation on infant eczema and immune
development.
Methods: By using a double-blind randomized controlled trial,
newborn infants were randomized to receive vitamin D
supplementation (400 IU/d) or a placebo until 6 months of age.
Some infants also wore personal UV dosimeters to measure

direct UV light (290-380 nm) exposure. Infant vitamin D levels
were measured at 3 and 6 months of age. Eczema, wheeze, and
immune function outcomes were assessed at 6 months of age.
Results: At 3 (P < .01) and 6 (P 5 .02) months of age, vitamin D
levels were greater for the vitamin D–supplemented group than
the placebo group, but there was no difference in eczema
incidence between groups. Infants with eczema were found to
have had less UV light exposure (median, 555 Joules per square
meter [J/m2; interquartile range, 322-1210 J/m2]) compared
with those without eczema (median, 998 J/m2 [interquartile
range, 676-1577 J/m2]; P 5 .02). UV light exposure was also
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inversely correlated with IL-2, GM-CSF, and eotaxin
production to Toll-like receptor ligands.
Conclusion: This study is the first to demonstrate an association
between greater direct UV light exposures in early infancy with
lower incidence of eczema and proinflammatory immune
markers by 6 months of age. Our findings indicate that UV light
exposure appears more beneficial than vitamin D
supplementation as an allergy prevention strategy in early life.
(J Allergy Clin Immunol 2019;143:1012-20.)

Key words: Allergy prevention, eczema, hereditary risk, infant,
immune function, randomized controlled trial, UV light, vitamin D
supplementation, wheeze

The pattern of infant allergic disease has changed dramatically
in the last 20 years, suggesting new and changing environmental
risk factors affecting young infants.1 Although the prevalence of
asthma and allergic rhinitis remains high, there has been a sub-
stantial increase in both eczema and food allergy in what has
been described as the ‘‘second wave’’ of the allergy epidemic.1

This has called for a more detailed investigation of the factors
most likely affect the developing immune system in early life.

A ‘‘vitamin D hypothesis’’ emerged to explain associations
found between regions of higher latitudes and increased risk of
development of allergic diseases in children.2-5 Vitamin D insuf-
ficiency became a key candidate associated with early-life
allergic diseases based on both population6-8 and mechanistic9,10

studies that provided biological pathways of influence. However,
intervention trials examining the effect of vitamin D supplemen-
tation during infancy as an allergy prevention strategy were lack-
ing. Thus we designed this randomized controlled trial (RCT) to
determine the effect of infant oral vitamin D supplementation in
the early postnatal period on the developing immune phenotype.

In addition to investigating the effect of infant vitamin D
supplementation, this trial has also quantitativelymeasured infant
UV light exposure using personal UV dosimetry during the first
3 months of the postnatal period. UV light exposure is the
predominant source of vitamin D in human subjects and has also
been shown to independently modulate immune function.11 The
use of UV dosimeters is unique to this study investigating
early-life vitamin D supplementation with early allergic disease
symptoms and immune function outcomes. Use of UV dosimeters
in this study has enabled us to also examine whether there could
be an effect of UV light exposure that is independent of the par-
allel effect that UV light has on vitamin D status.

METHODS
Study design

This study was a double-blind, placebo-controlled RCT. Healthy term
(delivered >37weeks’ gestation) singleton infants were recruited before 28 days
of age.All the infants had a first-degree relative (mother, father, or sibling)with a
history of allergic disease (asthma, eczema, and allergic rhinitis) to reduce
heterogeneity in immune function outcomes. This study excluded infants whose
mothers had smoked during pregnancy or had an underlying immunodeficiency/
autoimmune disease or those with maternal 25-hydroxyvitamin D (25[OH]D)
level serum concentrations of less than 50 nmol/L or greater than 100 nmol/L
between 36 and 40 weeks’ gestation, which was intended to reduce the risk of
vitamin D deficiency or toxicity in the infant participants.

Written informed consent was obtained before trial participation. Human
research ethics committee approvals were granted by the Princess Margaret
Hospital for Children, Joondalup Health Campus, St John of God Subiaco,

Southern Metropolitan Health Service, and the University of Western
Australia. The trial was registered with the Australian New Zealand Clinical
Trials Registry (ACTRN12606000281594).

Randomization and allocation concealment
Randomization was conducted by the Princess Margaret Hospital for

Children Clinical Trials Pharmacy and stratified according to a history of
maternal allergic disease and the participant’s sex. The pharmacy created a
randomization plan from an online source (www.randomization.com) for each
of the 4 stratification groups. Both the intervention (vitamin D) and control
(placebo) oils were packaged to appear identical and to maintain the blind.
Pharmacy staff had no contact with participants, and all research staff re-
mained blind to the allocations until analyses were completed.

Trial intervention
The intervention group received 400 IU/d vitamin D3, whereas the placebo

control group received an identical product of coconut and palm kernel oil but
containing no vitamin D. These were given to the infants orally as 1 drop of
liquid (0.03 mL) per day. Both products were supplied by Ddrops (Wood-
bridge, Ontario, Canada). Randomization occurred within 28 days after birth,
and supplementation was stopped at 6 months of age. Following recommen-
dations for infant vitamin D supplementation,12 caregivers were advised to
cease administration of the trial product if the infant was consuming
1000 mL/d or more vitamin D–fortified infant formula.

Blood collection
Peripheral infant blood samples were collected at 3 and 6 months of age by

means of venipuncture, placed in lithium heparin tubes (Vacuette; Greiner
Bio-One GmbH, Kremsm!unster, Austria), and processed immediately after
the clinic visit for plasma and PBMC analysis. Mononuclear cells were
separated by means of density gradient centrifugation (Lymphoprep; Axis-
Shield PoC AS, Oslo, Norway). Purified mononuclear cells were cryopre-
served in RPMI 1640 media (Life Technologies, Grand Island, NY) and FCS
with 7.5% dimethyl sulfoxide. Plasma samples were stored at 2808C.

Measurement of 25(OH)D levels
25(OH)D levels were quantified by using a competitive chemiluminescent

immunoassay, automated on the Abbott Architect i2000 (Abbott Laboratories,
Abbott Park, Ill [operated by PathWest Laboratory Medicine, Nedlands,
Western Australia]) using a 2-step incubation process with human serum
calibrators. Internal quality control data indicate the coefficient of variation for
25(OH)D as follows: 11.4% at 22 nmol/L, 5.2% at 48 nmol/L, 4.5% at
68 nmol/L, and 4.0% at 90 nmol/L. The Abbott Architect i2000 is accredited
by the National Association of Testing Authorities for measurement of
25(OH)D levels.

Monitoring intervention safety
Plasma collected at 3 months of age was analyzed for 25(OH)D, calcium,

phosphate, and alkaline phosphatase to ensure participants did not have
vitamin D deficiency or toxicity during the trial. Test results were sent to a

Abbreviations used
IQR: Interquartile range
J/m2: Joules per square meter

25(OH)D: 25-Hydroxyvitamin D
OVA: Ovalbumin
RCT: Randomized controlled trial
TLR: Toll-like receptor

J ALLERGY CLIN IMMUNOL

VOLUME 143, NUMBER 3

RUETER ET AL 1013

http://www.randomization.com


pediatric endocrinologist (AS) who informed caregivers and the participants’
nominated general practitioner if any parameters were out of the expected
normal range. The researchers involved in data collection and analysis
remained blind to these test results throughout the trial.

UV dosimetry
This trial was conducted in Perth, Australia, with a latitude of 328

South. Perth has an average of 3200 hours of sunshine per year. Daily
values range from 5 hours (June-August) to 11 hours (December and
January; https://www.livingin-australia.com/sunshine-hours-australia/).
UV dosimeters (VioSpor blue line Type II; Biosense, Bornheim, Germany)
were used to obtain objective quantitative data on infant UVexposure from
0 to 3 months of age. These dosimeters provide data on the total UV light
(290-380 nm) exposure dose (in joules per square meter [J/m2]) obtained
over the period of use. Dosimeters consisted of a biological UV-sensitive
film, a special filter-optic system, and the protective dosimeter casing.

The highly sensitive DNA molecules of immobilized spores of
Bacillus subtilis produce a responsivity profile that corresponds to that of
human skin. After irradiation, the spore film is incubated in growth medium,
and the proteins synthesized during spore germination are stained and
evaluated by means of photometry. Bacterial activity is correlated with
UV exposure.13 These personal UV dosimeters had been used successfully
in an infant study conducted in Germany by Siafarikas et al.14 Because UV
exposure measurement was not the primary outcome of the RCT, dosimeters
were only issued to a subset of participants (3-4 per month to distribute over
the course of 2 years because of the possible seasonal influence on UV
exposure).

Instructions were given to attach dosimeters at the level of the infant’s head
or shoulders and positioned so that the UV-sensitive detector was unobscured
to light.15 This positioningwas specified on the assumption that the facewould
be the area most reliably exposed to UV light not being covered by blankets or
clothing. It was recommended that caregivers attach the dosimeter directly to
the infant’s clothing.

FIG 1. Study flow of participants.
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Infant allergic disease and infection data collection
Medical diagnosis of eczemawas defined according to the guidelines of the

American Academy of Dermatology Association by typical skin lesions, and
severity was rated based on the SCORAD index.16 Diagnosis of wheeze (virus
induced and nonviral) was made by a medical doctor. Parents were also asked
general infant health questions during the trial, including questions about use
of antibiotics as a proxy assessment for infection given the requirement for a
medical assessment and prescription. Data were collected at the age 3- and
6-month appointments.

Response to Toll-like receptor ligands, polyclonal
mitogen, and allergens

Cell culture was conducted in a subset of infants from whom sufficient
PBMCs were collected. PBMCs (1 3 106/mL) were cultured alone or with
Toll-like receptor (TLR) 2/6 ligand (FSL-1; 100 ng/mL), TLR4 ligand
(LPS-EK Ultrapure; 10 ng/mL), and TLR7/8 ligand (R848; 10 mg/mL), all
of which were purchased from InvivoGen (San Diego, Calif), to assess innate
immune functional responses. All cultures were plated in 96-well
round-bottom plates in 250 mL of RPMI-1640 (Life Technologies) plus
10% non–heat-inactivated FCS (Australian Biosearch, Karrinyup, Australia)
and incubated at 378C in a 5% CO2 atmosphere for 24 hours.

Polyclonal T-cell responses were assessed by culturing PBMCs in AIM-V
media supplemented with 2-mercaptoethanol in the presence of PHAmitogen
(1 mg/mL; Murex Biotech, Dartford, United Kingdom) for 48 hours at 378C
in a 5% CO2 atmosphere. Cytokine production to house dust mite extract
(10 mg/mL; gifted by the Department of Cell Biology, Telethon Kids Institute,
Subiaco, Australia) and egg ovalbumin (OVA; 100 mg/mL; InvivoGen) were
also determined after 48 hours of incubation at 378C in a 5%CO2 atmosphere.
After the described cell-culture period, plates were centrifuged, and superna-
tants were placed in aliquots and stored at 2208C until cytokine analysis.

Cytokine protein detection
Cytokines in cell-culture supernatants were measured with the Human

Cytokine Magnetic 25-plex Panel (Life Technologies, Frederick, Md) and
Luminex 200 multiplexing technology (Luminex, Austin, Tex). A value
equivalent to the upper limit of the assay was assigned to measurements

exceeding this limit of detection. All data are shown as increases above
cytokine levels in unstimulated control wells.

Statistical methods
Analyses were performed according to the intention-to-treat principle.

Between-group differences were assessed by using unpaired Student t tests,
assuming equal variances for parametric data. Continuous data were analyzed
by using Spearman rank correlation (rho). Mean (SD) and median (interquar-
tile range [IQR]) values are reported for parametric and nonparametric data,
respectively. The association between intervention group and clinical out-
comes was assessed by using the Pearson x2 test. All tests were 2-sided,
with a P value of less than .05 considered significant. Statistical analysis
was performed with IBM SPSS Statistics software for Windows (version
25; IBM, Armonk, NY).

RESULTS
Infant characteristics

Enrollment began on October 9, 2012, and ended on January
23, 2017. A total of 195 infants were randomized into the trial, 97
to the intervention vitamin D group and 98 to the placebo group.
Fig 1 shows the participant flow diagram. Baseline characteristics
of the 2 groups are described in Table I. Allocations in the vitamin
D group compared with those in the placebo group were not
different across seasons (P5 .24). Data collection was completed
on July 4, 2017. Ninety-two percent (180/195) of infant partici-
pants attended their appointment at 3 months of age, and 89%
(173/195) of infants attended their appointment at 6 months of
age. Nine (n5 6 from the vitaminD group) parents withdrew con-
sent to participate during the intervention period.

25(OH)D levels
Blood samples were collected from 140 infants (n 5 68 from

the vitamin D group) at 3 months of age and 141 infants (n 5 73
from the vitamin D group) at 6 months of age. At both 3 (P < .01)
and 6 (P5.02)months of age, 25(OH)D levelswere greater for the
vitamin D group than the placebo group, as reported in Table II.
At 3 months of age, 26 infants (n 5 22 from the placebo group)
were found to have a 25(OH)D level of less than 50 nmol/L.
The parents of these 26 infants were advised to cease study prod-
uct use and were referred to their local general practitioner for
independent advice regarding vitamin D supplementation. These
infants remained in the study for follow-up at 6 months of age.

Between 0 and 3 months of age, 15 infants (n 5 6 from the
placebo group) and an additional 7 infants (n 5 1 from the
placebo group) between 3 and 6 months of age consumed
1000 mL/d or more of vitamin D–supplemented infant formula
and were advised to cease the study product use but remained in
the study for follow-up at 6 months of age. In addition, by
3 months of age, 41% of infants in the placebo group had
consumed somevitaminD–supplemented infant formula, and this
increased to 56% by 6 months of age.

TABLE I. Participants’ baseline characteristics

Placebo group
(n 5 98)

Vitamin D group
(n 5 97)

Mean (SD) Mean (SD)

Maternal 25(OH)D level, late
gestation

75.9 (13.1) 76.8 (14.0)

Gestational age at birth (wk) 39.2 (1.0) 39.2 (1.0)
Age at randomization (d) 12.8 (4.8) 13.2 (5.2)

No. (%) No. (%)

Infant male sex 53 (54.1) 51 (52.6)
Caesarian section 38 (38.8) 37 (38.1)
Mother completed secondary school 93 (94.9) 90 (92.8)
Mother completed tertiary education 68 (69.4) 73 (75.3)
Maternal white race 79 (80.6) 83 (85.6)
Maternal history of allergic disease 75 (77.3) 75 (77.3)
Paternal history of allergic disease 71 (74.0) 75 (77.3)
Sibling history of allergic disease 21 (61.8) 20 (54.0)
Maternal Vitamin D supplementation

in pregnancy
33 (34.0) 34 (35.8)

Infant season of birth
Summer 13 (13.3) 17 (17.5)
Autumn 28 (28.6) 16 (16.5)
Winter 27 (27.6) 30 (30.9)
Spring 30 (30.6) 34 (35.1)

TABLE II. Participants’ 25(OH)D levels

Placebo group,
mean (SD)

Vitamin D group,
mean (S)D P value

Infant age
Three mo 59.2 (22.7) 83.2 (27.8) <.01
Six mo 82.0 (27.9) 93.1 (28.7) .02

J ALLERGY CLIN IMMUNOL

VOLUME 143, NUMBER 3

RUETER ET AL 1015



UV light exposure from 0 to 3 months of age
A total of 86 infants were given a personal UV dosimeter to

wear until 3 months of age. Noncompliance with use of the UV
dosimeter occurred with 4 infants, leaving 82 infants with useable
UV light exposure data (n 5 34 from the vitamin D group).
The total median UV light exposure measured in these 82 infants
was 952 J/m2 (IQR, 557-1577 J/m2) from 0 to 3 months of age,
typically with faces, hands, and arms exposed. There was a
difference (P5 .047) in the measured UV light exposure between
the vitamin D group (median, 1204 J/m2 [IQR, 709-1955 J/m2])
and the control group (median, 815 J/m2 [IQR, 508-1394
J/m2]). There were no correlations between UV light exposure
and 25(OH)D levels at 3 or 6 months of age, as described in
Table III. UV light exposure was not associated with season of
birth (P 5 .33): winter-born infants had a median UV exposure
of 1018 J/m2 (IQR, 678-1955 J/m2), and summer-born infants
had a median UVexposure of 1203 J/m2 (IQR, 717-1825 J/m2).

Clinical allergic disease and infection outcomes
By 6 months of age, 35 infants had doctor-diagnosed eczema,

and 30 had at least 1 episode of doctor-diagnosed wheeze. The
frequency of either outcome did not differ significantly between the
vitamin D and placebo groups, as reported in Table IV. Eczema
severity (objective SCORAD score) also did not differ between
the vitamin D and placebo groups at either 3 (P 5 .81) or 6
(P 5 .94) months of age. There was also no difference (P 5 .51)
in maternal late gestation vitamin D levels between infants with
doctor-diagnosed eczema (25[OH]D mean, 78.4 nmol/L [SD,
14.2 nmol/L]) and those without eczema (25(OH)D mean,
76.7 nmol/L [SD, 13.3 nmol/L]). The majority of infant wheeze
occurred with a viral illness; only 4 infants (all from the placebo
group) had nonviral wheezing during the intervention period.

However, infants with doctor-diagnosed eczema in the first
6 months of life had significantly less UV light exposure (n5 16:
median, 555 J/m2 [IQR, 322-1210 J/m2]; n 5 64: median, 998
J/m2 [IQR, 676-1577 J/m2]; P 5 .02) by 3 months of age. No
significant difference in UV exposure (P 5 .96) was found
between infants who did (n 5 14) or did not (n 5 64) have
doctor-diagnosed wheeze in the first 6 months of life.

Antibiotics were prescribed at least once during the
intervention period for 12 (14.1%) of 85 infants in the vitamin
D group compared with 22 (25.0%) of 88 infants in the placebo
group (P 5 .11). Antibiotic use was not associated with UV
exposure in the infants (P 5 .74).

Immune function outcomes
At 6 months of age, infants supplemented with vitamin D had

lower production of the T-cell growth factor IL-2 in response to
TLR2/6 ligand (P 5 .03) and TLR4 ligand (P 5 .02), with a
similar trend for TLR7/8 ligand (P 5 .06), as shown in Fig 2.

Differences in adaptive responses were also observed, with lower
production of the proinflammatory cytokine IL-1b in response to
OVA allergen in the vitamin D group (P < .01, Fig 2). Plasma
25(OH)D levels at 6 months of age were only inversely correlated
with GM-CSF to OVA (rho520.350, P5 .01, n5 50) and IL-4
to PHA (rho520.283,P5 .03, n5 57). Table E1 in this article’s
Online Repository at www.jacionline.org reports all correlation
results between 25(OH)D levels at 6 months of age and PBMC
cytokine expression at 6 months of age. Plasma 25(OH)D levels
at 3 months of age were inversely correlated with cytokine
responses only to PHA (n 5 46): IFN-g (rho 5 20.299,
P 5 .04), IL-2 (rho 5 20.388, P 5 .01), and monokine induced
by IFN-g (rho 5 20.481, P < .01). Table E2 in this article’s
Online Repository at www.jacionline.org reports all correlation
results between 25(OH)D levels at 3 months of age and PBMC
cytokine expression at 6 months of age. Because of an insufficient
number of infants with adequate blood volume collection for
PBMC cytokine analysis, this was not undertaken at 3 months
of age.

UV light exposure from 0 to 3 months of age was inversely
correlated with IL-2 production to TLR2/6 (rho 5 20.441,
P 5 .02, n 5 26), TLR4 (rho 5 20.496, P < .01, n 5 30), and
TLR7/8 (rho 5 20.502, P < .01, n 5 26: Fig 3). Other
correlations that emerged between UV exposure and cytokine
production were lower levels of RANTES and eotaxin in
response to TLR4 (rho 5 20.402, P 5 .03, n 5 30 and
rho520.452, P5 .01, n5 30, respectively; Fig 3). In addition,
UV exposure was inversely correlated with production of
GM-CSF to TLR4 and TLR7/8 (rho 5 20.455, P 5 .01,
n 5 30, and rho 5 20.630, P < .01, n 5 26, respectively;
Fig 3). Table V reports all correlation results between UV light
exposure from 0 to 3 months of age and PBMC cytokine
expression at 6 months of age.

DISCUSSION
This study is the first to demonstrate an association between

greater direct infant UV light exposure in the first 3 months of
life and both lower incidence of medically diagnosed infant
eczema and lower levels of immune factors associated with
allergic inflammation at 6 months of age. Greater UV light
exposure was associated with lower production of IL-2, which

TABLE III. UV light exposure from 0 to 3 months of age and 25(OH)D levels

Placebo group Vitamin D group All infants

Correlation coefficient, no. of infants Correlation coefficient, no. of infants Correlation coefficient, no. of infants

Age 3 mo 0.108 (P 5 .52), n 5 38 0.291 (P 5 .18), n 5 23 0.250 (P 5 .05), n 5 61
Age 6 mo 0.068 (P 5 .70), n 5 34 0.326 (P 5 .09), n 5 28 0.245 (P 5 .06), n 5 62

TABLE IV. Clinical allergic disease outcomes

Placebo
group,
no. (%)

Vitamin
D group,
no. (%)

P
value

Doctor-diagnosed eczema by 3 mo 6 (6.7) 9 (10.0) .42
Doctor-diagnosed eczema by 6 mo 16 (19.3) 19 (21.8) .68
Doctor-diagnosed wheeze by 3 mo 7 (8.0) 7 (8.0) 1.00
Doctor-diagnosed wheeze by 6 mo 14 (16.7) 16 (18.2) .79
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plays a central role in differentiation of naive CD4 T cells into
TH2 cells, with potential implications for allergic disease
development17; GM-CSF, which facilitates antigen-specific
TH2 responses and allergic inflammation18; and lower levels of
eotaxin, a chemokine associated with allergic inflammation.19,20

Hence both early infancy clinical symptoms and immune
markers of inflammation appear to be decreased by direct expo-
sure of infants to UV light in the first few postnatal months. This
is in accordance with the previous findings2-5 of greater allergic
disease incidence at higher latitudes, where there is less UV light
exposure.

Our finding of no significant difference between the infant
vitamin D–supplemented group and the placebo group for
infant doctor-diagnosed eczema is consistent with vitamin D
supplementation during pregnancy and offspring allergic disease
outcome trials conducted over recent years.21-24 In this study we
also found no association between maternal late gestation vitamin
D levels and infant doctor-diagnosed eczema by 6 months of age.
This indicates that there might be local (skin) or systemic effects
of UV radiation that are independent of the parallel effect that
UV light exposure has on vitamin D status. It has been previously
proposed that bioactive molecules, such as nitric oxide25 and
urocanic acid,26,27 which are released from the skin into the
systemic circulation after sunlight exposure, could mediate
long-lasting, epigenetically imprinted effects on immune

function.28 Chimeric mouse studies have demonstrated altered
functionality within cells of the myeloid lineage that is transferable
from UV-irradiated donor mice to naive recipients.28,29 For
instance, UV-chimeric mice exhibit reduced responses to a contact
hypersensitivity assay or skin treatment with an inflammatory
stimulus.28 The authors ascribe these findings to a reduced ability
of myeloid-derived antigen-presenting cells to initiate responses
to antigens and not to effects ofUV radiation onT-cell proliferation
or generation of IL-10.28 The present study also finds UVexposure
to be inversely correlated with antigen-presenting cell–dependent
innate immune responses, suggesting that the observed association
between UV and eczema might be subsequent to epigenetic
changes in myeloid progenitors.

In addition, suberythemal doses of UV radiation can have
localized vitamin D–dependent and independent effects that
protect against development of allergic disease.30 UV radiation
can support skin barrier function through activation of the
cutaneous vitamin D system, which in turns stimulates filaggrin,
epidermal ceramide production, epidermal lipid synthetic
enzymes, and involucrin.31 Moreover, there is some evidence
that direct suberythemal UV radiation can upregulate the
synthesis of other significant stratum corneum lipids, including
free fatty acids.32 Ideally, future human studies need to more fully
investigate the relationship between UV light exposure and these
mechanistic and clinical outcomes in early life.

FIG 2. Scatter plots of cytokine (IL-2 and IL-1b production to TLR (TLR2/6, TLR4, and TLR7/8) ligands and
OVA comparison between the intervention vitamin D–supplemented and placebo groups.
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In summary, our findings indicate that UV light exposure
appears to be more beneficial than infant vitamin D supplemen-
tation as an allergy prevention strategy in early life. Future

mechanistic studies need to investigate which bioactive mole-
cules can be involved. However, further research is still required
to determine how much sunlight exposure in infancy is ideal, and

FIG 3. Scatter plots of cytokine (IL-2, GM-CSF, eotaxin, and RANTES) production to TLR (TLR2/6, TLR4 and
TLR7/8) ligands in accordance with UV light exposure from 0 to 3 months of age.
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we need to weigh the benefits of potentially reduced allergic
disease outcomes with potentially increased cancer risks also
associated with sun exposure–related skin damage.

We thank the families who participated, the research staff who supported
the data collection, and the staff at the Princess Margaret Hospital Research
Pharmacy.

Clinical implications: Direct UV light exposure in early infancy
appears to be an important infant eczema prevention strategy.
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TABLE E1. Correlation coefficients between 25(OH)D levels at 6 months of age and PBMC cytokine expression at 6 months of age

TLR2/6 (n 5 52)
TLR4

(n 5 57) TLR7/8 (n 5 50)
HDM

(n 5 52)
OVA

(n 5 50)
PHA

(n 5 57)

IL-1b 0.056, P 5 .69 20.116, P 5 .39 20.123, P 5 .39 0.074, P 5 .61 20.211, P 5 .14 20.013, P 5 .93
IL-10 20.162, P 5 .25 20.113, P 5 .40 0.005, P 5 .97 20.132, P 5 .35 20.297, P 5 .05 20.180, P 5 .18
IL-13 20.209, P 5 .14 20.134, P 5 .32 20.109, P 5 .45 0.003, P 5 .98 20.057, P 5 .70 20.133, P 5 .32
IL-6 0.153, P 5 .28 20.097, P 5 .47 0.060, P 5 .68 0.156, P 5 .27 20.040, P 5 .78 20.116, P 5 .39
IL-12 0.113, P 5 .42 20.005, P 5 .97 0.097, P 5 .50 0.150, P 5 .29 20.090, P 5 .53 0.137, P 5 .31
IL-17 20.046, P 5 .75 20.028, P 5 .84 20.060, P 5 .68 20.033, P 5 .82 20.069, P 5 .63 20.086, P 5 .53
RANTES 0.000, P 5 1.00 20.134, P 5 .32 20.127, P 5 .38 0.178, P 5 .21 20.023, P 5 .88 0.069, P 5 .61
Eotaxin 20.155, P 5 .27 20.152, P 5 .26 20.166, P 5 .25 20.080, P 5 .57 20.204, P 5 .16 20.060, P 5 .66
GM-CSF 20.120, P 5 .40 20.187, P 5 .16 20.267, P 5 .06 20.260, P 5 .06 20.350, P 5 .01 20.030, P 5 .83
MIP-1a (CCL3) 0.098, P 5 .49 20.170, P 5 .21 20.024, P 5 .87 0.233, P 5 .10 20.018, P 5 .90 0.161, P 5 .23
MIP-1b (CCL4) 0.013, P 5 .93 20.060, P 5 .66 20.006, P 5 .97 0.170, P 5 .23 0.127, P 5 .38 0.168, P 5 .21
MCP-1 (CCL2) 20.100, P 5 .48 20.087, P 5 .52 0.048, P 5 .74 0.133, P 5 .35 0.064, P 5 .66 0.039, P 5 .77
IL-15 20.107, P 5 .45 20.065, P 5 .63 20.222, P 5 .12 20.163, P 5 .25 20.248, P 5 .08 0.014, P 5 .92
IL-5 20.048, P 5 .74 20.051, P 5 .71 20.115, P 5 .43 0.047, P 5 .74 20.169, P 5 .24 20.175, P 5 .19
IFN-g 20.013, P 5 .93 0.191, P 5 .15 20.037, P 5 .80 0.008, P 5 .95 20.169, P 5 .24 0.202, P 5 .13
IFN-a 0.041, P 5 .78 20.009, P 5 .94 0.150, P 5 .30 0.201, P 5 .15 0.071, P 5 .63 0.097, P 5 .48
IL-1RA 20.087, P 5 .54 20.176, P 5 .19 20.170, P 5 .24 0.200, P 5 .16 0.094, P 5 .52 0.020, P 5 .88
TNF-a 20.012, P 5 .93 0.002, P 5 .99 20.064, P 5 .66 20.141, P 5 .32 20.037, P 5 .80 0.011, P 5 .94
IL-2 20.135, P 5 .34 20.170, P 5 .21 20.250, P 5 .08 20.198, P 5 .16 20.182, P 5 .21 20.134, P 5 .32
IL-7 0.122, P 5 .39 20.208, P 5 .12 0.027, P 5 .85 0.120, P 5 .40 20.014, P 5 .93 20.083, P 5 .54
IP-10 (CXCL10) 20.255, P 5 .07 20.221, P 5 .10 20.095, P 5 .51 20.152, P 5 .28 20.151, P 5 .30 0.016, P 5 .91
IL-2R 0.016, P 5 .91 20.191, P 5 .16 20.135, P 5 .35 0.112, P 5 .43 20.034, P 5 .81 0.079, P 5 .56
MIG (CXCL9) 20.123, P 5 .39 20.092, P 5 .50 20.001, P 5 1.00 0.134, P 5 .34 0.159, P 5 .27 0.069, P 5 .61
IL-4 20.159, P 5 .26 20.097, P 5 .47 20.044, P 5 .76 20.118, P 5 .41 20.267, P 5 .06 20.283, P 5 .03
IL-8 20.093, P 5 .51 20.129, P 5 .34 20.111, P 5 .44 0.055, P 5 .70 0.054, P 5 .71 20.096, P 5 .48

Boldface type indicates statistical significance.
HDM, House dust mite; IL-1RA, IL-1 receptor antagonist; IL-2R, IL-2 receptor; IP-10, interferon-inducible protein 10; MCP, monocyte chemoattractant protein; MIG, monokine
induced by IFN-g; MIP, macrophage inflammatory protein.
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TABLE E2. Correlation coefficients between 25(OH)D levels at 3 months of age and PBMC cytokine expression at 6 months of age

TLR2/6 (n 5 41) TLR4 (n 5 46) TLR7/8 (n 5 39) HDM (n 5 41) OVA (n 5 39) PHA (n 5 46)

IL-1b 0.048, P 5 .77 0.173, P 5 .25 0.013, P 5 .94 20.196, P 5 .22 20.293, P 5 .07 20.081, P 5 .59
IL-10 0.083, P 5 .61 0.086, P 5 .57 20.014, P 5 .93 20.022, P 5 .89 0.051, P 5 .76 20.133, P 5 .38
IL-13 20.18, P 5 .26 0.065, P 5 .67 0.005, P 5 .97 20.257, P 5 .11 20.139, P 5 .40 20.295, P 5 .50
IL-6 20.01, P 5 .95 0.012, P 5 .94 20.02, P 5 .91 20.213, P 5 .18 20.234, P 5 .15 20.079, P 5 .60
IL-12 0.035, P 5 .83 20.054, P 5 .72 20.122, P 5 .46 20.143, P 5 .37 20.311, P 5 .05 0.079, P 5 .60
IL-17 20.003, P 5 .99 0.044, P 5 .77 20.063, P 5 .70 20.166, P 5 .30 0.039, P 5 .81 20.079, P 5 .60
RANTES 0.052, P 5 .75 0.015, P 5 .92 0.000, P 5 1.00 20.11, P 5 .49 20.091, P 5 .58 20.105, P 5 .49
Eotaxin 0.113, P 5 .48 0.189, P 5 .21 0.102, P 5 .54 0.209, P 5 .19 20.071, P 5 .67 0.067, P 5 .66
GM-CSF 20.06, P 5 .71 0.035, P 5 .82 0.039, P 5 .81 20.156, P 5 .33 20.195, P 5 .23 20.234, P 5 .12
MIP-1a (CCL3) 20.033, P 5 .84 0.003, P 5 .98 20.015, P 5 .93 20.229, P 5 .15 20.256, P 5 .12 20.186, P 5 .22
MIP-1b (CCL4) 0.002, P 5 .99 0.013, P 5 .93 20.037, P 5 .82 20.278, P 5 .08 20.176, P 5 .28 20.108, P 5 .47
MCP-1 (CCL2) 0.107, P 5 .50 0.051, P 5 .74 20.025, P 5 .88 20.085, P 5 .60 20.059, P 5 .72 0.000, P 5 1.00
IL-15 20.032, P 5 .84 0.043, P 5 .78 20.11, P 5 .50 20.197, P 5 .22 20.069, P 5 .67 20.221, P 5 .14
IL-5 20.022, P 5 .89 20.03, P 5 .84 20.052, P 5 .76 20.106, P 5 .51 20.252, P 5 .12 20.079, P 5 .60
IFN-g 0.037, P 5 .82 20.046, P 5 .76 20.193, P 5 .24 20.199, P 5 .21 0.002, P 5 .99 20.299, P 5 .04
IFN-a 0.113, P 5 .48 0.029, P 5 .85 20.087, P 5 .60 20.125, P 5 .44 20.171, P 5 .30 20.044, P 5 .77
IL-1RA 20.016, P 5 .92 20.011, P 5 .94 20.156, P 5 .34 20.131, P 5 .41 0.023, P 5 .89 20.189, P 5 .21
TNF-a 0.153, P 5 .34 0.121, P 5 .43 0.136, P 5 .41 20.134, P 5 .41 0.126, P 5 .44 20.067, P 5 .66
IL-2 20.040, P 5 .80 20.076, P 5 .62 20.043, P 5 .80 20.303, P 5 .05 20.162, P 5 .32 20.388, P 5 .01
IL-7 0.047, P 5 .77 0.097, P 5 .52 0.140, P 5 .40 0.098, P 5 .54 0.191, P 5 .24 0.118, P 5 .44
IP-10 (CXCL10) 0.040, P 5 .80 20.065, P 5 .67 20.066, P 5 .69 20.095, P 5 .56 20.037, P 5 .82 20.278, P 5 .06
IL-2R 0.064, P 5 .69 0.181, P 5 .23 0.198, P 5 .23 20.257, P 5 .11 20.187, P 5 .25 20.290, P 5 .05
MIG (CXCL9) 0.177, P 5 .27 0.115, P 5 .45 0.051, P 5 .76 20.131, P 5 .41 20.173, P 5 .29 20.481, P < .01
IL-4 0.156, P 5 .33 0.142, P 5 .35 0.105, P 5 .53 20.09, P 5 .57 0.010, P 5 .95 0.026, P 5 .86
IL-8 20.001, P 5 1.00 0.012, P 5 .94 0.107, P 5 .52 20.191, P 5 .23 20.162, P 5 .32 20.194, P 5 .20

Boldface type indicates statistical significance.
HDM, House dust mite; IL-1RA, IL-1 receptor antagonist; IL-2R, IL-2 receptor; IP-10, interferon-inducible protein 10; MCP, monocyte chemoattractant protein; MIG, monokine
induced by IFN-g; MIP, macrophage inflammatory protein.
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Abstract
Background: Low vitamin D levels have been associated with allergic diseases. 
Vitamin D has potent immunomodulatory properties, but the mechanisms remain 
unclear. We have investigated the effect of oral vitamin D supplementation on circu-
lating immune cell phenotypes in infants.
Method: A double-blinded randomised controlled trial was conducted to investigate 
the effect of oral vitamin D supplementation (400 IU/d) on eczema and immune de-
velopment. A subset of 78 infants was included in this analysis. Phenotypic analysis 
of immune cell subsets was performed using flow cytometry.
Results: Vitamin D supplementation resulted in median 25(OH)D levels of 80.5 vs 
59.5 nmol/L in the placebo group at 3 months of age (P = .002) and 87.5 vs 77 nmol/L 
at 6 months of age (P = .08). We observed significant changes in immune cell compo-
sition from birth (cord blood) to 6 months of age. Vitamin D supplementation did not 
impact these changes, nor did immune cell composition correlate with plasma 25(OH)
D levels. Through exploratory analysis, we identified possible associations with ec-
zema development and increased abundance of naïve CD4- T cells at birth, as well 
as associations with basophils, iNKT and central memory CD4+ T cells, and altered 
expression patterns of IgE receptor (Fc!R1) on monocytes and dendritic cells with 
eczema at 6 months.
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1  | INTRODUC TION

Vitamin D and serum levels of its metabolites 25(OH)D and 
1,25(OH)2D during early life have been proposed to be associated 
with the risk of developing allergic diseases, notably as the preva-
lence of allergic disease has been associated with increasing latitude.1 
Low vitamin D status during the first few years of life has also been 
reported to increase the risk of eczema,2 food allergy,3 wheeze,4 al-
lergic rhinitis5 and allergen sensitisation.3 The possible involvement 
of vitamin D in reducing allergic disease risk is further supported by 
experimental data, suggesting that vitamin D plays a regulatory role in 
the immune system.6 Vitamin D acts through the Vitamin D receptor 
which is expressed across a range of immune cells including dendritic 
cells (DC), T cells and B cells. Immune cells such as DC and mac-
rophages also produce 1"-25(OH) vitamin D3 hydroxylase enabling 
local production of the active 1,25(OH)2D from 25(OH)D which may 
further assist with shaping immune responses.7 Experimental and in 
vitro studies have suggested that vitamin D influences a range of im-
mune cells with relevance to allergic disease,6 including modulation of 
Th1/Th2 responses, IgE production in B cells, induction of regulatory 
T (Treg) cells and the ability of DC to induce tolerogenic immune re-
sponses and reduce expression of the IgE receptor (Fc!RI)8; however, 
how these effects operate in humans remains unclear.

Eczema is one of the earliest manifestations of allergic disease 
and may affect up to 15%-20% of children.9 The pathogenesis of 
eczema is complex and appears as the result of both genetic and 
environmental factors leading to a defective skin barrier and a dys-
regulated immune system.9 Some infants with eczema become sen-
sitised to common environmental and/or food allergens during the 
first year of life and are at a high risk for progressing to food allergy, 
allergic rhinitis and asthma.10 Notably, there is evidence of immune 
dysregulation already at birth in predisposed infants, with signs of 
attenuated immune responses following stimulation,11 a decreased 
proportion of Treg cells in cord blood12 and reduced IL-10 or IFN-#. 
This is coupled with increased IL-4 production,13 increased propor-
tion of memory (CD45RO+) T cells14 and alterations in circulating 
DCs with increased levels of Fc!RI expression.15

To further examine the potential protective effect of 25(OH)
D status on allergic disease development via immune modulation, 
we established a double-blind, randomised controlled trial (RCT) to 
investigate whether oral vitamin D supplementation over the first 
6 months of life could modulate allergen-specific immune responses 

and reduce the incidence of eczema in infants with high atopic risk, 
but 25(OH)D-sufficient mothers.16 Here, we report the analysis of 
cellular immune profiles in the cord blood mononuclear cells and pe-
ripheral blood mononuclear cells at 6 months of age.

2  | METHODS

2.1 | Clinical study design

This analysis was conducted on a subset of 78 infants participat-
ing in the previously published infant oral vitamin D3 supplementa-
tion (400 IU/d) RCT (Australian New Zealand Clinical Trials Registry 
ACTRN12612000787886).16 The infant subset for this analysis was 
selected from the 195 infants included in the RCT based on the avail-
ability of cord blood and infant blood samples collected at 6 months 
of age (Figure 1). Infant participant characteristics are displayed 
in Table 1. Written informed consent was obtained before partici-
pation. Approval was granted by the Princess Margaret Hospital 
for Children Human Research Ethics Committee (HREC approval 
number 1959EP), and the study conforms to the standards of the 
Declaration of Helsinki.

Additional methods are available in Supplementary material.

Conclusions: Vitamin D supplementation in infants who were vitamin D sufficient at 
birth did not affect developmental changes in immune cells during the first 6 months 
of life. However, immune cell profiles at birth and at 6 months of age were associated 
with early life eczema.

K E Y W O R D S

early life, eczema, immune cell profiles, randomised controlled trial, vitamin D 
supplementation

Key Message

Low vitamin D levels are associated with development of 
allergic disease, possibly due to its immune modulatory 
properties. To assess the impact of vitamin D on immune 
cell development during infancy, we conducted a double 
blinded vitamin D supplementation RCT. Our analysis 
shows that in vitamin D sufficient infants, vitamin D sup-
plementation did not impact the normal development of 
immune cells during the first 6 months of life, neither did 
it influence expression of functional immune cell markers. 
Given that these types of early-life intervention trials are 
rare, our findings provide important insights into the on-
going debate regarding vitamin D supplementation during 
infancy.
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3  | RESULTS

3.1 | Establishment of developmental trajectory

To assess the impact of vitamin D supplementation on immune de-
velopment during the first 6 months of life, we established the 

developmental trajectories of common immune cell subsets using 
flow cytometry, two custom-made antibody panels and a combination 
of FlowSOM and tSNE visualisation (Figure 2A,B). Using CATALYST17 
and diffcyt18 R packages, the developmental changes from birth (cord) 
to 6 months were assessed using paired analysis. The proportion of 
cells in clusters deemed significantly different between the two time 

F I G U R E  1   Study flow of participants. 
CB, cord blood; CBMCs, cord blood 
mononuclear cells; PBMCs, peripheral 
blood mononuclear cells

 
Vitamin D 
intervention group Placebo group P*

Infants (n) n = 40 n = 38  

Maternal 25(OH)D level at late gestation, 
nmol/L, mean, (SD)

75.8 (14.1)a  73.6 (12.1) .467

Birthweight, g, mean (SD) 3412.2 (376.3) 3462.5 (329.0) .534

Gestational age at birth, weeks, median 
(IQR)

39.1 (38.4-40.0) 39.4 (38.5-40.2) .114

Age at randomisation, days, median (IQR) 11.0 (8.0-15.0) 11.5 (9.7-13.0) .943

Infant male sex, n (%) 20 (50%) 19 (50%) 1.0

Caesarean section, n (%) 12 (30.0%) 13 (34.2%) .876

Caucasian infant, n (%) 33 (82.5%) 32 (84.2%) 1.0

Maternal history of allergic disease, n (%) 26 (65.0%) 25 (65.8%) 1.0

Paternal history of allergic disease, n (%) 29 (72.5%) 28 (73.7%) 1.0

Sibling history of allergic disease, n (%) 10 (25.0%) 8 (21.1%) .874

Vitamin D supplementation in 
pregnancy, n (%)

13 (32.5%) 13 (33.3%) 1.0

Exclusively breastfed at randomisation, 
n (%)

25 (62.5%) 26 (68.4%) .756

Currently breastfed at 6 mo, n (%) 28 (70.0%) 31 (81.6%) .354

Any breastmilk within first 6 mo, n (%) 36 (90.0%) 37 (97.4%) .387

Any formula within first 6 mo, n (%) 23 (57.5%) 20 (52.6%) .838

aData are displayed as mean (standard deviation; SD), median (interquartile range; IQR) or 
proportion depending on data distribution. 
*P-values of statistical difference between experimental groups using either Student's t test, 
Mann-Whitney U test or Pearson's chi-square test depending on characteristics of the data. 

TA B L E  1   Infant characteristics
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points were displayed per major cell subset definition (Figure 2C). 
As expected, dramatic changes in cell abundances between birth 
and 6 months of age were observed with over 50% of cells in each 
cell definition changing abundance between the two time points. 
Defining immune cell subsets using conventional marker expression 
(Figure S1A,B), many of the changes occurring from birth to 6 months 
of age were confirmed. In particular, there were significant increases in 
B-cell and T-cell populations whereas abundance of natural killer (NK) 
cells, basophils, monocytes, innate lymphocyte cells (ILC) and invari-
ant natural killer T (iNKT) cells significantly decreased (Figure 2D,E).

3.2 | No impact of vitamin D intervention

We then assessed whether vitamin D supplementation impacted the 
developmental trajectory of any of the identified immune cell subsets. 

As this analysis was performed on a subset of the original RCT par-
ticipants,16 we confirmed the impact of vitamin D supplementation on 
plasma 25(OH)D levels during the first 6 months of life. As maternal 
25(OH)D levels of less than 50 nmol/L were exclusion criteria for in-
fant participation in the RCT, the majority of infants were 25(OH)D 
sufficient at birth and no difference was observed between the groups 
before supplementation (Figure 3A). At 3 months of age, levels of 
25(OH)D were significantly elevated in the intervention group, and at 
6 months of age, a trend of increased levels remained compared to the 
placebo group (Figure 3A). Using the diffcyt package, we assessed if vi-
tamin D supplementation significantly impacted cell subset abundance 
at 6 months of age. In clusters defined as NK cells, 1.5% of cells in this 
definition significantly differed in abundance between the groups, 
suggesting a limited impact by the intervention (Figure 3B). Minor ef-
fects in cells defined as T cells were also observed (Figure 3B). Using 
conventional gating, no significant difference in trajectories between 

F I G U R E  2   (A,B) Immune cell definitions were based on FlowSOM clustering and visualised using tSNE for the DC (A) and T-cell panel (B). 
(C) Paired comparison of cluster abundance at birth and 6 mo of age. The proportion of cells per each definition that are different between 
the two time points are displayed. (D,E) Using conventional gating and unpaired analysis, differences between cell subset abundance are 
compared between birth and 6 mo of age. In A,B, data are visualised from down-sampled files nDC = 89, nT = 118. In C, statistical significance 
is calculated using a paired generalised linear mixed model nDC = 35, nT = 42. In D,E, statistical significance of difference in cell subset 
abundance between the two time points is calculated using multiple t test with adjusted P-value and displayed as ***P < .001, **P < .01. At 
birth, nDC = 46, nT = 47; at 6 mo, nDC = 42, nT = 71
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birth and 6 months of age was observed, suggesting that vitamin D 
supplementation does not impact the developmental trajectory relat-
ing to abundance of defined immune cell phenotypes during the first 
6 months of life in 25(OH)D-sufficient infants (Figure 3C,D).

To further explore the impact of vitamin D supplementation 
on the function of immune cell subsets, we assessed subset-spe-
cific expression levels of several function-associated markers, such 
as CD40, CD86 or CD69, in the vitamin D and placebo groups at 
6 months of age. No impact of vitamin D intervention was ob-
served in expression of these markers across any of the immune 
cell subsets (Figure S2A,B). As oral vitamin D supplementation only 
partly contributed to the circulating levels of 25(OH)D,16 we also 
explored if plasma 25(OH)D levels at 3 and 6 months and UV ex-
posure during the first 3 months of life were associated with an 
increased/decreased abundance of specific immune cell subset 
(Tables S3 and S4). Through this analysis, we observed weak cor-
relations with 25(OH)D levels at 3 months of age and NK, CD14+/
CD16+ monocyte and terminally differentiated effector memory 
(TDEM) CD4+ T-cell abundance at 6 months of age (Table S3) as 

well as a positive correlation with UV exposure at 3 months of age 
and abundance of effector memory (EM) and central memory (CM) 
CD4- T cells (Table S4), suggesting that 25(OH)D and UV exposure 
only have limited impact on the abundance of specific immune cell 
subset during this period.

3.3 | Immune cell subsets associated with eczema in 
early infancy

The RCT did not detect a beneficial effect of vitamin D supple-
mentation on eczema development during the first 6 months of 
life in 25(OH)D-sufficient infants.16 As an exploratory analysis, 
we assessed if abundance of specific immune cell subsets was 
associated with eczema development during the same period. At 
birth, diffcyt analysis revealed that cells defined as CD4- T cells, 
followed by B cells, contained the largest proportion of cell sub-
sets with significantly different abundance in infants who devel-
oped eczema compared to those who did not (Figure 4A). Indeed, 

F I G U R E  3   (A) 25(OH)D plasma levels at birth, 3 mo and 6 mo of age in the vitamin D intervention or placebo group. (B) Comparison of 
cluster abundance in the vitamin D intervention group or placebo at 6 mo of age. The proportion of cells that belong to clusters that are 
significantly different between the two groups are displayed for each cell definition in the two panels. (C,D) Using conventional gating, the 
ratio of cell subset abundance at 6 mo and at birth was compared between the vitamin D intervention and placebo group. In A, significance 
of difference was calculated using two-way ANOVA followed by Bonferroni's post hoc test, data are displayed as individual data points, and 
box/whiskers display median, 25%-75% percentile and range. In B, statistical significance is calculated using a generalised linear mixed model 
nDC(vit D) = 18, nDC(placebo) = 24, nT(Vit D) = 38, nT(placebo) = 33. In C,D, statistical significance of difference in cell ratios between the two groups 
is calculated using multiple t test with adjusted P-value. At birth, nDC = 46, nT = 47; at 6 mo, nDC(vit D) = 18, nDC(placebo) = 24, nT(Vit D) = 38, 
nT(placebo) = 33
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using conventional gating, we observed elevated levels of naïve 
CD4− T cells in infants who developed eczema compared to those 
who did not (Figure 4B). In a prospective analysis, there was also a 
trend (P = .06) that infants born in the top quartile of naïve CD4− 
T cells were more likely to develop eczema compared to the rest 
of the population (Figure 4C). At 6 months of age, diffcyt analy-
sis indicated that cells defined as CD4+ and CD4− T cell contained 
the largest proportion of cell subsets with significantly different 
abundance in infants with eczema at 6 months of age (Figure 4D). 
However, conventional gating only confirmed that CM CD4+ T cells 
were significantly elevated in infants with eczema at 6 months of 
age (Figure 4E). In addition, manual gating also revealed that in-
fants with eczema at 6 months of age displayed lower proportion 
of basophils (Figure 4F) and iNKT cells (Figure 4G) compared to 
those without eczema.

We recently reported a strong correlation between expression 
of Fc!R1, IgE sensitisation and allergic asthma in children aged 
6-14 years.19 To assess whether similar associations were observed 
during the first 6 months of life, we assessed expression of Fc!R1 
at 6 months of age across the relevant cell subsets (plasmacytoid 
DC (pDC), conventional DC (cDC), basophils and monocytes) in in-
fants with and without diagnosed eczema. In infants with eczema 
at 6 months of age, an increased proportion of Fc!R1+-expressing 
HLA+/CD14+/CD16− monocytes (Figure 5A) as well as increased 
expression of Fc!R1 on Fc!R1+ cDC (Figure 5B) compared to those 
without eczema was observed, suggesting that the atopic trajectory 
begins early in life. The vitamin D intervention did not have an im-
pact of Fc!R1 expression (data not shown); however, the proportion 
of Fc!R1+ cDC out of the total cDC population negatively correlated 
with 25(OH)D levels in plasma at 6 months (Figure 5C).

F I G U R E  4   (A) Comparison at birth of cluster abundance in children who developed eczema within 6 mo of age compared to children 
without eczema. The proportion of cells that belong to clusters that are significantly different between the two groups are displayed for 
each cell definition in the two panels. (B) Using conventional gating, the abundance of naïve CD4- T cells at birth in children who developed 
eczema within 6 mo of age compared to eczema-free children. (C) Eczema-free time in children born with the highest quartile of naïve CD4- 
T cells compared to the remainder of the group. (D) Comparison at 6 mo of age of cluster abundance in children with eczema compared to 
children without eczema at 6 mo. The proportion of cells that belong to clusters that are significantly different between the two groups 
are displayed for each cell definition in the two panels. (E-G) Using conventional gating, the abundance of central memory CD4+ T cells (E), 
basophils (F) and iNKT cells (G) in children with or without eczema at 6 mo of age. In A and D, statistical significance is calculated using a 
generalised linear mixed model at birth nDC (eczema+ <6M) = 6, nT (eczema+ <6M) = 5, nDC(eczema− <6M) = 40, nT (eczema− <6M) = 42 and at 6 mo nDC (eczema+ 

6M) = 5, nDC (eczema− 6M) = 37, nT (eczema+ 6M) = 11, nT (eczema− 6M) = 60. In B and E,F, significance of difference was calculated using Student's t 
test, and in G, significance of difference was calculated using Mann-Whitney U test. Data are displayed as individual data points, and box/
whiskers display median, 25%-75% percentile and range. In C, statistical significance of difference between the two groups was calculated 
using log-rank test [Colour figure can be viewed at wileyonlinelibrary.com]

Ecz
em

a+

CD45RA+

B cells (T panel)
CD4– T cells
CD4+ T cells

HLA+

B cells (DC panel)
cDC/pDC/Baso

Monocytes
NK cells

% of cells at birth significantly associated
with eczema development first 6 mo

0

%
 o

f c
el

ls

0.1
0.2
0.3
0.4

1
10

6

2
10

6

Cells per definition

Ecz
em

a+

CD45RA+

B cells (T panel)
CD4– T cells
CD4+ T cells

HLA+

B cells (DC panel)
cDC/pDC/Baso

Monocytes
NK cells

% of cells significantly associated
with eczema at 6 mo

0

%
 o

f c
el

ls

0.1
0.2
0.3
0.4

0
1

10
6

2
10

6

cells per definition

Eczema+ Eczema–
0

5

10

15

20

25

%
 o

f l
ive

 c
el

ls
– T cells

(cord - eczema <6M)
**

0 2 4 6 8
0

50

100

Time (mo)
Ec

ze
m

a 
fre

e 
(%

)

– T cells
(cord - eczema <6M)

– T (high)
–  T (low)

 P = .06

Eczema+ Eczema–
0.0

0.2

0.4

0.6

%
 o

f l
ive

 c
el

ls

Basophils
(6m - eczema 6M)

*

Eczema+ Eczema–
0

1

2

3

4

%
 o

f l
ive

 c
el

ls

CM CD4+ T cells
(6m - eczema 6M)

*

Eczema+ Eczema–
0.00

0.05

0.10

0.15

0.20

0.25

%
 o

f l
ive

 c
el

ls
iNKT

(6m - eczema 6M)
*

(A)

(D)

(E) (F) (G)

(B) (C)

www.wileyonlinelibrary.com


692  |     LEFFLER Et aL.

4  | DISCUSSION

In the present study, we investigated the immunological impact of 
oral vitamin D supplementation from birth to 6 months of age. We 
observed dramatic changes in immune cell abundance during the 
first 6 months of infancy. By comparing the intervention versus 
placebo group, none of the changes in immune cell abundance or 
expression of functional markers appeared to be impacted by oral vi-
tamin D supplementation, neither did the abundance of defined im-
mune cell subsets correlate with 25(OH)D status at 6 months of age. 
We did, however, observe immune cell profiles that were associated 
with manifestations of eczema at 6 months of age such as increased 
CD4+ CM T cells and increased expression of Fc!R1.

We used paired analyses where possible and a combination of 
algorithm-based and conventional gating strategies. Concordance 
between the two strategies was good in the majority of analysis; 
however, some discrepancies were noted. Detection and robust 
clustering of rare subsets due to intra assay variability and use of a 
subset from original clustering in the analysis may have contributed 
to this. Nevertheless, this type of analysis was a valuable tool that 
guided our gating strategy and analysis.

At birth, a high proportion of naïve CD4- T cells (presumably 
CD8+ T cells, although we did not include CD8 in our panel) ap-
peared to increase the risk of eczema development during the first 
6 months of life. This is in contrast to previous studies that observed 
an increased proportion of CD4+/CD45RA+ T cells in cord blood of 
children who later developed atopic dermatitis.20 We acknowledge 
that these findings are based on a limited number of samples and 
further studies are likely needed to clarify this association.

At 6 months of age, infants with eczema displayed increased pro-
portion of CM CD4+ T cells which is in line with what has previously 

been observed together with a skewing towards Th2-type immu-
nity.21 In addition, infants with eczema displayed lower levels of ba-
sophils and iNKT cells, potentially suggesting decreased generation 
or increased tissue migration. During active disease, we have previ-
ously observed that high levels of circulating basophils are associ-
ated with recurrent asthma exacerbations in children.22 The role of 
iNKT cells in atopic disease is more controversial where low abun-
dance previously has been observed in children with food allergy.23 
However, in adults with eczema, the abundance of iNKT cells may be 
higher compared to health controls.24

Expression of Fc!R1 is closely associated with manifestations of 
atopic disease in school-aged children and adults,15,19 possibly due 
to its immune modulatory function on antigen-presenting cells.25 
However, the impact of Fc!R1 expression during the first year of life, 
particularly before 12 months of age, is less clear.26 We observed 
that the proportion of Fc!R1-expressing HLA+/CD14+/CD16− mono-
cytes was increased in children with eczema and, in addition, the 
level of expression was also increased on cDC. This suggests that 
Fc!R1 expression already differs at 6 months of age in children on a 
trajectory towards atopic manifestations. However, given the vari-
ability in expression across individuals, larger sample sizes and lon-
ger follow-ups are likely needed to study these trajectories in further 
detail. Recently, vitamin D was shown to decrease Fc!R1 expression 
on cDCs.8 Our results support this finding as we observed a nega-
tive association between 25(OH)D levels and proportion of Fc!R1+ 
cells in the cDC population, although cDC constitute several subsets 
where only cDC2 express Fc!R1.27 Hence, our findings may relate 
to an association of 25(OH)D levels with the balance of cDC1/cDC2 
rather than with expression of Fc!R1 itself.

The impact of vitamin D on atopic outcomes, such as eczema, 
is currently debated. In this trial, vitamin D supplement was unable 

F I G U R E  5   (A,B) Using conventional gating, the proportion of Fc!R1-expressing DC and monocytes (A) and levels of Fc!R1 expression on 
Fc!R1+ cells (B) in children with or without eczema at 6 mo of age. (C) Correlation with plasma 25(OH)D levels at 6 mo of age and proportion 
of Fc!R1-expressing cDC. In A,B, statistical significance is calculated using multiple t tests with adjusted P-values and displayed as individual 
data points, and box/whiskers display median, 25%-75% percentile and range, nEczema+ = 5, nEczema− = 37. In C, statistical significance of 
correlation was assessed using Pearson's correlation test, n = 42 [Colour figure can be viewed at wileyonlinelibrary.com]
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to prevent development of eczema during the first 6 months of 
life16 which is in accordance with previous attempts to prevent 
allergy development in infants through maternal vitamin D sup-
plementation during pregnancy, although insufficient power may 
have been an issue.28 It is important to note that based on ma-
ternal 25(OH)D levels in late pregnancy, no 25(OH)D-deficient 
mothers were included; thus, this study only focused on infants 
with sufficient 25(OH)D levels at birth. Aligned with the clinical 
outcomes of the study,16 we did not observe any impact of vi-
tamin D supplementation on the abundance or development of 
cell subsets, or expression of their functional markers. Further, 
we did not observe any strong correlations between immune cell 
subset abundance and 25(OH)D plasma levels. A possible reason 
may be that the effect sizes were too small to be detected, the 
range of participant 25(OH)D levels were rather limited, local tis-
sue conversion of vitamin D into 25(OH)D was not reflected in 
plasma 25(OH)D levels, or the duration/dose of the intervention 
was insufficient.

In summary, our data suggest that oral vitamin D supplementa-
tion to infants who were 25(OH)D sufficient at birth does not impact 
the developmental trajectory of the circulating cellular immune sys-
tem. In addition, our exploratory analysis identifies possible associa-
tions with eczema development and increased levels of naïve CD4− T 
cells at birth, as well as associations with basophils, iNKT and CM 
CD4+ T cells, and altered Fc!R1 expression patterns with eczema at 
6 months.
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Abstract: Lower vitamin D status at birth and during infancy has been associated with increased
incidence of eczema and food allergies. The aim of this study was to investigate the e↵ect of early
infancy vitamin D supplementation on allergic disease outcomes in infants at “hereditary risk” of
allergic disease, but who had su�cient vitamin D levels at birth. Here, we report the early childhood
follow-up to 2.5 years of age of “high-risk” infants who participated in a double-blinded, randomized
controlled trial. For inclusion in this trial, late gestation (36–40 weeks) maternal 25-hydroxyvitamin D
levels needed to be �50 nmol/L. Infants were randomized to either oral vitamin D supplementation
of 400 IU/day (n = 97) or a placebo (n = 98) for the first six months of life. Vitamin D levels and
allergic disease outcomes were followed up. There were no statistically significant di↵erences in
incidence of any medically diagnosed allergic disease outcomes or allergen sensitization rates between
the vitamin D-supplemented and placebo groups at either 1 year or at 2.5 years of age. In conclusion,
for “allergy high-risk” infants who had su�cient vitamin D status at birth, early infancy oral vitamin
D supplementation does not appear to reduce the development of early childhood allergic disease.

Keywords: allergen sensitization; allergic disease; eczema; hereditary risk; infant; prevention;
randomized controlled trial; vitamin D; wheeze

1. Introduction

Allergic disease prevalence has dramatically increased over recent decades at the same time as
environmental and lifestyle changes have occurred, suggesting that these are linked [1,2]. One factor
that must be considered is a global change from a more outdoor to an increasing indoor lifestyle.
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Increased reliance on digital technology and associated time indoors for work and relaxation, and
subsequently a lack of sunlight exposure, is a global phenomenon applying to all age groups, including
pregnant women and young children [3]. It is known that sunlight exposure plays a crucial role in
vitamin D synthesis, with all vitamin D requirements able to be provided by cutaneous synthesis
under the influence of ultraviolet (UV) light [4]. Yet despite the potential for adequate endogenous
production, vitamin D deficiency is endemic in many parts of the world, even in sun-rich regions,
a↵ecting all age groups including the early stages of life [5].

Substantial evidence supports a role for vitamin D in the normal functioning of innate and adaptive
immunity in addition to mucosal and epidermal barrier function—factors relevant to the development
of immune tolerance and allergic outcomes [6]. Further, notably, the prevalence of allergic disease has
been associated with increasing distance from the equator where higher rates of vitamin D deficiency
generally occur [7–9]. Lower vitamin D status at birth and during early childhood have been associated
with increased incidence of allergic disease outcomes [10–14]. However, four randomized controlled
trials (RCTs) [15–18] have investigated the e↵ects of maternal vitamin D supplementation during
pregnancy on o↵spring allergy outcomes and a meta-analysis of these RCTs by Garcia-Larsen et al. [19]
found no overall e↵ect on the risk of early childhood recurrent wheeze (4 trials, n = 1781 participants,
with 358 cases of recurrent wheeze), with a relative risk of 0.76 (95% confidence intervals 0.54; 1.08),
nor eczema (3 trials, n = 1538 participants, with 357 cases of eczema), with a relative risk of 0.92 (95%
confidence intervals 0.77; 1.11). These results suggested that rather than the antenatal period, the early
post-natal period in early infancy may be potentially the most critical time to ensure adequate vitamin
D status. This is particularly important in breastfed infants as the vitamin D content of breast milk is
low and reliant on good maternal vitamin D status during lactation [20]. However, in contrast, one RCT
examining maternal vitamin D supplementation found increased food allergy by two years of age in
children whose mothers had vitamin D supplementation within the first few months of lactation [21].

In this context, we conducted a double-blinded, randomized controlled trial to investigate early
infancy vitamin D supplementation in term infants at “hereditary risk” of allergy development, but
who had su�cient vitamin D levels at birth. Here, we report the early childhood allergic disease
follow-up outcomes of these children to 2.5 years of age.

2. Materials and Methods

2.1. Study Population and Intervention

Full details of participant screening, randomization, allocation concealment, intervention and
placebo products, and infant outcomes to the end of the intervention period at 6 months of age have
been previously published [22]. In brief, inclusion criteria included only infants whose mothers had
a su�cient maternal 25-hydroxyvitamin D (25(OH)D) serum concentration of �50 nmol/L between 36
and 40 weeks’ gestation. All infant participants were “high-risk” for allergic disease development due
to a positive family history of at least one parent or sibling diagnosed with allergic disease (asthma,
eczema, allergic rhinitis). Enrolment began on 9 October 2012 and ended on 23 January 2017. A total of
195 infants were randomized into the trial, 97 infants allocated to the intervention vitamin D group
and 98 infants to the placebo group.

The intervention group received 400 IU (10 µg) of vitamin D3 per day orally (Ddrops Company,
Woodbridge, ON, Canada), while the placebo control group received an identical product of palm
kernel and coconut oil without vitamin D3 (Ddrops Company, Woodbridge, ON, Canada). These were
given to the infants as 1 drop of liquid (0.03 mL) per day. The randomized controlled trial (RCT) was
a parallel design with a 1:1 ratio allocation, and double-blinded with participants and investigators
masked to group allocations. Randomization was stratified according to a history of maternal allergic
disease and the infant’s sex. The intervention period was from birth until six months of age. For
compliance monitoring, caregivers completed a diary card to record each day they gave their infant
the study product. Following recommendations for infant vitamin D supplementation [23], caregivers
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were advised to cease administration of the trial product if the infant was consuming >1000 mL/day of
vitamin D-fortified infant formula.

Written informed consent was obtained before trial participation and included consent to
participate in both the 1 year and 2.5 years of age clinical allergy follow-up assessments. Human Research
Ethics Committee approvals were granted by the Princess Margaret Hospital for Children (approval
number 1959/EP) and the University of Western Australia (approval number RA/4/1/5566). The trial
was registered with the Australian New Zealand Clinical Trials Registry (ACTRN12612000787886).

2.2. Allergic Disease Clinical Outcomes Assessments

At 1 and 2.5 years of age, the participating children were assessed by a pediatric clinical
immunologist at the Princess Margaret Hospital in Perth, Australia, who was blinded to the intervention
group allocation. A structured history and a standardized clinical examination to diagnose any allergic
disease were performed. Skin prick testing was undertaken to common food and environmental
allergens, including cow’s milk, hen’s egg, peanut, cashew nut, wheat, cod fish, house dust mite
(Dermatophagoides pteronyssinus), cat and rye grass pollen on the day of assessment. Sensitization
was defined as a positive skin prick test (wheal � 3 mm above negative control) to at least one of
the allergens assessed. The children were assessed for eczema, wheeze/asthma and food allergy at
1 year and 2.5 years of age. At the 2.5-year appointment only, the participants were also assessed for
a medical diagnosis of allergic rhinoconjunctivitis.

Eczema was defined according to the criteria of Hanifin et al. [24] on medical review or when
a typical history was taken of an itchy rash distributed to the facial, extensor or flexural surface of
the skin following a chronic or fluctuating course. The use of medically prescribed steroids for eczema
treatment was also recorded. IgE-mediated food allergy was defined by a history of an immediate
(within 90 min) skin rash (urticaria, erythema), angioedema, gastrointestinal symptoms (abdominal
pain, vomiting, diarrhea) and/or irritability associated with or without cardiovascular symptoms
(collapse) and/or respiratory symptoms (wheeze, stridor, persistent cough, hoarse voice) following
the ingestion of a specific food trigger combined with a matching food allergen sensitization. Wheeze
was defined by a history of an audible wheeze responding to inhaled beta2-agonists. Asthma was
defined in children over two years of age only, with a history of recurrent wheeze (triggered by upper
respiratory tract infections, exercise, cold air or allergen exposure) responding to inhaled beta2-agonists
and/or use of a preventer for symptom control. In recognition of the di�culties of asthma diagnosis in
young children, at 2.5 years of age, the outcomes of wheeze and/or asthma were combined. Allergic
rhinoconjunctivitis was defined as a history of sneezing or blocked/runny nose accompanied by
itch-watery/red eyes unrelated to an upper respiratory tract infection. When wheeze/asthma or allergic
rhinoconjunctivitis was combined with a sensitization to at least one aeroallergen, it was defined
as IgE-associated.

2.3. Blood Collection and Measurement of 25-Hydroxyvitamin D (25(OH)D) Levels

Cord blood was collected at birth and peripheral blood samples were collected at 3 months,
6 months, 1 year and 2.5 years of age by venipuncture into lithium heparin tubes (Vacuette, Greiner
Bio-One GmbH, Kremsmünster, Austria). The 25(OH)D levels were quantified by a competitive
Chemiluminescent Immunoassay, automated on the Abbott Architect i2000 (Abbott Laboratories,
Abbott Park, Illinois, operated by PathWest Laboratory Medicine, Western Australia). The Abbott
Architect i2000 is accredited by the National Association of Testing Authorities for the measurement of
25(OH)D using a two-step incubation process with human serum calibrators. Internal quality control
data indicate the coe�cient of variation for 25(OH)D as follows: 11.4% at 22 nmol/L; 5.2% at 48 nmol/L;
4.5% at 68 nmol/L; and 4.0% at 90 nmol/L.

To ensure the infant participants did not develop vitamin D deficiency or toxicity during the trial,
blood samples collected at 3 months of age were analyzed for 25(OH)D and the results were sent to
a pediatric endocrinologist (AS). Caregivers and the participants’ nominated general practitioner were
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informed if the 3 month of age level was out of the expected normal range, and the caregivers were
asked to cease trial product use and consult their general practitioner for advice. The researchers
involved in data collection and analysis remained blinded to these test results throughout the trial.

2.4. Statistical Methods

Normality of the continuous variables was determined with the Kolmogorov–Smirnov test of
normality. For between-group di↵erences of continuous variables, independent samples t-test or
Mann–Whitney U test were used. Mean (standard deviation (SD)) and median (interquartile range
(IQR)) were reported for parametric and non-parametric data, respectively. Pearson’s Chi-square test
or a Fisher exact test were used for between-intervention/placebo group comparisons and clinical
outcomes (categorical variables). To evaluate the e↵ect of the intervention/placebo group on clinical
allergy outcomes, logistic regression was applied. All tests were two-sided with a p < 0.05 considered
statistically significant. Statistical analysis was performed using IBM SPSS Statistics for Windows,
version 25 (IBM Corp., Armonk, NY, USA).

3. Results

3.1. Study Population Characteristics

Data collection for the follow-up assessments was completed on 31 January 2019. Participant
baseline characteristics have been previously published [22]. Briefly, 53.3% were male infants, 81.5%
infants were Caucasian and 9.2% were Asian ethnicity, 61.5% had a vaginal delivery and mean
gestational age at birth was 39.2 weeks. During pregnancy, 34.4% of their mothers took vitamin D
supplementation. Allergy outcome data were collected on 175/195 (89.7%; 87 from vitamin D group)
infants at 1 year of age, and 162/195 (83.1%; 83 from vitamin D group) children at 2.5 years of age,
see Figure 1 for full study participant flow details. Nine infants (six in the vitamin D group) were
withdrawn by their caregiver(s) during the intervention period, three infants who developed health
issues (not allergic disease-related), two infants due to parents becoming too busy and four infants
due to parents not wanting to proceed with the blood collections. No infants were withdrawn in
the follow-up period from 6 months to 2.5 years of age. One placebo group infant who was thought
to be lost to follow-up at 6 months of age could be contacted again and attended their 1 year of age
appointment. At 1 year of age, five infants did not attend their appointment due to moving away
from the study city, and six infants were lost to follow-up. At 2.5 years of age, eight infants did not
attend their appointment (five had moved away and three had both parents now full-time working)
and 16 infants were lost to follow-up. No infants experienced any serious adverse events during
the intervention or follow-up periods.
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3.2. Intervention Period Trial Product Compliance and Infant Feeding

During the intervention period from birth until 6 months of age, there were no di↵erences between
the two groups regarding compliance in taking the trial product drops. From randomization to
3 months of age, the median (IQR) compliance = 67 (56–75) days in the vitamin D group compared to
68 (59–76) days in the placebo group, p = 0.92. From 3 months to 6 months of age, the median (IQR)
compliance = 73 (58–84) days in the vitamin D group compared to 75 (50–89) days in the placebo group,
p = 0.84. From randomization to three months of age, in the vitamin D supplementation intervention
group, 83.5% (76/91) of infants were given their trial product drops on �5 days per week, compared to
79.2% (76/96) infants in the control group, p = 0.57. Between three and six months of age, in the vitamin



Nutrients 2020, 12, 1747 6 of 12

D supplementation intervention group, 76.9% (70/91) of infants were given their trial product drops on
�5 days per week, compared to 74.5% (70/94) infants in the control group, p = 0.83. As illustrated in
Figure 1, there were 9 infants in the vitamin D group and 6 infants in the control group between zero
and three months, and 15 infants in the vitamin D group and 7 control group infants between three
and six months, who were no longer taking the study product due to consuming >1000 mL/day of
vitamin D-fortified infant formula.

After being notified that an infant had an insu�cient 25(OH)D level of < 50 nmol/L at 3 months of
age, general practitioners recommended either no supplementation or varied dosages of vitamin D
supplementation. As illustrated in Figure 1, in the control group, 22 infants ceased the study product
use due to a 25(OH)D level of < 50 nmol/L at 3 months of age, but to our knowledge only eight infants
commenced supplemental vitamin D use (two infants were supplemented with 200 IU/day for three
months, four infants had 400 IU/day for one month, one infant had 400 IU/day for two months and one
infant was recommended 1000 IU/day for three months). In the vitamin D-supplemented intervention
group, four infants ceased the study product use due to a 25(OH)D level of < 50 nmol/L at 3 months of
age, but only one infant was supplemented with 400 IU/day for two months.

Breastfeeding rates were high (98.5% at randomization, 85.2% at 3 months and 70.5% at 6 months
of age) and infant formula use was low in our trial participants. There were no di↵erences between
the two groups regarding consumption of infant formula. From birth to three months of age, in
the vitamin D supplementation intervention group, the median intake of infant formula was 0 mL per
day (interquartile range (IQR) 0–250 mL per day), compared to 0 mL per day (IQR 0–235 mL per day)
in the control group, p = 0.53. Between three to six months of age, in the vitamin D supplementation
intervention group, the median intake of infant formula was 3 mL per day (IQR 0–565 mL per day),
compared with 17 mL per day (IQR 0–589 mL per day) in the control group, p = 0.84. The ingestion of
daily infant formula volumes over the preceding three months were also not correlated with vitamin D
levels at 3 months of age (r = 0.117, p = 0.17) nor at 6 months of age (r = 0.044, p = 0.61).

There were no di↵erences between the intervention and placebo groups regarding the age of
introduction to solid foods. In the vitamin D group, the median age of commencing solid foods was 5.0
months (IQR 4.3–5.5 months), compared to the control group who had a median age of commencing
solid foods of 5.0 months (IQR 4.5–5.5 months), p = 0.49.

3.3. Longitudinal 25(OH)D Levels over the Course of the Study

As per previously published, baseline cord blood 25(OH)D levels were not significantly di↵erent
between the two groups [22]. Blood samples were collected from 140 infants (n = 68 vitamin D group)
at 3 months, 141 infants (n = 73 vitamin D group) at 6 months, 154 children (n = 79 vitamin D group) at
1 year and 125 children (n = 63 vitamin D group) at 2.5 years of age. As previously published, infants
in the vitamin D group had significantly higher 25(OH)D levels at 3 and 6 months of age relative to
the placebo group [22], however, these di↵erences were not observed to persist beyond the intervention
period (Table 1).

Table 1. Longitudinal 25-hydroxyvitamin D (nmol/L) levels over the course of the study.
The randomized controlled trial intervention phase was 0–6 months of age. Values are mean (standard
deviation) unless otherwise stated. Bold number means significant.

Time Point Vitamin D Group Placebo Group p-Value

Cord Blood 67.8 (17.5) 61.1 (14.2) 0.17
3 months of age 83.2 (27.8) 59.2 (22.7) <0.01
6 months of age 93.1 (28.7) 82.0 (27.9) 0.02

1 year of age 78.4 (21.9) 81.2 (23.5) 0.45
2.5 years of age 1 79.0 (69.0–110.0) 74.0 (60.0–86.5) 0.19

1 median (inter-quartile range).
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3.4. Clinical Allergic Disease Outcomes

As expected, the most common medically diagnosed allergic disease in this “high-risk” population
was eczema, with an overall incidence of 51/175 (29.1%) infants at 1 year of age and 59/161 (36.6%)
children at 2.5 years of age. By 1 year of age, food allergy a↵ected 11/175 (6.3%) infants and wheeze
symptoms were diagnosed in 37/175 (21.1%) infants. Positive allergen sensitization to food or
environmental allergens was found in 26/167 (15.6%) infants at 1 year and in 31/136 (22.8%) children
at 2.5 years of age using skin prick testing. As summarized in Table 2, there were no statistically
significant di↵erences in incidence for any of the medically diagnosed allergic disease outcomes or
allergen sensitization rates between the vitamin D-supplemented and placebo groups at either 1 year
or at 2.5 years of age. The use of prescription steroids for eczema treatment (as a marker for eczema
severity) also did not di↵er between the groups at either 1 year of age with 9.2% (8/87) in the vitamin D
group compared to 10.2% (9/88) in the placebo group (p = 1.00), or at 2.5 years of age with 12.0% (10/83)
in the vitamin D group compared to 12.7% (10/79) in the placebo group (p = 1.00).

Table 2. Comparison between vitamin D-supplemented and placebo groups for medically diagnosed
allergic disease outcomes and allergen sensitization rates at 1 and 2.5 years of age. Values are participant
numbers (percentages). Abbreviations: CI = confidence interval.

Allergic Disease Vitamin D Group Placebo
Group

Relative Risk
(95% CI) p-Value

Eczema at 1 year 30/87 (34.5) 21/88 (23.9) 1.45
(0.90–2.32) 0.17

Eczema at 2.5 years 33/83 (39.8) 26/78 (33.3) 1.19
(0.79–1.80) 0.50

Food allergy at 1 year 6/87 (6.9) 5/88 (5.7) 1.21
(0.39–3.83) 0.98

Food allergy at 2.5 years 3/83 (3.6) 6/79 (7.6) 0.48
(0.12–1.84) 0.45

Wheeze at 1 year 23/87 (26.4) 14/88 (15.9) 1.66
(0.92–3.01) 0.13

Asthma and/or wheeze at 2.5 years 25/83 (30.1) 18/79 (22.8) 1.32
(0.79–2.23) 0.38

Allergic rhinitis at 2.5 years 16/83(19.3) 11/78 (14.1) 1.37
(0.68–2.76) 0.51

Sensitization at 1 year 10/85 (11.8) 16/82 (19.5) 0.60
(0.29–1.25) 0.24

Sensitization at 2.5 years 17/69 (24.6) 14/67 (20.9) 1.18
(0.63–2.20) 0.75

4. Discussion

In this RCT designed to investigate the e↵ects of vitamin D supplementation during early infancy
in those infants “at-risk” of allergy development, but with su�cient vitamin D status at birth, we
found no statistically significant di↵erences in the incidence of allergic diseases over the first 2.5 years
of life between the vitamin D intervention and placebo control groups.

Our finding of no statistically significant e↵ect between vitamin D supplementation and medically
diagnosed allergic disease over the first 2.5 years of age is consistent with other intervention trials
which have been performed investigating the e↵ect of maternal vitamin D supplementation during
pregnancy and o↵spring allergic disease outcomes [15–18]. Even more importantly, our findings are
also consistent with those in the recent infant RCT by Rosendahl et al. [25], where they also found no
statistically significant di↵erences in allergic disease outcomes at 1 year between two groups of infants
supplemented daily with either 10 (400 IU) or 30 µg (1200 IU) vitamin D from the age of 2 weeks.
While our trial investigated the e↵ect of the Australian recommended dose (400 IU) [26] for vitamin
D supplementation in infancy versus placebo on allergy outcomes in early childhood, the study by
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Rosendahl et al. was based on a secondary analysis comparing two di↵erent supplemental doses
of vitamin D on allergy outcomes in the first year of life. Rosendahl et al. [25] found no statistically
significant di↵erences between the vitamin D supplementation groups for any food allergy (OR 1.35;
95% CI 0.75–2.46), atopic eczema (OR 0.72; 95% CI 0.49–1.01) or wheeze (OR 0.94; 95% CI 0.58–1.50)
outcomes at 1 year of age. Furthermore, and of concern, Rosendahl et al. [25] found a higher incidence
of cow’s milk allergy in infants administered 30 µg (1200 IU) vitamin D compared with the 10 µg
(400 IU) dose (OR 2.23; 95% CI 1.00–4.96), indicating a possible adverse e↵ect of high doses of infant
vitamin D supplementation. This has also been identified in the Japanese RCT by Norizoe et al. [21],
where maternal vitamin D supplementation (800 IU/day) during early lactation was found to increase
the risk of food allergy at 2 years of age.

Due to the exclusion criteria for our RCT of infants with maternal 25(OH)D levels of <50 nmol/L
in late pregnancy, it is unclear whether the null findings of this trial would also apply to infants born at
higher risk of vitamin D deficiency. However, following international guidelines [27,28], we, along
with our Institutional Ethical Review Committee, did not think that it is ethical to allow infants to be
knowingly vitamin D-deficient without treatment. Thus, the inclusion of only infants whose mothers
were vitamin D-su�cient in late gestation, and the regular three-month testing of vitamin D status
within the intervention period of this trial minimized the number and period of time any infant had
a deficient vitamin D status. This may have influenced the outcome of our results and explain why we
found no di↵erences between the vitamin D intervention group compared to the placebo group. We
chose to supplement only the first six months of infancy, but acknowledge that a longer intervention
period throughout infancy, and even into early childhood, may have resulted in di↵erences in vitamin
D status and in allergy outcomes between the groups at 1 and 2.5 years of age. We also acknowledge
as a limitation of this trial, that clinical allergic disease outcomes are a secondary analysis and that
our trial sample size was not computed for these clinical allergy outcomes, but rather our sample size
was powered to detect potential di↵erences in immune function outcomes at 6 months of age, as per
previously published [22].

In our RCT and in that of Rosendahl et al. [25], both involving infants born at term gestation, we
did not find any significant benefit of infant vitamin D supplementation on reducing the incidence
of medically diagnosed wheeze at 1 year of age. This contrasts with the results at 1 year of age from
a recently published paper by Hibbs et al. [29], where preterm black infants (mean gestational age
of 33 weeks) were randomized to vitamin D supplementation of 400 IU/day until 6 months of age,
and were found to have reduced recurrent wheezing (relative risk 0.66; 95% CI 0.47 to 0.94) compared
with a placebo. It needs to be considered that these results were in preterm infants of a di↵erent ethnic
group and based on parental report by questionnaire rather than medical diagnosis which can lead
to misclassification. Hibbs et al. [26] excluded infants who had a 25(OH)D concentration less than
37.5 nmol/L initially, and then lowered this to 25 nmol/L during the trial recruitment period to improve
generalizability of the sample and to improve accrual, as it was noted that the prior level of 37.5 nmol/L
was excluding a high number of otherwise healthy asymptomatic neonates. In agreement with our
RCT results, Hibbs et al. [26] found no significant di↵erences for the most commonly seen allergic
diseases in early childhood, eczema nor food allergy between their intervention and control groups.
The e↵ect of preterm infant vitamin D supplementation on reduced wheeze outcomes reported by
Hibbs et al. [29] appears to relate to the concept previously suggested that vitamin D may have a role
in fetal lung development [30], rather than on the development of allergic disease outcomes. This
e↵ect may have been found due to the inclusion of some vitamin D-insu�cient infants. Furthermore,
other antecedents of preterm birth including inflammation, maternal smoking, metabolic derangement,
T-cell development and airway reactivity could potentially have had an impact on wheeze outcomes in
premature children [31] and were not considered in the study by Hibbs et al. [29].

A limitation of our RCT was that the sample size was powered for immunological outcomes,
rather than allergy clinical outcomes. Hence, we eagerly await with interest the clinical allergic
disease outcomes from current RCTs investigating infant vitamin D supplementation with the same
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intervention dose (400 IU/day) in Melbourne, Australia (ANZCTR12614000334606) and in Chiba, Japan
(UMIN 000034864). In addition, as these current trials are not only including infants who had su�cient
vitamin D status at birth, the potential influence of antenatal vitamin D deficiency may also be able to
be examined in these larger current RCTs.

It is interesting that multiple observational studies have previously found that lower vitamin D
status at birth, and during infancy, has been associated with increased incidence of early childhood
allergic disease [10–14]. This may have been a result of antenatal and/or postnatal vitamin D deficiency,
which has not been able to have been investigated in RCTs like our trial reported here, where maternal
vitamin D deficiency was an exclusion criterion, and for safety and ethical reasons, any identified
infant vitamin D deficiency was treated.

Another potential explanation, related to the associations found in many observational studies
between increasing distance from the equator and increasing incidence of allergic diseases is that vitamin
D status could be a coincidental marker of ultraviolet (UV) light exposure. UV light may be having
a direct e↵ect on the development of allergic disease as well as having a role in vitamin D synthesis.
This theory is supported by animal study data showing that UV radiation can cause antigen-specific
regulatory T-cell and dendritic cell expansion, causing systemic immunosuppression irrespective
of vitamin D status [32–35]. Moreover, mast cells [36] and regulatory B-cells a↵ecting dendritic
cell-mediated T-cell activation are also involved in UV exposure-triggered immunosuppression [37].
A study in mice by Gorman et al. [38] demonstrated that 25(OH)D3 was not essential in mediating
the immunosuppressive e↵ects of erythemal UV radiation on contact hypersensitivity responses.
Bioactive molecules, such as urocanic acid [39,40] and nitric oxide [41], which are released after
sunlight exposure from the skin into the circulation, have been proposed to mediate long-lasting
e↵ects on immune function. We suggest that future research closely monitor UV light exposure, both
maternal during pregnancy and throughout infancy, to further advance our knowledge regarding our
understanding and future recommendations in this field.

5. Conclusions

For “high-risk” infants who had su�cient vitamin D status at birth, early infancy oral vitamin
D supplementation does not appear to reduce the development of early childhood allergic diseases,
however, larger RCTs are required to confirm this. We also do however recommend more research on
the possible e↵ects of early life UV light exposure on the development of allergic disease outcomes.
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Clinical Implications  

Early infancy direct ultraviolet light exposure may be protective for allergic disease development 

in early childhood. 
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IgE mediated sensitisation, infant, ultraviolet light, sun protecting behaviour  

 

Abstract 

 

Background: The dramatic rise in allergic disease has occurred in tandem with recent 

environmental changes and increasing indoor lifestyle culture. While multifactorial, one consistent 

allergy risk factor has been reduced sunlight exposure. However, vitamin D supplementation 

studies have been disappointing in preventing allergy, raising possible independent effects of UV 

light exposure. 

Objective: To examine whether direct UV light exposure in the first 3 months of life or UV light 

exposure and sun protecting behaviours in early childhood may influence the development of 

allergic disease within the first 2.5 years. 

Methods: Direct sunlight exposure (290-380nm) in early infancy was measured via UV dosimeters. 

Outdoor exposure, sun protective behaviour and allergy outcomes were assessed over the first 2.5 

years of life.   

Results: Children with cumulative (0 to 2.5 years) eczema had significantly less direct UV light 

exposure between 0 to 3 months of age (median (IQR) 747 (473-1439) J/m2) than children without 

eczema (median (IQR) 1204 (1717-1843 J/m2)  (p=0.038) and also significantly less reported 

outdoor exposure between 11 am and 3 pm ((mean; SD) 7 min/day; ±21.6 vs 20 min/day;± 29) 

(p=0.011). This effect was seen independent of vitamin D status, and after adjusting for other 

potential confounding factors. 

Conclusion: Exposure to UV light in early infancy appears to be beneficial in reducing the risk of 

eczema development in early childhood. Further research is required to determine optimal levels 

of exposure while balancing the potential risks. 
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1. Introduction 

 

The prevalence of allergic disease has dramatically increased over recent decades suggesting this 

is linked with environmental and lifestyle changes over this period.15,386-388 While previously largely 

an issue in developed countries, the more recent rise of allergic disease in developing countries 

adds further evidence of likely impact of increasing urbanization on disease risk.388,389 While 

environmental changes are multifactorial, one consistent factor has been a shift from an outdoor 

to an increasing indoor lifestyle culture, with increasing reliance on digital technology for work and 

recreation. This global phenomenon390 affecting all age groups, including during pregnancy and 

infancy,156,391,392 has led to reduced levels of  UV light exposure. UV light plays a crucial role in 

vitamin D synthesis as an estimated 90 to 95% of human vitamin D can be provided by cutaneous 

synthesis under the influence of UVB light.156 Hence, it is not unexpected that vitamin D deficiency 

and insufficiency have become global issues—now afflicting more than one billion people 

globally,155-160 including during critical periods of development during pregnancy and infancy.160-163  

 

Considering the known immunomodulatory properties of vitamin D 225,393, this has been a logical 

pathway to explain the increasing propensity for allergic disease early in life.38,394,395 However, 

while epidemiological associations between sunlight exposure (as a surrogate marker of vitamin D 

status) seemed promising248,268,368, randomized controlled trials (RCTs) using oral vitamin D 

supplementation for allergy prevention during pregnancy323,325 or infancy396,397 have been 

disappointing—suggesting that the protective effects of sunlight may be operating through other 

pathways. Specifically, these trials found limited or no effect on child allergic disease outcomes. A 

meta-analysis of the pregnancy supplementation RCTs336 found no overall effect on risk of early 

childhood (≤4 years of age) atopic dermatitis (3 trials, n=1538, with 357 cases, relative risk 0.92 

(95% confidence intervals 0.77; 1.11) or recurrent wheeze (4 trials, n=1781, with 358 cases, 

relative risk 0.76 (95% confidence intervals 0.54; 1.08). In sum, attempting to increase vitamin D 

status using vitamin D supplementation in pregnancy or infancy as an allergy prevention strategy 

has yet to be shown to be beneficial. 

 

For this reason, there has been growing speculation that the epidemiological associations248,268,368 

between reduced sunlight exposure and risk of allergic disease may be mediated, at least in part, 

through the direct immunological consequences of decreased direct UV light exposure rather than 
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vitamin D alone.  Indeed, increasing evidence from the field of photobiology has found that UV 

light can induce immunomodulative effects (reviewed249,250). In particular, exposure to UV light 

directly induces epidermal cells in the stratum corneum to produce multiple mediators that 

modulate cutaneous dendritic cells. In turn, these regulate T cell-dependent responses in the skin-

draining lymph nodes, less induction of effector memory cells, and greater production and 

increased function of T and B regulatory cells. Skin dendritic cells induce peripheral T regulatory 

cells which migrate from lymph nodes into circulation and back to UV-irradiated skin where they 

reduce inflammation associated with skin disease. 249,252,253 Animal models have also shown that 

the UV light induced changes in immune function could even cause long lasting epigenetically 

imprinted effects which are induced by dendritic cells in the bone marrow.261 

 

Likely mechanisms for immunomodulation include the release of bioactive molecules, such as 

urocanic acid, from epidermal cells after direct UV light exposure.259,260 It has been proposed, that 

cis-urocanic acid modulates the production of immunosuppressive molecules which activate T 

regulatory cells (Treg) in the lymph nodes and are released into the systemic circulation to reduce 

inflammatory responses to antigens (reviewed 249,250). This ability for cis-urocanic acid to be 

systemically immunosuppressive has been supported by a study showing a reduced dermal allergic 

hypersensitivity response after UV exposure.398  

 

In this study, considering these potential direct immunomodulatory influences of UV light in the 

context of early life as a critical time for allergy development38,395,399,394 we sought to further 

explore whether early life exposure to UV light had vitamin D-independent effects on early 

childhood allergy outcomes.  Our aims were to firstly to examine whether direct UV light exposure 

(measured by a personal UV dosimeter) in the first 3 months of life reduces the risk of allergic 

disease in the first 2.5 years of life. Secondly we aimed to explore whether sunlight exposure and 

sun protecting behaviours in early childhood may influence the development of allergic disease in 

the first 2.5 years of life. 
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2.  Methods 

 

2.1 Study design 

 

This is an exploratory analysis of data collected as part of a double-blinded, randomized controlled 

trial (RCT) investigating the effect of oral vitamin D supplementation for the first 6 months of 

infancy on allergic disease outcomes. Full details of participant screening and infant outcomes to 

the end of the intervention period at 6 months of age have been previously published.396 Written 

informed consent was obtained before trial participation and included consent to participate in 

follow-up clinical assessments at 1 and 2.5 years of age. Follow up results of this RCT have already 

been published (chapter 6 of this thesis) and revealed that infant oral vitamin D supplementation 

(400 IU/day) over the first 6 months of life had no influence on allergic disease outcomes over the 

first 2.5 years of life. 397 

 

Human Research Ethics Committee approvals were granted by the Princess Margaret Hospital for 

Children (approval number 1959/EP) and the University of Western Australia (approval number 

RA/4/1/5566). The trial was registered with the Australian New Zealand Clinical Trials Registry 

(ACTRN 12612000787886).  

 

2.2 Sun Exposure: Direct UV light exposure measurements 

 

UV dosimeters (VioSpor blue line Type II, Biosense, Bornheim, Germany) were issued to a subset 

of the RCT infant participants, with the aim to obtain objective, quantitative data on individual 

infant UV light exposure from 0 to 3 months of age 371,400,401 and provide data on the total UV light 

(290-380nm) exposure dose (in joule per square meter [J/m2]). Due to funding constraints we 

were unable to provide these to all infants participating in the RCT, but allocated them to the first 

3-4 infants enrolled per month over the course of two years to distribute the data collection 

evenly over the months of each of the four seasons (summer, autumn, winter and spring).  

Compliance with the daily UV dosimeter use was captured on diary cards completed by a 

parent/guardian. 
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2.3 Sun exposure: sunlight exposure and sun protecting behaviours 

 

At 3 months, 6 months, 1 year and 2.5 years of age, the parents of all participants (both those 

allocated a UV dosimeter and those without) were asked questions to capture details on the 

infant’s outdoor and sunlight exposure during the preceding weeks, and also details on any sun 

protective behaviours (including the use of sunscreen on their infant). Questions were based on 

the sunlight exposure questionnaire by Cargill et al.379 Details collected included the question 

“What time of the day do you take your baby outdoors” distinguishing between estimated 

averaged time (in minutes/ day) spent in:  

1. direct sunlight before 11 am, between 11 am and 3pm and after 3 pm and  

2.  in shade before 11 am, between 11 am and 3pm and after 3 pm.  

Questions also included whether the participant wore sunscreen and the average amount of skin 

exposed (face and hands vs. face, hands and arms vs. face, hands, arms and legs) to the sunlight. 

In addition the skin type of each infant participant (type I to VI, Fitzpatrick scale374) was assessed 

to estimate the possible variable response of different skin types to ultraviolet (UV) light. 

 

2.4 Vitamin D supplementation 

 

Vitamin D supplementation ingested doses were calculated for each infant during the first 3 

months of life, and from 3 to 6 months of life (1 drop Vitamin D was equivalent to 400 IU). The 

daily dose of vitamin D (400 IU/day) of the intervention group was based on parent documented 

diary cards (completed to assess study product compliance) and monthly standardized questions 

were also asked by our research team regarding any oral vitamin D supplement intake 

independent of the trial product use. In addition, information was captured regarding medically 

indicated vitamin D supplementation, as all infants with a 25(OH)D level of < 50nmol/l at 3 months 

of age were supplemented with appropriate treatment doses of vitamin D. 
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2.5 Allergic disease outcome assessments 

 

At 3 months, 6 months, 1 year and 2.5 years of age the participating children were assessed by a 

Paediatric Immunologist at the Princess Margaret Hospital in Perth. A structured history and a 

standardized clinical examination to diagnose any allergic disease were performed.  

 

Skin prick testing (SPT) was performed to common allergens including cow’s milk, hen’s egg, 

peanut, cashew nut, wheat, tuna, house dust mite  (Dermatophagoides pteronyssinus), cat and rye 

grass pollen on the day of clinical assessment. Sensitization was defined as a positive SPT (wheal ≥ 

3 mm above negative control) to at least one of the allergens assessed.  

 

The participants were assessed for eczema402, asthma/wheeze376 and food allergy at 3 months, 6 

months, 1 year and 2.5 years of age. At the 2.5 years of age appointment only, the participants 

were also assessed for a medical diagnosis of allergic rhinoconjunctivitis (AR).  

• Eczema was defined according to the criteria of Hanifin et al.403 on medical review or when 

a typical history was taken of an itchy rash distributed to the facial, extensor or flexural 

surface of the skin following a chronic or fluctuating course.  

• IgE mediated food allergy was defined by a history of an immediate (within 90 minutes) 

skin rash (urticaria, erythema), angioedema, gastrointestinal symptoms (severe abdominal 

pain, vomiting, diarrhea) and/or irritability associated with or without cardiovascular 

symptoms (collapse) and/or respiratory symptoms (wheeze, stridor, persistent cough, 

hoarse voice) following the ingestion of a specific food trigger combined with a matching 

specific food allergen sensitization.  

• Wheeze was defined by a history of an audible wheeze responding to inhaled beta2-

agonists.  

• Asthma was defined in children over one year of age only, with a history of recurrent 

wheeze responding to inhaled beta2-agonists and/or use of a preventer for symptom 

control.  

• AR was defined in children over one year of age only with as a history of sneezing or 

blocked/runny nose accompanied by itchy or watery/red eyes unrelated to an upper 

respiratory tract infection.  
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• When wheeze/asthma or AR was combined with sensitisation to at least one aeroallergen 

it was defined as IgE-associated.  

• Data were collected on any allergic disease development within the first 2.5 years of life, 

including eczema and/or wheeze and/or food allergy and/or AR. 

 

2.6 Statistical methods 

 

Statistical analysis was performed using IBM SPSS Statistics for Windows, version 26 (IBM Corp., 

Armonk, N.Y., USA). All tests were two-sided with a p<0.05 considered statistically significant. 

Categorical data was described using count and percent. Scale data was described using mean (M), 

standard deviation (SD), median (Md), or interquartile range (IQR) with normality assessed using 

the Shapiro-Wilk test. Baseline characteristics and confounding factors were described for the 

total sample and between participants who wore the UV dosimeter and those that did not.  

Between group differences were examined between dosimeter worn and not worn, and between 

allergic disease and no allergic disease. For categorical variables, these group differences were 

compared using Chi-Square with a Fisher’s exact 2-sided p-value reported. For continuous 

variables, these were computed using Mann-Whitney U test (not normally distributed), except for 

birth weight which was normally distributed and assessed using an independent samples t-test.  

 

For the dosimeter worn only group, a generalized linear model (GEE) with binomial probability 

distribution and logit link function was used to examine the influence of direct UV light exposure 

in the first three months (covariate) on the development of allergic disease within the first 2.5 

years of life (dependent variable yes/no), with the odds ratio (OR), 95% Wald confidence intervals 

(CI) and significance reported, and Bonferroni corrected pairwise comparison conducted as 

appropriate. 

 

Generalized linear mixed models (GLMM) (binomial distribution with a logit link) were used to 

examine the changes over the four time points (3 months, 6 months, 1 year and 2.5 years) for 

each of the binary outcomes (present/absent): eczema, wheeze or any allergic disease (atopy).  

The models included time as the repeated measure. An unstructured random effect for 

participants was included for the atopy models only. Fixed effects for confounding variables were 

examined in separate models (due to sample size limitations) to identify potential confounding: 
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skin type (due to low numbers Fitzpatrick categories I to VI374 were here collapsed to 

pale/normal/dark), season of birth, 25(OH)D levels, outdoor exposure (minutes), sunscreen use 

(always/sometimes/never) and skin exposed (face/face, hands, arms/face, hands, arms and legs).  

The model used an unstructured repeated covariance structure, with a robust estimation for 

model assumptions. A sequential Bonferroni corrected pairwise comparison was conducted as 

appropriate. A final GLMM model was conducted with all confounders that reported a significant 

effect for each outcome. 

  

3. Results 

 

3.1 Characteristics of the study population 

 

Data collection for the follow-up assessments at 2.5 years of age was completed on 31st January 

2019. Tables 1a and 1b summarize the baseline demographic details comparing the infants who 

were allocated the UV dosimeters (n=86) to those who were not (n=109). There were no 

significant differences between these groups of infants, apart from an increased prevalence of 

maternal history of allergic disease in the group who were not allocated a UV dosimeter (Table 1a) 

and differences in season of birth of the infants allocated a UV dosimeter compared to those who 

were not (Table 1b). 

 

Figure 1 illustrates the full study participant flow details. Nine infants were withdrawn by their 

caregiver(s) within the first 3 months. Three infants developed health issues (not allergic disease 

related), two infants were withdrawn due to parents becoming occupied by work commitments, 

and four infants due to parents not wanting to proceed with blood collections. No infants were 

withdrawn in the follow-up period from 6 months to 2.5 years of age. One infant was thought to 

be lost to follow-up at 6 months but the family could be contacted again and attended their 1 year 

of age appointment. At 1 year of age, five infants did not attend their appointment due to their 

families moving away from the study location, and six infants were lost to follow-up. At 2.5 years 

of age, eight infants did not attend their appointment (three had both parents now full-time 

working and five had moved away) and 16 infants were lost to follow-up. 

 



	

	 85	

Table	1.1	Baseline	characteristics:	Comparing	infants	who	wore	a	UV	dosimeter	for	the	first	3	months	of	life	(n=86)	to	those	who	did	not	wear	a	UV	dosimeter	(n=109)	

	

Characteristic	 	 Total	Sample		
n=195	

UV	Dosimeter	not	worn		
n=109	

UV	Dosimeter	worn		
n=86	

Group	Difference	

	 n n	(%)	 n n	(%)	 n	 n	(%)	 X2	 p-value	

	 	 	 	 	 	 	 	 	

Mother’s	ethnicity	(Caucasian)	 195	 160	(82.1)	 109	 90	(82.6)	 86	 70	(81.4)	 0.34	 .959	

Mother’s	education	(completed	high-school)	 194	 183	(94.3)	 108	 100	(92.6)	 86	 83	(96.5)	 1.38	 .352	

Maternal	history	of	allergic	disease	(yes)	 194	 150	(77.3)	 108	 90	(83.3)	 86	 60	(69.8)	 5.02	 .038*	

Paternal	history	of	allergic	disease	(yes)	 193	 146	(75.6)	 108	 78	(72.2)	 85	 68	(80.0)	 1.56	 .240	

Siblingh	history	of	allergic	disease	(yes)	 71	 41	(57.7)	 33	 17	(51.5)	 38	 24	(63.2)	 0.98	 .346	

Two	or	more	family	with	atopic	disease	(yes)	 192	 119	(62.0)	 108	 66	(61.1)	 84	 53	(63.1)	 0.08	 .881	

Smoking	in	house	(yes)	 193	 0	(0.0)	 108	 6	(5.6)	 85	 8	(9.4)	 1.05	 .404	

Pet	cat	indoors	(yes)	 193	 32	(16.6)	 108	 17	(15.7)	 85	 15	(17.6)	 0.13	 .846	

Pet	dog	indoors	(yes)	 193	 107	(55.4)	 108	 56	(51.9)	 85	 51	(60.0)	 1.28	 .308	

	

Sex	(male)	

	

195	

	

104	(53.3)	

	

109	

	

58	(53.2)	

	

86	

	

46	(53.5)	

	

0.01	

	

1.000	

Mode	of	delivery	(caesarian	section)	

	

195					

	

75	(38.5)	

	

109	

	

43	(39.4)	 86	

	

32	(37.2)	 0.10	

	

0.769	

	

	

n=sample;	M=mean;	SD=standard	deviation;	Md=median;	%=percent;	X2=Chi	square	statistic;	p<.05*bolded	represents	a	statistically	significant	group	difference	at	p<.05.	
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Table 1.b Baseline characteristics for the group of participants who wore UV dosimeters for 
the first 3 months (n=86) and who did not wear UV dosimeters (n=109) 

 

Outcome  Total 
Sample  

N=195 

UV Dosimeter 
not worn  

n=109 

UV Dosimeter 
worn  
n=86 

Group 
Difference 

 n M (SD) 
[Md] 

n M (SD) [Md] n M (SD) 
[Md] 

Test* p-
value 

Gestational 
age (in weeks) 

 

Birth weight (in 
grams) 

195 

 

 

195 

 

39.2(1.02) 
[39.3] 

 

3421(369) 
[3423] 

109 

 

 

109 

 

65.5(16.9) 
[68.0] 

 

3438 (374) 
[3438] 

86 

 

 

86 

 

67.8(13.3) 
[67.0] 

 

3395(363) 
[3395] 

 

0.13 

 

 

0.81 

 

.894 

 

 

0.419 

 n n (%) n n (%) n n (%) X2 p-
value 

Skin type 39 176  94  82  1.56 .806 

I  2 (1.1)  1 (1.1)  1 (1.2)   

II  49 (27.8)  27 (28.7)  22 (26.8)   

III  91 (51.7)  51 (54.3)  40 (48.8)   

III  30 (17.0)  13 (13.8)  17 (20.7)   

IV  4 (2.3)  2 (2.1)  2 (2.4)   

VI  3 (2.2)  1 (1.4)  2 (3.1)   

Season of 
Birth 

195  109  86  31.4 <.001* 

Summer  30 (15.4)  13(11.9)  17(19.8)   

Autumn  44 (22.6)  18 (16.5)  26 (30.2)   

Winter  57 (29.2)  24 (22.0)  33 (38.4)   

Spring  64 (32.8)  54 (49.5)  10 (11.6)   

 

	
M=mean; SD=standard deviation; Md=median; *MWU= Mann-Whitney U test was used for 
gestational age and independent samples t-test for gestational age; X2= Chi square 
statistic; p<.05*bolded represents a statistically significant group difference at p<.05. 
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Figure	1.	Participant	Flow	Diagram	

Potential	participants	initially	
screened	(n=2290)	

Excluded	(n=2095)	
• Not	eligible	(n=1088)	
• Did	not	consent	(n=751)	
• Lost	to	follow	up	(n=256)	

1	year	of	age	assessment	

Assessment	attend	(n=175)	

Did	not	attend	appointment	(n=5)		

Lost	to	follow	up	(n=6)	

	

3	month	of	age	assessment	

Assessment	attend	(n=180)	

Did	not	attend	appointment	(n=6)	

	

	

2.5	years	of	age	assessment	

Assessment	attend	(n=162)	

Did	not	attend	appointment	(n=8)		

Lost	to	follow	up	(n=16)	

	

	

Infants	consented	(n=195)	

Parent	withdrew	
consent	(n=9)	

Parent	withdrew	
consent	(n=0)	

Parent	withdrew	
consent	(n=0)	

6	month	of	age	assessment	

Assessment	attend	(n=173)	

Did	not	attend	appointment	(n=6)	

Loss	to	follow	up	(n=7)	

	

Parent	withdrew	
consent	(n=0)	
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3.2 Clinical allergic disease outcomes 

  

SPT was performed on 85.6% (167/195) participants at 1 year of age and 69.7% (136/195) 

participants at 2.5 years of age. By 6 months of age, 20.2 % (35/173) infants had medically diagnosed 

eczema and 17.3 % (30/173) had at least one episode of medically diagnosed wheeze.  

 

Overall, at 1 year 43.4% (76/175) and at 2.5 years 57.1% (92/162) of the children were medically 

diagnosed with at least one allergic disease (eczema, asthma/wheeze, food allergy or AR). As 

expected the most common allergic disease in the first 2.5 years of life was eczema affecting a total 

of 49.1% (81/164) children. There were 18 new medically diagnosed eczema cases between 1 to 2.5 

years of age.  

 

At 12 months of age 15.6% (26/167) and at 2.5 years of age 22.8% (31/136) of the participants were 

sensitized to at least one allergen tested for. Overall 6.3 % of infants (11/175) were diagnosed with a 

minimum of one IgE mediated food allergy through the first year of life and 5.6% (9/162) at the 2.5 

year follow up. Egg allergy was the most common food allergy, affecting 9/175 (5.1%) infants in the 

first year and this had reduced to 5/162 (3.1%) at 2.5 years of age. 

 

Overall 43.8% (71/162) of the children were medically diagnosed with wheeze within the first 2.5 

years, however only 11.3 % (8/71) were sensitized to at least one aeroallergen at the 1 or 2.5 year 

assessment. 

 

We found medically diagnosed AR at 2.5 years of age in 16.8% (27/161) of all presenting children, 

with only 11.1% (3/27) of these children having a proven sensitisation by SPT to at least one 

aeroallergen on the day of presentation.  

 

3.3 Association between direct UV light exposure in early infancy and allergic disease outcomes in the 

first 2.5 years of life 

 

A total of 86 infants were given a personal UV dosimeter to wear until three months of age. Non-

compliance with use of the UV dosimeter occurred with three infants (none of those developed 

eczema or other irritating skin conditions within the first 3 months of life which could have explained 
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any non-compliance) leaving 83 infants with useable UV light exposure data. The total median (IQR) 

UV light exposure measured by the UV dosimeters was 950 (556-1577) J/m2 from 0–3 months of age, 

typically with face, hands and arms exposed.  

 

When examining direct UV dosimeter measurements in the first 3 months of life along with parental 

reported time spent outdoors in the first 3 months of age (data collected via the sunexposure 

questionnaire, see methods), we found a significant association between the parental reported time 

spent outdoors before 11 am (p=0.014) and UV dosimeter measurements.  

 

Sixteen infants had medically diagnosed eczema between 0 to 6 months of age and as previously 

published we found an inverse association between direct UV light exposure and eczema outcome at 

6 months of age, but no association to wheeze symptoms.396 Another 24 new cases of eczema were 

medically diagnosed between 6 months and 2.5 years of age in the subgroup of participants who 

wore a UV dosimeter in early infancy. 

 

The compliance (captured by UV- dosimeter use in parent documented diary card) to wear the UV 

dosimeter was not different between the group of children who developed medically diagnosed 

eczema compared to those who did not within the first 3 months (p=0.21), 6 months (p=0.057), 1 

year  (p=0.15) and 2.5 years of age (p=0.29).  

 

Consistent with previously found eczema outcomes at 6 months of age396 children with cumulative 

(birth to 2.5 years of age) medically diagnosed eczema had significantly less direct UV light exposure 

between 0 to 3 months of age (median (IQR) 747 (473-1439) J/m2) than children without eczema 

(median (IQR) 1204 (1717-1843 J/m2)  (U -2.07; p=0.038) (Figure 2, Table 2). The generalized linear 

model was underpowered to examine this effect with confounding variables. No significant 

differences in UV light exposure in early infancy were found between children who did or did not 

have medically diagnosed asthma/wheeze, food allergy or AR within the first 2.5 years of life  (Figure 

2). 
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Figure 2. The influence of direct UV light exposure on allergy outcome;  

blue indicates no allergic disease, red indicates allergic disease present 

 

3.4 Cross-sectional associations between behaviours concerning sun exposure and allergic disease 

outcomes within the first 2.5 years of life 

 

Total estimated outdoor exposure by parental report between 0 to 3, 3 to 6 and 6 to 12 months, as 

well as one to 2.5 years of age was not different between children who developed eczema (Table 2) 

or any allergic outcomes/atopy (at least one of: eczema, wheeze, food allergy or AR) (Table 3) within 

the first 2.5 years of life. This also applied for shade or sun exposure in isolation (p>0.05). Examining 

potentially confounding factors at the different time periods such as 25(OH)D levels, oral vitamin D 

intake, sunscreen use, exposed skin, skin type and season of birth, found no statistically significant 

differences for cumulative eczema or atopy outcomes within the first 2.5 years of age (Tables 2, 3).   

 

However, focusing on each specific single time period (time spent outdoors before 11 am, between 

11 am to 3 pm or after 3pm) children with increased cumulative eczema over the first 2.5 years of life 

had significantly less outdoor exposure (n=79; median 7 minutes/day; SD 21.6) within the first 3 

months of life between 11 am and 3 pm than children without eczema (n= 84; median 20 minutes/ 

day; SD 29.1) (p=0.011).  
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Whereas the group of children developing at least one allergic disease within the first 2.5 years of life 

spent significantly more time outdoors before 11 am within the first 3 months of life (n= 90, median 

30 minutes/ day, SD 29.9) than the group who did not develop any allergic diseases (n=69; median 15 

minutes/day, SD 31.0) (p=0.025). There were no associations concerning the other time periods (time 

spent outdoors (before 11 am/ between 11 am and 3 pm/ after 3 pm) combined with the different 

age groups (0 to 3 months/ 3 to 6 months/ 6 to 12 months/ 1 year to 2.5 years)) or specifically time 

spent in the shade or sun and cumulative eczema outcome or cumulative atopic diseases over the 

first 2.5 years. 

 

Examining potentially confounding factors, including 25(OH)D levels, oral vitamin D intake, sunscreen 

use, exposed skin, skin type and season of birth, no statistically significant eczema or atopy outcome 

group differences within the first 2.5 years of age were detected at the different time periods.   

 

Identical total outdoor exposure variables were also investigated in relation to medically diagnosed 

asthma/ wheeze or food allergy (cumulative) over the first 2.5 years of life, as well as sensitization 

and AR between 1 and 2.5 years of age with no significant differences in disease outcomes found 

(p>0.05).  
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Table 2. Comparison of cumulative eczema outcomes in early childhood  (within first 2.5 years 

 of life) in association to examined key risk factors  

	
Outcome	 No	eczema		

n=	84	
Eczema		
n=	81	

Group	Difference	

	 na	 M	(SD)	[Md]	 na	 M	(SD)	[Md]	 test	
statistic	c	

p-value	

UV	exposure	first	3	monthsb	 39	 1392.8	(1015.6)	
[1204.0]	

40	 969.0	(664.2)	
[747.0]	

-2.07	 .038*	

	
25(OH)D	blood	levels	

	 	 	 	 	 	

3	months	 65	 71.8	(22.6)	[71.0]	 62	 73.5	(31.9)	[72.5]	 -0.32	 .747	
6	months	 69	 87.9	(21.9)	[89.0]	 63	 89.8	(35.4)	[87.0]	 -0.52	 .607	
12	months	 73	 80.1	(22.7)	[78.0]	 70	 79.6	(23.0)	[78.0]	 -0.26	 .796	
30	months	 68	 77.2	(17.7)	[75.0]	 56	 78.5	(17.7)	[74.0]	 -0.29	 .769	

Total	Outdoor	exposure	
(minutes)	

	 	 	 	 	 	

3	months	 84	 84.7	(53.8)	[75.0]	 79	 76.0	(44.0)	[65.0]	 -0.82	 .411	
6	months	 83	 87.4	(62.1)	[66.0]	 76	 89.4	(70.9)	[75.0]	 -0.10	 .918	
12	months	 81	 121.0	(86.3)	[100.0]	 74	 109.1	(75.0)	

[90.0]	
-0.71	 .478	

30	months	 83	 167.0	(74.4)	[150.0]	 75	 178.4	(83.3)	
[160.0]	

0.67	 .503	

Oral	vitamin	D	intake	
(drops/months)	
1	drop=	400IU	vitamin	D3	

	
79	

	
31.9	(34.9)	[0.0]	

	
78	

	
31.7	(35.4)	[0.0]	

	
0.11	

	
.911	

	 	
na	

	
n	(%)	

	
na	

	
n	(%)	

	
x2	

	
p-

valued	
	
Sunscreen	used		
3	months	

	
84	

	 	
79	

	 	
1.91e	

	
.457	

Always	 	 2	(2.4)	 	 3	(3.8)	 	 	
Sometimes	 	 22	(26.2)	 	 14	(17.7)	 	 	

Never	 	 60	(71.4)	 	 62	(78.5)	 	 	
Sunscreen	used		
6	months	

83	 	 78	 	 3.24	 .210	

Always	 	 10	(12.0)	 	 8	(10.3)	 	 	
Sometimes	 	 41	(49.4)	 	 29	(37.2)	 	 	

Never	 	 32	(38.6)	 	 41	(52.6)	 	 	
Sunscreen	used		
12	months	

81	 	 78	 	 2.93	 .243	

Always	 	 14	(17.3)	 	 14	(17.9)	 	 	
Sometimes	 	 52	(64.2)	 	 41	(52.6)	 	 	

Never	 	 15	(18.5)	 	 23	(29.5)	 	 	
Sunscreen	used		
30	months	

84	 	 76	 	 1.12e	 .577	

Always	 	 29	(34.5)	 	 28	(36.8)	 	 	
Sometimes	 	 53	(63.1)	 	 44	(57.9)	 	 	

Never	 	 2	(2.4)	 	 4	(5.3)	 	 	
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Skin	exposed		
3	months	

84	 	 79	 	 0.68	 .732	

Face	 	 34	(40.5)	 	 37	(46.8)	 	 	
Face,	hands	and	arms	 	 10	(11.9)	 	 8	(10.1)	 	 	

Face,	hands,	arms	and	legs	 	 40	(47.6)	 	 34	(43.0)	 	 	
Skin	exposed		
6	months	

83	 	 78	 	 1.09	 .575	

Face	 	 32	(38.6)	 	 26	(33.3)	 	 	
Face,	hands	and	arms	 	 12	(14.5)	 	 9	(11.5)	 	 	

Face,	hands,	arms	and	legs	 	 39	(47.0)	 	 43	(55.1)	 	 	
Skin	exposed		
12	months	

80	 	 78	 	 0.41	 .844	

Face	 	 27	(33.8)	 	 25	(32.1)	 	 	
Face,	hands	and	arms	 	 22	(27.5)	 	 19	(24.4)	 	 	

Face,	hands,	arms	and	legs	 	 31	(38.8)	 	 34	(43.6)	 	 	
Skin	exposed		
30	months	

84	 	 76	 	 1.33	 .510	

Face	 	 7	(8.3)	 	 10	(13.2)	 	 	
Face,	hands	and	arms	 	 37	(44.0)	 	 35	(46.1)	 	 	

Face,	hands,	arms	and	legs	 	 40	(47.6)	 	 31	(40.8)	 	 	
Skin	type		 83	 	 81	 	 2.90	e	 .616	
Season	of	birth	 84	 	 81	 	 0.64	e	 .891	

summer	 	 13	(15.5)	 	 15	(18.5)	 	 	
autumn	 	 19	(22.6)	 	 18	(22.2)	 	 	
winter	 	 23	(27.4)	 	 24	(29.6)	 	 	
spring	 	 29	(34.5)	 	 24	(29.6)	 	 	

	
Note.		a	sample	excluding	missing	data;	b	Includes	only	participants	who	wore	a	dosimeter;		c		Mann	Whitney	U	
standardized	test	statistic	reported;	d	Fisher’s	Exact	2-side	p-value	reported;	eFisher’s	Exact	Chi	Square	test	
statistic	reported	as	cell	count	less	than	five.	
n=sample;	M=mean;	SD=standard	deviation;	Md=median;	%=percent;	X2=Chi	square	statistic	
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Table 3.  Comparison of cumulative allergic outcomes (atopy) within the first 2.5 years of life  

 in association to key risk factors 

	
Outcome	 	 Total	

Sample		
n=161	

No	allergic	
outcome		

n=69	

Allergic	
outcome		

n=92	

Group	
Difference	

	 na	 M	(SD)	
[Md]	

	na	 M	(SD)	[Md]	 na	 M	(SD)	
[Md]	

test	
statistic	

c	

		p-
value	

UV	exposure	
first	3	monthsb	

78	 1144.9	
(875.9)	
[929.0]	

32	 13.95.4	
(1110.1)	
[1174.5]	

46	 970.5	
(623.1)	
[812.5]	

-1.61	 .107	

25(OH)D	blood	
levels	

	 	 	 	 	 	 	 	

3	months	 124	 71.7(27.9)	
[70.0]	

51	 67.1(21.8)	
[67.0]	

73	 74.9(31.2)	
[73.0]	

1.18	 .240	

6	months	 129	 88.2(29.4)	
[87.0]	

54	 87.8	(23.3)	
[89.5]	

75	 88.4(33.3)	
[86.0]	

-0.68	 .496	

12	months	 139	 79.5(22.6)	
[78.0]	

60	 79.2	(21.5)	
[78.0]	

79	 79.8(23.6)	
[78.0]	

-0.02	 .988	

30	months	 124	 78.0(21.5)	
[75.0]	

52	 75.3	(17.9)	
[74.5]	

72	 79.9(23.7)	
[75.0]	

0.78	 .435	

Total	Outdoor	
exposure	
(minutes)	

	 	 	 	 	 	 	 	

3	months	 159	 80.9(49.5)	
[70.0]	

69	 81.7	(56.5)	
[65.0]	

90	 80.3(43.7)	
[70.0]	

0.49	 .626	

6	months	 155	 88.7(64.8)	
[75.0]	

67	 91.1	(64.9)	
[70.0]	

88	 86.8(65.0)	
[75.0]	

-0.41	 .683	

12	months	 151	 114.4(80.9)	
[95.0]	

66	 123.3(89.4)	
[105.0]	

85	 107.5(73.4)	
[90.0]	

-0.97	 .333	

30	months	 159	 172.6(78.3)	
[150.0]	

68	 167.5(72.4)	
[150.0]	

91	 176.4(82.6)	
[150.0]	

0.47	 .635	

	
Oral	vitamin	D	
intake	
(drops/month)	
1	drop=	400	IU	
vitamin	D3		

	
153	

	
31.2	(35.0)	

[0.0]	

	
65	

	
30.8	(35.8)	

[0.0]	

	
88	

	
31.5	(34.5)	

[0.0]	

	
0.24	

	
.813	

	 na	 n	(%)	 na	 n	(%)	 na	 n	(%)	 X2	 			p-
value
d	

Sunscreen	used	
3	months	

159	 	 69	 	 90	 	 3.90e	 .132	

Always	 	 5	(3.1)	 	 0	(0.0)	 	 5	(5.6)	 	 	
Sometimes	 	 34	(21.4)	 	 16	(23.2)	 	 18	(20.0)	 	 	

Never	 	 120	(75.5)	 	 53	(76.8)	 	 90	(74.4)	 	 	
Sunscreen	used	
6	months	

157	 	 68	 	 89	 	 0.73e	 .738	

Always	 	 17	(10.8)	 	 6	(8.8)	 	 11	(12.4)	 	 	
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Sometimes	 	 69	(43.9))	 	 32	(47.1)	 	 37	(41.6)	 	 	
Never	 	 71	(45.2)	 	 30	(44.1)	 	 41	(46.1)	 	 	

Sunscreen	used	
12	months	

155	 	 67	 	 88	 	 3.82	e	 .155	

Always	 	 27	(17.4)	 	 10	(14.9)	 	 17	(19.3)	 	 	
Sometimes	 	 93	(60.0)	 	 46	(68.7)	 	 47	(53.4)	 	 	

Never	 	 35	(22.6)	 	 11	(16.4)	 	 24	(27.3)	 	 	
Sunscreen	used	
30	months	

161	 	 69	 	 92	 	 0.37e	 .844	

Always	 	 58	(36.0)	 	 24	(34.8)	 	 34	(37.0)	 	 	
Sometimes	 	 97	(60.2)	 	 43	(62.3)	 	 54	(58.7)	 	 	

Never	 	 6	(3.7)	 	 2	(2.9)	 	 4	(4.3)	 	 	
Skin	exposed		
3	months	

159	 	 69	 	 90	 	 0.55	e	 .777	

Face	 	 71	(44.7)	 	 29	(42.0)	 	 42	(46.7)	 	 	
Face,	hands	and	

arms	
	 16	(10.1)	 	 8	(11.6)	 	 8	(8.9)	 	 	

Face,	hands,	
arms	and	legs	

	 72	(45.3)	 	 32	(46.4)	 	 40	(44.4)	 	 	

Skin	exposed		
6	months	

157	 	 68	 	 89	 	 0.29	e	 .879	

Face	 	 57	(36.3)	 	 25	(36.8)	 	 32	(36.0)	 	 	
Face,	hands	and	

arms	
	 21	(13.4)	 	 10	(14.7)	 	 11	(12.4)	 	 	

Face,	hands,	
arms	and	legs	

	 79	(50.3)	 	 33	(48.5)	 	 46	(51.7)	 	 	

Skin	exposed	
12	months	

154	 	 66	 	 88	 	 1.94	e	 .391	

Face	 	 53	(34.4)	 	 26	(39.4)	 	 27	(30.7)	 	 	
Face,	hands	and	

arms	
	 38	(24.7)	 	 17	(25.8)	 	 21	(23.9)	 	 	

Face,	hands,	
arms	and	legs	

	 63	(40.9)	 	 23	(34.8)	 	 40	(45.5)	 	 	

Skin	exposed	
30	months	

161	 	 69	 	 92	 	 0.45e	 .852	

Face	 	 18	(11.2)	 	 7	(10.1)	 	 11	(12.0)	 	 	
Face,	hands	and	

arms	
	 73	(45.3)	 	 30	(43.5)	 	 43	(46.7)	 	 	

Face,	hands,	
arms	and	legs	

	 70	(43.5)	 	 32	(46.4)	 	 38	(41.3)	 	 	

Skin	type		 160	 	 68	 	 92	 	 1.27	e	 .935	
Season	of	birth	 161	 	 69	 	 92	 	 0.54	e	 .922	

summer	 	 26	(16.1)	 	 10	(14.5)	 	 16	(17.4)	 	 	
autumn	 	 37	(23.0)	 	 16	(23.2)	 	 21	(22.8)	 	 	
winter	 	 45	(28.0)	 	 21	(30.4)	 	 24	(26.1)	 	 	
spring	 	 53	(32.9)	 	 22	(31.9)	 	 31	(33.7)	 	 	

	
Note.		a	sample	excluding	missing	data;	b	Includes	only	participants	who	wore	a	dosimeter;		c		Mann	Whitney	U	
standardized	test	statistic	reported;	d	Fisher’s	Exact	2-side	p-value	reported;	eFisher’s	Exact	Chi	Square	test	
statistic	reported	as	cell	count	less	than	five.	
n=sample;	M=mean;	SD=standard	deviation;	Md=median;	%=percent;	X2=Chi	square	statistic	
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3.5 Longitudinal associations between behaviours concerning sun exposure and allergic disease 

outcomes during early childhood: Mixed-effects logistic regression modelling 
 

Longitudinal analysis was performed between outdoor exposure including time spent in sun or 

shade in separation and association to eczema, wheeze and any atopic diseases (at least one of: 

eczema, wheeze, food allergy or AR) over the first 2.5 years of life.  

 

Generalized mixed-effects logistic regression for each confounder were examined in individual 

eczema outcome models. No significant fixed effects were detected for skin type (F=0.60 p=.552), 

season of birth (F=0.20 p=.895), 25(OH)D levels (F=0.12 p=.727), vitamin D supplementation in the 

first 3 months (F=0.05 p=.821), outdoor exposure (F=0.10 p=.753), daily sun exposure (F=0.15 

p=.702), daily shade exposure (F=.001 p=.980) and skin exposed (F=0.15 p=.859). Only sunscreen 

was a significant confounder (F=3.41 p=.034) noting that children who sometimes (as opposed to 

always or never) wore sunscreen were at increased risk of eczema (OR=1.57 CI 1.12 – 2.20 

p=.009). All participants who wore sunscreen used sun protection factor (SPF) 50 (Table 4). 

 

Generalized mixed-effects logistic regression for each confounder were examined in individual 

wheeze outcome models. No significant fixed effects were detected for skin type (F=0.49 p=.611), 

25(OH)D levels (F=0.18 p=.674), vitamin D supplementation in the first 3 months (F=3.8 p=.051), 

sunscreen (F=1.59 p=.204), skin exposed (F=2.77 p=.063) or daily shade exposure (F=2.46 p=.118). 

Protective fixed effects included season of birth (F=3.35 p=.019) with a decreased risk of wheeze 

for children born in autumn (OR=0.39 CI 0.20-0.75 p=.005), outdoor exposure (F=9.1 p=.003 

OR=1.00 CI 0.99-1.00) and daily sun exposure (F=8.18 p=.004 OR=0.91 CI 0.86 – 0.97). The final 

generalized mixed-effects logistic regression examined wheeze with confounders season of birth 

and outdoor exposure, with both remaining significant effects (Table 4).   

 

Generalized mixed-effects logistic regression for each confounder were examined in individual 

atopy (any allergic disease development within the first 2.5 years of life) outcome models. No 

significant fixed effects were detected for skin type (F=0.54 p=.583), season of birth (F=0.43 

p=.734), and 25(OH)D levels (F=3.60 p=.058).  Children that were given vitamin D supplementation 

for the first 3 months of life (F=20.6 p<.001) were at increased risk of atopy (OR=1.03 CI 1.02 – 

1.04).   
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However, the result did not remain significant in the final generalized mixed-effects logistic 

regression which included confounding factors. Protective fixed effects included outdoor daily sun 

exposure time (F=32.0 p<.001 OR=0.98 CI 0.98-0.99), sunscreen use (F=9.51 p<.001) for always 

(OR=0.38 CI 0.23-0.64 p<.001) and sometimes (OR=0.45 CI 0.29-0.68 p<.001) compared to never; 

and skin exposed (F=5.72 p=.003). The final generalized mixed-effects logistic regression examined 

atopy with confounders reported significant effects for daily outdoor sun exposure, sunscreen and 

skin exposed (Table 4).  

 

Table 4.  Generalised Linear Mixed Models for outcomes  atopy, eczema and wheeze  

 

Model Term β  SE p-value OR 95% CI for OR 
     Lower Upper 
Atopy Model       
Intercept 2.985 0.476 <.001 19.781 7.772 50.349 
Daily Sun exposure -0.014 0.003 <.001* 0.987 0.981 0.992 
Sunscreen       

Sunscreen alwaysa -0.705 0.359 .050 0.494 0.244 1.000 
Sunscreen sometimesa -0.696 0.296 .019 0.499 0.279 0.892 

Skin exposed       
Skin exposed faceb -0.529 0.282 .061 0.589 0.339 1.025 

Skin exposed face, hands and arms b -0.758 0.298 .011* 0.469 0.261 0.841 
Vitamin D supplementation -0.008 0.005 .109 0.992 .983 1.002 
Eczema Model       
Intercept -0.177 0.187 .346 0.838 0.580 1.211 
Sunscreen        

Sunscreen alwaysa 0.214 0.254 0.400 1.239 0.752 2.039 
Sunscreen sometimesa 0.449 0.172 .009* 1.566 1.117 2.196 

 
 
 

Wheeze Model       
Intercept 2.601 0.252 <.001 13.481 8.214 22.126 
Season of birth       

summerc 0.180 0.379 .635 1.197 0.569 2.516 
autumnc -0.875 0.332 .009* 0.417 0.217 0.800 
winterc	 -0.210	 0.306	 .492	 0.810	 0.444	 1.478	

Outdoor exposure -0.004 0.001 .005* 0.996 0.993 0.999 
 
Table 4: Note.  β =beta coefficient; SE=standard deviation; OR odds ratio (Exp(component)); acompared to never; 
bcompared to face, hands, arms and legs; ccompared to spring *bolded represents a statistically significant group 
difference at p<.05. 
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Longitudinal modelling was not possible to be conducted for allergic rhinitis and sensitisation, as 

these were not collected at all four time points; while for food allergy the sample size was too 

small (n=15 by 2.5 years of age).	

 

4. Discussion 

 

This exploratory analysis confirms our previous observations that increased direct UV light 

exposure in the first three months of life appears to decrease the risk of eczema development.396 

These findings are further supported by parent reported increased time spent outdoors within the 

first 3 months of life between 11 am and 3 pm (typically the highest UV light exposure time period 

each day in Australia) with reduced child eczema outcomes over the first 2.5 years of life.  In short, 

the effects of early infancy direct UV light exposure appear to have continuing benefits on 

reducing eczema development risk into early childhood. 

 

Our findings are supported by those from cohort studies in the United States247, Spain404, Japan405 

and Korea244, where associations were also observed between mean annual UV indices,247 number 

of sunny hours in a geographical region404 or season of birth with estimated UV exposure244, and 

eczema prevalence in childhood. A major strength of our study is that we uniquely also measured 

individual direct UV light exposures using personalized UV dosimeters. This provided objective 

quantifiable UV light exposure level data to correlate with individual child eczema outcomes. 

Although, due to funding constraints, we were only able to use these personalized UV dosimeters 

in a subset of our trial participants from birth to three months of age, we still found a significant 

association with childhood eczema outcomes. We recognize that at the end of our trial there was 

an unbalanced distribution, according to season of birth, of infants with UV dosimeter use 

compared to those not allocated an UV dosimeter due to variable rates of recruitment over the 

course of each year. We would recommend the use of these UV dosimeters (or similar devices) to 

capture direct individual UV light exposure levels in larger future studies. Extending their use to 

other time periods during infancy and early childhood should enable further clarification of critical 

time periods where direct UV light exposure influences allergic disease outcomes.  

 

We demonstrated an association of more UV light exposure with reduced eczema outcomes in 

early childhood, but it remains to be shown as to what extent specifically UVA (315-400nm) 
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and/or UVB (280-315nm) light is responsible for our observed findings. In this context, it also 

needs to be considered that our data revealed a longitudinally protective role of sunscreen use for 

the development of eczema if used sometimes, compared to always when outdoors over the first 

2.5 years of life. This finding was unexpected and initially inconsistent with the general 

understanding that sunscreen protects from UV light penetration. However, it is possible that a 

specific optimal level or range of UVA and/or UVB light exposure is required to influence specific 

immune modulation and subsequently allergy protection. Thus, further investigations of detailed 

sunscreen use, including specific quantities (depth and area of skin covered) and types (some 

sunscreens may have a beneficial moisturizing effect on eczema while others could be irritating 

the skin) could be useful in future studies. Important related considerations also include 

geographical location (latitude) and other influences on UV light penetration like air pollution 

levels.136  

 

Our findings, which indicate a vitamin D independent effect of early increased UV light exposure 

on reduced eczema outcomes, have also been supported in animal models showing that UV 

radiation leads to antigen-specific-T regulatory cell406 and dendritic cell expansion causing 

systemic immunosuppression irrespective of vitamin D.407,408 Moreover mast cells409 and 

regulatory B cells affecting dendritic cell mediated T cell activation, are also involved in UV 

exposure triggered immunosuppression.410 A study in mice by Gorman et al. demonstrated that 

vitamin D was not essential in mediating the immunosuppressive effects of erythemal UV-

radiation on contact hypersensitivity responses.411  

 

While we found associations with early childhood eczema outcomes, the measurement of direct 

UV light exposure levels via UV dosimeter and cross-sectional data of parent reported time spent 

outdoors failed to show any influences on early childhood wheeze outcomes. However, 

longitudinally protective associations included season of birth with a decreased risk of wheeze for 

children born in autumn. Previous studies have found that that fetal lung development is impaired 

by maternal vitamin D deficiency as a possible proxy of sunlight exposure.297,412 Applying this 

concept to our cohort, maternal sun exposure during pregnancy would have been higher for 

infants born in autumn (as the 2nd and/or 3rd trimester of pregnancy was during summer) than 

those born during other seasons. Thus, we extrapolate that there may have been a protective 

effect on fetal lung development from higher summer related maternal vitamin D status during 
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pregnancy leading to less vulnerability towards future wheeze or asthma development.339 Another 

explanation for the protective association of an autumn birth on wheeze outcomes within the first 

2.5 years, might have been due to the seasonal increase of wheeze related to increased upper 

respiratory tract infections during winter months. Considering that children born in autumn had 

experienced only two winter seasons by 2.5 years of age, while children born during the other 

seasons were exposed to three winter seasons, this might have contributed to our findings. Our 

study was underpowered for definitive results regarding seasonal influences, however, it would be 

worthwhile exploring this finding in future studies on larger cohorts.   

 

Apart from season of birth, our longitudinal data analysis also revealed a protective effect of 

parent reported outdoor exposure (specifically time spent in the sun) on wheeze and also atopy 

outcomes (at least one of: eczema, wheeze, food allergy or AR) over the first 2.5 years of age.  

Previous cross-sectional observational studies have described an inverse association between 

vitamin D status and wheeze outcomes or atopy in childhood357,359,360,413 and longitudinally this 

finding was also supported by Hollams et al. showing that over a 10-year period, the number of 

times a child was found to be deficient in vitamin D was positively associated with the risk for 

eczema, sensitisation, asthma and wheeze at age 10 years.353 However, none of these previous 

studies evaluated UV light exposure in addition to vitamin D status. Hence, while not specifically 

examined in these previous studies, it remains possible that vitamin D independent UV-light 

induced effects may be responsible for their associations with wheeze outcomes. 

 

It is important to remain mindful of the harmful effects of UV light exposure when reporting these 

potential beneficial effects—including skin damage and malignancy. Balancing the benefits and 

harms of UV light exposure will likely be an active and essential research area of interest for years 

to come, especially with increasing urbanization and even global pandemics leading to less time 

spent outdoors. 

  

5. Conclusion:  

Exposure to UV light in early infancy appears to be beneficial in reducing the risk of eczema 

development in early childhood. The immunomodulatory effects of UV light are also likely to be 

important for other immune-based diseases across the life course. Further research in larger birth 

cohorts is required to address this and to determine optimal levels and patterns of sunlight 
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exposure in infancy and early childhood, and how to balance the advantages with the risk of 

adverse effects such as skin damage and cancer outcomes. 
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Chapter 8 

 

 

 

General Discussion and Future Directions 
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8.1 Thesis overview 

 

This thesis examined whether vitamin D supplementation and/or sunlight exposure in early 

infancy have an influence on allergy outcomes—and thus have a potential role in strategies aimed 

at preventing or reducing allergic diseases.  

 

At the core of this work, a novel RCT was conducted to assess the effect of infant oral vitamin D 

supplementation from 0 to 6 months of age on immune development and allergy outcomes in 

early childhood. This study also assessed direct infant UV light exposure using personalized UV 

dosimeters to provide an objective and quantitative measurement of direct UV light exposure over 

the first 3 months of life. To our knowledge, this is the first study to use these UV dosimeters in 

the context of early allergy development. 

 

The RCT did not reveal any evidence that vitamin D supplementation modified allergy 

development. Specifically, supplementation of term, vitamin D sufficient infants did not reduce 

allergy outcomes within the first 6 months of life (chapter 4) or from 6 months to 2.5 years of age 

(chapter 6), despite achieving significantly higher 25(OH)D levels in the intervention group at 3 

and 6 months of age (chapter 4). These clinical findings are consistent with an exploratory flow 

cytometric analysis of cellular immune profiles in CB and PBMC at 6 months of age. There was also 

no measurable impact on the patterns of immune development during the first 6 months of life or 

expression of functional immune cell markers (chapter 5).  

 

In contrast, this study revealed an association between UV light exposure and allergy outcomes. 

For the first time, the work of this thesis demonstrated a protective relationship between direct 

UV light exposure in early infancy and eczema outcome—which was evident in both early infancy 

(chapter 4) and over the first 2.5 years of life (chapter 7). Reflecting these clinical findings, we also 

showed that direct UV light exposure was associated with reduced pro-inflammatory immune 

markers by 6 months of age (chapter 4). These associations were further supported by cross-

sectional data of parent reports of time spent outdoors between 11am and 3pm during the first 3 

months of life and eczema outcome in early childhood (chapter 7). 
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8.2 Summary of key findings in the context of existing literature 

 

8.2.1 The role of Vitamin D as an allergy prevention strategy 

 

Our RCT, the VITAL study, is the first primary intervention trial to examine the effect of infant 

vitamin D supplementation and vitamin D status on allergic disease outcome in term, vitamin D 

sufficient infants—and failed to show any allergy preventative effects, as outlined in chapters 4 

and 6. The only other intervention study to find a similar result in full-term infants was a posthoc 

analysis364 using higher supplementation vitamin D doses of 400 vs. 1200 IU/day. That posthoc 

analysis also failed to demonstrate a clear or consistent preventative effect on allergy outcomes, 

apart from possibly to cow’s milk allergy (as critically discussed in chapter 1), even despite the 

higher supplementation doses of vitamin D.364 Together, these findings suggest the absence of an 

effect in our RCT is unrelated to the intervention group dose.   

 

Previous attempts to prevent allergy development via vitamin D supplementation during 

pregnancy (doses ranged from 400 IU to 4400 IU/day) have also been unsuccessful.336,323,325 The 

earliest prenatal intervention with vitamin D supplementation was started between 10 to 18 

weeks of gestation, however it is possible that vitamin D status optimization may be important 

before this period.325 Maturation of the human fetal innate immune system is initiated very early, 

with pluripotent granuloma-macrophage progenitors appearing in the fetal circulation by week 5 

and relevant precursor populations becoming detectable in the bone marrow and thymus 

between gestational weeks 8 to 12.414 While immune development occurs during this period, the 

development of other organ systems begins even earlier, for example, lung development 

commences as early as 3 weeks of embryonic life.338,339 There is also an increasing body of 

evidence that during critical time periods in fetal development—including periconception—

organisms may exhibit an enhanced plasticity, enabling them to fine-tune and reprogram patterns 

of gene expression in accordance with environmental cues.153,415,416 Hence, the ideal window for 

vitamin D supplementation for allergy prevention may be earlier in pregnancy, possibly even in the 

period prior to conception.154  

 

The lack of effect of vitamin D supplementation or status on allergic disease outcomes, as outlined 

in chapters 4 and 6, was also supported by our immunological findings. Using flow cytometric 
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analysis of cellular immune profiles in CB and PBMC, we found that vitamin D supplementation or 

vitamin D blood levels did not influence the normal development of immune cells during the first 6 

months of life or impact on the expression of functional immune cell markers (chapter 5). This 

suggests that oral vitamin D supplementation in infants who are vitamin D sufficient at birth does 

not impact the developmental trajectory of the circulating cellular immune system. 

 

While we could not see any influence of vitamin D supplementation or status on allergy outcome 

in both the RCT and immune function studies, there is an increasing body of evidence that gene-

vitamin D interactions may play a role in allergy development. Numerous genes involved in the 

vitamin D metabolism pathway have been associated with the risk of allergic disease.197,198 A 

prospective birth cohort study showed that vitamin D may interact with or modify inherited risk in 

children with an allergic disease high-risk genotype. The authors found a significant interaction 

between an IL-4 gene polymorphism and vitamin D deficiency. However, an increased risk of food 

sensitisation was only observed among children with CC/CT genotypes (OR= 1.79, 95% CI: 1.15-

2.77).417,418 This suggests vitamin D may play a role in food sensitisation in individuals with certain 

genotypes, interacting with, or modifying the associated genes.  

 

Similarly, differences in individual vitamin D metabolism such as the vitamin D receptor (VDR) and 

the vitamin D binding protein (DBP) may also modify these interactions.  

 

VDR polymorphisms are known to significantly influence immune regulation by altering cell 

proliferation and differentiation193 with early evidence of a potential role in the genesis of 

asthma.194 Specifically, a systematic review found an association between a number of VDR 

restriction fragment length poly-morphisms and the risk of asthma—with TaqI and BsmI 

polymorphisms conferring a significant risk.194 In another study, certain VDR alleles (ApaI, TaqI, 

BsmI) conferred risk for IgE responses and were overrepresented in atopic and sensitized 

individuals.191 VDR gene polymorphisms have also been associated with eczema, such that the 

BsmI (rs1544410) G allele, ApaI (rs7975232) C allele and TaqI (rs731236) T allele appear over-

represented in patients with severe atopic dermatitis compared to healthy controls.419  

 

Another important polymorphism is the highly complex DBP which leads to variation in binding 

affinity and subsequently has an influence on the availability of vitamin D to immune cells.199 
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Studies have shown that the DBP genotype has an influence on the development of asthma in 

children. Children with the GC genotype encoding the ET/ET (Gc1s/Gc1s) variant had lower odds of 

developing asthma, representing a protective effect compared with subjects with the DT/DT 

(Gc1f/Gc1f) variant.202 Research regarding gene-vitamin D interactions is promising but highly 

complex and there are still many unanswered questions including the role of other environmental 

interactions in this context.420  

 

Other studies suggest that vitamin D can influence epigenetics.421-423 These epigenetic effects may 

be mediated by the nuclear vitamin D receptor and are thought to be caused by histone 

modifications, particularly acetylation.421 As 2000 or so genes have been estimated to be directly 

or indirectly regulated by various vitamin D metabolites, investigating the possible role of vitamin 

D in epigenetic regulation will be particularly challenging.  

 

The highly complex role of environmental and genetic factors in the aetiology of allergic disease, 

and interactions occurring between environmental factors themselves, between environmental 

and genetic factors and/or between all factors and epigenetic factors (reviewed in 424-427) may 

explain our null findings. Further work assessing individual genetic susceptibility, vitamin D-

genotype interactions, and epigenetic influences may be helpful in better understanding the 

influence of vitamin D on allergic disease. 

 

Ultimately, characterizing the relationship between vitamin D status and allergy development (and 

all other health outcomes) depends on accurate measurement of 25(OH)D levels—and an 

understanding of inter-assay variability in infants and children. Prior to the work of this thesis, 

there was a lack of studies examining this. Our novel insight that inter-assay variation between CIA 

and the LC–MS/MS method differed by infant age (chapter 3) questions the translation of vitamin 

D monitoring programs428-430 (which are based on adult data only) to children. Pilot investigations 

of longitudinal measurements in children, as performed in this PhD thesis, now need to be 

replicated and extended to other assays and age groups in children to further explore this area 

and help to develop vitamin D standardisation programs applicable for the different paediatric age 

groups.  
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Based on our findings (chapter 3) CIA was selected for the purposes of this study—and revealed 

25(OH)D levels were significantly higher in the vitamin D supplemented group during the period of 

intervention without any associations to allergy outcomes (chapter 4). This lack of association also 

applied to 25(OH)D levels taken at 1 and 2.5 years (chapter 6) of age which is consistent with 

findings of other studies.348,349  

 

In summary, while epidemiological associations between sunlight exposure (as a surrogate marker 

of vitamin D status) and allergic disease outcome seemed promising248,268,368, vitamin D 

supplementation trials of allergy prevention323,325 have been disappointing—including the infant 

supplementation RCT of this thesis and other prenatal trials using oral vitamin D 

supplementation.323,325 This  also suggests the protective associations that have been observed 

with sunlight exposure may be operating through other pathways. Hence, there was a need to 

investigate whether sunlight exposure, independent of vitamin D, may prevent allergic disease 

development. 

 

8.2.2 Sunlight exposure in the context of allergy development 

 

This thesis provides the first evidence that greater direct UV light exposure in early infancy may 

protect against the development of eczema (chapter 4). These associations appear to continue 

with reducing eczema risk beyond the first year of life (chapter 7). The relationship between 

sunlight exposure in very early infancy and eczema has only been observed in one other study. 

However, that birth cohort study used “cumulative sunshine amount”405 while our study 

participants uniquely wore a personal UV dosimeter for direct individual UV exposure 

measurement. Elucidating the true relationships between sunlight exposure and health outcomes 

requires accurate and valid measurement of UV exposure.  

 

In this study personal UV dosimeters were issued to a subset of participants to collect objective 

and quantifiable individual sun exposure data over 3 months and associate them to allergy 

outcomes. Apart from capturing direct UV light exposure data our measurements are also a 

barometer for the individual time spent outdoors, hence also questioning other environmental 

factors (apart from UV light) to play a role in allergy development.414 Studies using personal UV 
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dosimeters for direct UV light exposure measurement are very rare with only one other study 

using this device in infancy,401 however allergic disease outcomes were not examined. 

 

While UV dosimeter data are beneficial to capture short term UV light exposure, they are less 

feasible for large scale data collections over a longer period of time.372 For the 2.5 years of follow 

up of all the trial participants, we therefore used parent reported outdoor exposure data 

combined with collecting information on sun protective behaviour and skin colour (chapter 7). 

This method is more precise for large scale data collections than approaches used in other 

publications such as “cumulative sunshine amount” over 3 months405, “number of sunny hours in a 

geographical region”404 or “ambient UVR” 41 as a monthly average over 5 years in association to 

allergy outcomes.  Results of these studies can be misleading as they were not associated with 

individual outdoor exposure times and sun protective behaviour (as captured in this PhD project 

chapter 2, appendices 5, 8, 9, 10, 11). 

 

Vitamin D status and UV light exposure are clearly interrelated (over 90% of vitamin D is known to 

be produced by UV light)—with the challenge of separating individual effects of these linked 

confounding factors. We statistically controlled our direct UV light exposure measurements and 

cross-sectional parent reported sunlight exposure data for vitamin D blood levels (chapters 4 and 

7). The inverse association between early UV light exposure and systemic effects on eczema 

outcome remained significant, indicating that these were vitamin D independent UV light induced 

protective effects. 

 

The systemic vitamin D independent effect of direct UV light exposure in early infancy on reduced 

eczema development is also supported by immune outcomes. These show an inverse correlation 

between early direct UV light exposure and proinflammatory markers (chapter 4) such as IL-2, 

GM-CSF and eotaxin at 6 months of age suggesting that direct UV light exposure effects early 

immune development with a likely impact on allergic disease outcomes. While our findings 

provide important first insights into the role of UV light exposure on early immune development, 

further immune function studies are needed in larger cohorts/trials.  

 

Although no other human studies have examined direct UV light exposure and immune 

development in relation to allergy outcomes, mice models do support our findings. These show 
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that direct UV radiation leads to antigen-specific Treg and DC expansion causing systemic 

immunosuppression irrespective of vitamin D.407,408,411  

 

Other key candidates for these vitamin D-independent effects of UV light-induced systemic 

immune regulation and suppression include bioactive molecules such as nitric oxide and cis-

urocaemic acid, as discussed in chapter 4 and 7.249,250 In addition, hormones such as melatonin 

may display systemic immunomodulatory effects in allergic diseases (reviewed in 431). While these 

bioactive molecules are released via UV light exposure, melatonin increases in darkness with levels 

being lower in patients with eczema, when compared to control groups.432 This finding has been 

further supported in mice models where melatonin applied to the skin reduced eczema lesions by 

reducing the total serum IgE level and production of IL-4 and interferon-γ by activated CD4+ T 

cells.433 This suggests there is a complex interplay between different bioactive molecules and 

possibly hormones such as melatonin, and this is dependent on UV light exposure. The possible 

role of these factors in the context of early direct UV light exposure and systemic effects on 

immune development or allergy outcomes still needs to be proven. 

 

In addition to the systemic effects of UV light, there is increasing evidence that sunlight exposure 

can also lead to local effects. Notably, in the skin these may protect against eczema severity109 by 

supporting the skin barrier434, inducing epidermal thickening435 and upregulating stratum corneum 

lipids.434,436 These potential local effects have been observed clinically in a small RCT.273 

Considering the influence of local effects of UV light exposure on eczema severity it may be argued 

that the inverse association between direct UV light exposure and eczema outcome at 6 months of 

age (chapter 4) may have been the result of local UV light induced effects rather than systemic 

effects. However, our follow up data (chapter 7) clearly demonstrate that the risk for later eczema 

development was also reduced dependent on UV light exposure in the first 3 months of life 

supporting a systemic and possibly preventative effect of early UV light exposure. 

 

Our cross-sectional data derived from parental reporting show an inverse correlation between 

time spent outdoors within the first 3 months of life  (specifically between 11 am and 3 pm) and 

eczema outcome in early childhood (chapter 7). This is in line with our results regarding direct UV 

light exposure in early infancy (chapters 4 and 7) and has been further supported by a birth cohort 

study.405 These findings appear to be pointing towards an “early critical window of development” 
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38,394,395 when environmental factors such as sunlight, along with possibly other climate factors 

could have the potential to influence immune development and allergy outcomes.38,153,399 

 

The weather and associated environmental conditions also link in with the known associations 

between season of birth and risk of allergy development. As discussed in chapter 7 our 

longitudinal data found a reduced rate of recurrent wheeze in autumn born children. This appears 

to contradict other publications reporting that immunological437 and allergic outcomes were more 

prevalent among children born during autumn or winter.405,438,439 However, these studies were 

performed in Northern Europe and protective climate factors during summertime in Scandinavia 

are probably more similar to a Western Australian autumn or spring. Hence, the conclusion that 

“the season of birth may shape the immune system”437, may be dependent on the geographical 

location, especially distance from the equator. More specific descriptions of seasonal related 

climatic factors (e.g. temperature, humidity, and wind speeds) could have been beneficial in the 

analysis of our own cohort and may also be important when translating findings from a study to 

variable other geographical locations.  

 

Although our results support the concept that sunlight exposure may have an influence on allergy 

outcome (particularly eczema) it also needs to be considered that UV light exposure is a measure 

for the “time spent outdoors”. Indeed, our direct UV exposure data measured by UV dosimeter 

were only significantly correlated to cross-sectional data capturing “time spent in the shade before 

11 am” (rather than in the sun). Our cross-sectional data also revealed that only more “time spent 

outdoors” (but not “more time spent in the sun”) between 11 am and 3 pm was associated with 

less eczema in early childhood (chapter 7). This suggests that the amount of time spent outdoors 

associated with other beneficial outdoor environmental factors may have induced or influenced 

our results regarding eczema outcome. There are still many unanswered questions about the role 

of these other environmental factors—in isolation or in interaction with UV light or 

interconnected with each other—and allergic disease development. Future studies should further 

explore these questions. 
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8.3 Study limitations 

 

While this thesis provides scientifically novel and important findings in relation to exploring the 

role vitamin D and sunlight as possible prevention strategies for allergic diseases, there are 

characteristics of this research which have potential implications for interpretation of the data. 

 

8.3.1 The influence of vitamin D supplementation on allergy outcomes: A randomized controlled 

trial 

 

The RCT sample size was designed to assess immunological findings, and was not statistically 

powered to detect clinical outcome differences between the intervention and control groups. 

Thus, although our trial provides exploratory data, we cannot exclude the possibility of potential 

preventative effects of vitamin D supplementation in early infancy on reduced allergic disease 

outcomes.  

 

Based on conditions of ethical approval of the RCT, we were required to exclude infants with 

maternal 25(OH)D levels <50nmol/l in late gestation and preterm infants (<36 weeks of gestation). 

Hence there were no participants at higher risk specifically based on poor maternal vitamin D 

status. Thus it remains unclear whether the null findings regarding vitamin D supplementation or 

status would apply to infants at higher risk for vitamin D deficiency. There were also no preterm 

infants included in our study. However, development of lungs continues into postnatal life and 

preterm birth is associated with increased respiratory symptoms and reduced lung function.338,367 

Hence, particularly preterm infants may be in a “critical developmental window” where effects of 

vitamin D may be more pronounced and an intervention with 400 IU/day vitamin D in early 

infancy might be protective for allergic disease outcomes.365 Further studies should explore the 

role of vitamin D supplementation in these at risk populations. 

 
In addition, also due to ethical approval requirements, all infants with a vitamin D level < 50nmol/L 

at 3 months of age discontinued the trial product and were referred to their general practitioner 

for vitamin D supplementation and follow-up advice and care. This may have contributed to the 

smaller (but still significant) difference in 25(OH)D levels between the placebo and intervention 

groups at 6 months of age compared to 3 months of age.  
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Another limitation of our trial was the lack of racial or ethnic diversity, with over 80% of our trial 

participants being European ancestry. It is possible that our results may have been different if our 

participants were from different racial or ethnic groups, as suggested in the studies by Allen et 

al.41 (chapter 1) and Hibbs et al.365 (chapters 1, 7 and 8). While the former reported that children 

with vitamin D deficiency born to Asian migrant parents are at greatest risk of developing food 

allergy, the latter was performed in a cohort of exclusively black-American infants indicating an 

increased risk of wheeze when supplemented with a lower dose of vitamin D. However, 

considering our small cohort size, there may also have been advantages of studying a more 

homogenous ethnic population with potentially less genetic variations, but of course this limits the 

generalizability of our trial results. Future studies should specifically focus on this aspect and 

investigate whether early infant vitamin D supplementation may be beneficial to certain well 

defined ethnical groups. 

 

8.3.2 The Influence of UV light exposure on allergy outcomes 

 

The observational design in chapters 4 and 7 does not allow the determination of causality and is 

more susceptible to confounding influences. We addressed this by statistically controlling for 

major confounders such as vitamin D, season of birth, sun-protective behaviour and skin type in 

our related results analysis and the associations remained unchanged after adjusting for 

confounding factors.  

 

While chapter 4 (and 7) revealed novel relationships between UV light exposure and eczema 

outcome as well as immune cell markers and UV light exposure, personal UV dosimetry data was 

limited to about half of the VITAL study population as this was a secondary exploratory outcome. 

The costs of UV dosimeters were high making it only feasible to provide these to a subgroup of the 

study population—and clinical and immunological studies where limited to this smaller sample 

size. In future studies, we would aim to replicate the results and continue these investigations on a 

larger sample size.  

 

Despite these limitations the novel findings provide evidence that the risk of allergic disease may 

be attenuated through optimal UV light exposure in conjunction with sun-protective behaviour 
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and/or other outdoor related environmental factors. This research opens the door for future, 

conclusive investigations and contributes significantly in finding prevention strategies. 

 

8.4 Conclusions and future directions 

 

The work in this thesis contributes important findings regarding the role of vitamin D and UV light 

exposure in the developing infant immune pathways and the risk of allergic disease. Novel findings 

from our vitamin D supplementation RCT suggest that vitamin D supplementation in early infancy 

does not appear to modify allergy outcomes in early childhood. These null findings are also 

reflected by the lack of effect of vitamin D status on innate and adaptive immune responses at 

birth and 6 months of age (chapter 5). 

 

More significantly, our study presents novel data suggesting direct protective influences of UV 

light exposure (or time spent outdoors) on reducing eczema development in early childhood—

providing an alternative mechanism for the long-observed indirect epidemiological association 

between latitude and allergic disease prevalence, that was previously attributed to vitamin D 

status. Our observational finding is further supported by functional immune studies in early 

infancy—which show an inverse relationship between early infant direct UV light exposure and 

proinflammatory markers at 6 months of age. Together, these results justify further studies to 

investigate the role of “time spent outside” in the protection against allergic disease, recognising 

that this too is likely to be multidimensional, including not only UV light exposure, but other 

factors in the outdoor environment such as environmental microbes that also have known 

immunomodulatory and allergy protective effects.414,440-442  

 

These findings raise important considerations when planning future studies aimed at promoting 

immune development for allergy protection as well as a range of other immune mediated 

conditions. Firstly, it is premature to discount the role of vitamin D. The VITAL RCT was only 

powered for immunological outcomes. Although supported by larger prenatal trials311,325 the lack 

of effect of vitamin D supplementation needs to be confirmed in larger postnatal trials adequately 

powered to detect clinical benefits that may extend beyond allergy.  
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Secondly, future vitamin D studies will also help to address unanswered questions about the 

optimal time to start supplementation (if indicated) and the optimal duration of intervention—

including whether this may also be a target for prenatal supplementation. Such studies may 

consider different “windows of opportunity” that take into account the developmental trajectories 

of different organ systems, which may differentially affect outcomes. Ultimately interventions 

need to consider the overall health benefits of mother and child—not limited to allergy alone. 

 

Thirdly, the benefits of vitamin D may not all be manifest within the 2.5 year timeframe that was 

assessed in our intervention study. Larger studies with well-resourced interventions would provide 

an important opportunity to extend the follow up period. Indeed, previous observational studies 

showed clear associations between vitamin D status and eczema352 or asthma and allergic rhinitis 

outcomes353,359,360 much later in life (chapter 1, table 1.3). This is supported by certain 

immunological developments which can continue to expand until sexual maturity.443,338,444 It is 

also likely that other benefits (such as on musculoskeletal health)445 may not be obvious until later 

childhood or adolescence. 

 

Furthermore, it is important to understand the wider implications of vitamin D status in specific 

risk populations (e.g. highly pigmented skin, premature delivery, small for gestational age) where 

effects of vitamin D may be more pronounced and an intervention with 400 IU/day vitamin D in 

early infancy might be protective for many outcomes including, but not limited to allergy 

development.   

 

There is some evidence that vitamin D deficient subjects may be more vulnerable to get infected 

with coronavirus disease (COVID)-19.446 Increased time spent indoors due to strict lockdown 

would likely worsen vitamin D deficiency (due to reduced sunlight exposure). Furthermore it has 

been discussed whether an adequate vitamin D status could suppress inflammation and reduce 

the severity of the COVID-19 infection.447 While this research area is still in its infancy and 

implications for pregnancy and childhood are unknown it sounds reasonable that vitamin D 

supplementation should be recommended and provided particularly in vulnerable groups to 

induce or maintain a sufficient vitamin D status which is beneficial for numerous health outcomes. 

Vitamin D supplementation of 400 IU/day is generally safe in infancy and childhood and any 

potential low toxicity would likely be strongly outweighed by any potential benefits in relation to 
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protection from COVID-19. Future prospective interventional studies are required in different age 

groups to validate the hypothesis that vitamin D supplementation can be helpful for the 

prevention and treatment of COVID-19. However, it is likely that mechanisms are multifactorial 

and multidimensional. This includes certain genotypes which may be more responsive to the 

intervention than others. 

 

Gene polymorphisms may alter predisposition to disease depending on environmental 

interactions.420 Overlooking these dynamics (e.g. between vitamin D status and genetic 

polymorphisms418) could obscure important relationships, particularly in certain risk groups 

interactions with other environmental factors outcomes could be overlooked. For example, 

studies have shown that specific genotypes (IL4, MS4A2, FCER1Gand CYP24A1) known to be 

involved in IgE synthesis and vitamin D metabolism, modify the effects of vitamin D deficiency on 

the risk of food sensitisation.417,418 In the era of personalized medicine, genotypic considerations 

are important. Future clinical trials may provide an opportunity to look at different responses to 

vitamin D supplementation based on genotypes—and possibly help identify those at greatest risk.  

 

Furthermore epigenetic influences need to be considered with modifiable changes to 

chromosomes through DNA methylation patterns or histone acetylation influencing gene 

expression with possibly transgenerational effects.423 Such in-depth genotyping studies and 

further research in epigenetics will likely also provide deeper insight into the role of vitamin D on 

the development of allergic diseases and potentially contribute to personalized health care aimed 

at maximize benefits while minimizing any risks of intervention. 

 
 
The VITAL study also generates a new future direction for research into UV light exposure. This 

could include larger studies using UV dosimeters (or similar devices) as a direct measure of 

individual UV light exposure (including seasonal shifts)—as part of more comprehensive 

assessments of outdoor exposures and behaviors which could also include measurements of other 

aspects, such as microbiome studies. There is still very little information about how UV exposure 

may modulate early skin colonization—another pivotal factor in the maturation of skin (and 

systemic) immune networks.414,442 This would be an important additional dimension to future 

studies. Smart phone devices may also be useful in gathering more detailed information regarding 
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outdoor exposures over longer periods in larger cohorts to explore these relationships in the 

context of other environmental data (such as geospatial mapping and greenspaces448).  

 

As noted above, reduced UV light exposure reflects less time spent outdoors. This is increasingly 

relevant to the likely health implications of large-scale shifts in modern behavior towards spending 

significantly more time indoors.449-451 With respect to allergic disease specifically, there are a 

number of related indoor risk factors that need to be considered in the context of allergic 

sensitisation including  levels of aeroallergens (e.g. house dust mites, pet fur), indoor smoking, 

mould exposure, use of domestic cleaning products, hygiene measurements, heating (coal stove 

or central heating) and air conditioning devices, windows for fresh air circulation and number of 

people living in a household. Lack of contact with biodiversity in outdoor environments is also 

implicated in the risk of allergy development and many other inflammatory conditions.452 These 

issues have become magnified in the COVID-19 pandemic, with implication of possible permanent 

shifts in living and working behaviours even after the acute risk resolves—with wide ranging 

effects on physical and emotional well-being. It is clear that re-establishing contact with nature 

and outdoor environments is a key factor in general physical and mental well-being —and an even 

more important priority after the pandemic. 

 

These relationships are also relevant prenatally, and apply equally in understanding maternal 

outdoor exposures, including UV light exposure specifically. Further studies are needed to 

examine this in relation to both infant allergy and other aspects of maternal and infant health 

outcomes.   

  

This raises important questions about potential risks—given the adverse long term concerns of UV 

light exposure, skin damage and cancer development. Both, UVA (315–400 nm), and UVB (280–

315 nm) radiation have immunosuppressive effects but differ in their time course of action and 

skin penetrance.453 Ideally, future studies may be able to determine differential effects of UVA and 

UVB radiation (and their interactions) to inform the design and selection of sunscreens that 

minimize risk while maximizing multisystem benefits—taking into account dose, skin thickness and 

pigmentation. In the interim, our data does suggested that sunscreen use may have an influence 

on allergy development (chapter 7), making the case for future studies to collect more detailed 

information on the type of sunscreen, thickness of application,167 the exposed body areas and the 
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time interval between applying the sunscreen and sun exposure. Age dependent benefits and risks 

of UV light exposure would need to be carefully explored including immunosuppressive effects on 

infectious agents and efficacy of vaccinations.454,455 Such studies will inform development of sun 

exposure policies to optimize health outcomes.  

 

Another important direction for future research is a better understanding of the potential 

immunomodulatory role of bioactive molecules released on epidermal cells in the context of UV 

light exposure (chapter 4). Future studies should particularly focus on exploring the role of cis-

urocanic acid. This isomer has shown to modulate the production of immunosuppressive 

molecules, which activate Treg to systemically reduce inflammatory responses to antigens. 

Quantitatively the UV light induced production could be measured by inserting specifically 

prepared epidermal extracts into a high-performance liquid chromatography system pre and post 

UV light exposure259 and correlate measurements to the activation of Treg and allergy outcomes. 

259,260 Such studies may not only illuminate important causal pathways, but also provide new 

opportunities for novel, as yet unimagined, strategies of using UV light to treat and prevent 

disease in the future.  

 

Finally, in the wider context, factors such UV light exposure cannot be separated from large-scale 

shifts in global human and natural systems—including climate biology. Human health is 

inextricably linked to the health in environmental systems at both the macro-scale and micro-

scale. There is little doubt that the rise in human inflammatory and immune disease has been 

linked directly and indirectly to environmental changes across all scales. While not the subject of 

this thesis, it is important to recognize that ozone depletion and climate change may become 

more relevant to human health, as well as the implications of many other changes that are 

affecting immune health. The emerging science of planetary health underscores the 

interdependence of all systems and the importance of considering the interconnections and wider 

relevance of all work.456,457 Sunlight is essential to all life on earth. It is perhaps unsurprising that, 

among the many recent ecological changes, shifts in the balance and patterns of sunlight exposure 

have had effects on human health.  
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While the focus of this thesis has been on allergic disease, this can be seen as an early-life 

barometer of the more general adverse shifts in immune health that became more evident 

towards the end of the 20th century.   

 

With this in mind, the solutions to the allergy epidemic will be integral and inseparable from other 

challenges. Treading a broad path to solving interconnected global challenges will help to solve 

specific problems, such as allergy and other human diseases. At the same time, what we learn 

through specific problems will illuminate that path. Indeed, all that we have learnt by studying 

allergic disease is already providing these vital clues. 

 

 

 

“In nature we never see anything isolated, but everything in connection with something else – this 

is before it, beside it, under it and over it.” 

 

Johann Wolfgang von Goethe 

(1749- 1832) 

 

	

	

	

	

	

	

	
	
	
	
	
	

	

	

 



	

	 119	

References 

 
1.	 Christie	GL,	Helms	PJ,	Godden	DJ,	et	al.	Asthma,	wheezy	bronchitis,	and	atopy	across	
two	generations.	American	journal	of	respiratory	and	critical	care	medicine	1999;159:125-9.	
2.	 Pearce	N,	Ait-Khaled	N,	Beasley	R,	et	al.	Worldwide	trends	in	the	prevalence	of	asthma	
symptoms:	phase	III	of	the	International	Study	of	Asthma	and	Allergies	in	Childhood	(ISAAC).	
Thorax	2007;62:758-66.	
3.	 Koet	LBM,	Brand	PLP.	Increase	in	atopic	sensitization	rate	among	Dutch	children	with	
symptoms	of	allergic	disease	between	1994	and	2014.	Pediatric	allergy	and	immunology	:	
official	publication	of	the	European	Society	of	Pediatric	Allergy	and	Immunology	2018;29:78-
83.	
4.	 Ring	J.	History	of	allergy	in	antiquity.	Chem	Immunol	Allergy	2014;100:2-14.	
5.	 King	JR,	Cohen	SG.	Asthma	among	the	famous.	Augustus	Caesar	(63	B.C.-A.D.	14)	first	
emperor	of	Rome.	Allergy	and	asthma	proceedings	2001;22:101-9.	
6.	 Ring	J.	Erstbeschreibung	einer	“atopischen	Familienanamnese”	im	julisch-claudischen	
Kaiserhaus:	Augustus,	Claudius,	Britannicus.	Der	Hautarzt;	Zeitschrift	fur	Dermatologie,	
Venerologie,	und	verwandte	Gebiete	1985:470-74.	
7.	 Jr	SR.	Sixteenth	century	physician	and	his	methods.Mercurialis	on	diseases	of	the	skin.	
Lowell	Press,	Kansas	City	1986.	
8.	 Salter	H.	On	Asthma,	its	Pathology	and	Treatment.	London:	J	Churchill	and	sons	
1860;1st	edition		
9.	 May	CD.	The	ancestry	of	allergy:	being	an	account	of	the	original	experimental	
induction	of	hypersensitivity	recognizing	the	contribution	of	Paul	Portier.	The	Journal	of	
allergy	and	clinical	immunology	1985;75:485-95.	
10.	 von	Pirquet	C.	Allergie.	Münch	Med	Wochenschr	1906;53:1457-8.	
11.	 Cohen	S,	Dworetzky	M,	Frick	OL.	Coca	and	Cooke	on	the	classification	of	
hypersensitiveness.	The	Journal	of	allergy	and	clinical	immunology	2003;111:205-10.	
12.	 Asher	MI,	Montefort	S,	Bjorksten	B,	et	al.	Worldwide	time	trends	in	the	prevalence	of	
symptoms	of	asthma,	allergic	rhinoconjunctivitis,	and	eczema	in	childhood:	ISAAC	Phases	One	
and	Three	repeat	multicountry	cross-sectional	surveys.	Lancet	2006;368:733-43.	
13.	 Smith	JM,	Disney	ME,	Williams	JD,	Goels	ZA.	Clinical	significance	of	skin	reactions	to	
mite	extracts	in	children	with	asthma.	Br	Med	J	1969;2:723-6.	
14.	 Williams	H,	Stewart	A,	von	Mutius	E,	et	al.	Is	eczema	really	on	the	increase	worldwide?	
The	Journal	of	allergy	and	clinical	immunology	2008;121:947-54	e15.	
15.	 Prescott	S,	Allen	KJ.	Food	allergy:	riding	the	second	wave	of	the	allergy	epidemic.	
Pediatric	allergy	and	immunology	:	official	publication	of	the	European	Society	of	Pediatric	
Allergy	and	Immunology	2011;22:155-60.	
16.	 Pawankar	R,	Canonica	GW,	Holgate	ST,	Lockey	RF.	Allergic	diseases	and	asthma:	a	
major	global	health	concern.	Current	opinion	in	allergy	and	clinical	immunology	2012;12:39-
41.	
17.	 Nwaru	BI,	Hickstein	L,	Panesar	SS,	et	al.	The	epidemiology	of	food	allergy	in	Europe:	a	
systematic	review	and	meta-analysis.	Allergy	2014;69:62-75.	
18.	 Branum	AM,	Lukacs	SL.	Food	allergy	among	children	in	the	United	States.	Pediatrics	
2009;124:1549-55.	
19.	 Pawankar	R.	Allergic	diseases	and	asthma:	a	global	public	health	concern	and	a	call	to	
action.	The	World	Allergy	Organization	journal	2014;7:12.	
20.	 Hossny	E,	Ebisawa	M,	El-Gamal	Y,	et	al.	Challenges	of	managing	food	allergy	in	the	
developing	world.	The	World	Allergy	Organization	journal	2019;12:100089.	



	

	 120	

21.	 Botha	M,	Basera	W,	Facey-Thomas	HE,	et	al.	Nutrition	and	allergic	diseases	in	urban	
and	rural	communities	from	the	South	African	Food	Allergy	cohort.	Pediatric	allergy	and	
immunology	:	official	publication	of	the	European	Society	of	Pediatric	Allergy	and	
Immunology	2019;30:511-21.	
22.	 Ganemo	A,	Svensson	A,	Lindberg	M,	Wahlgren	CF.	Quality	of	life	in	Swedish	children	
with	eczema.	Acta	dermato-venereologica	2007;87:345-9.	
23.	 Ravid	NL,	Annunziato	RA,	Ambrose	MA,	et	al.	Mental	health	and	quality-of-life	concerns	
related	to	the	burden	of	food	allergy.	Immunology	and	allergy	clinics	of	North	America	
2012;32:83-95.	
24.	 Sicherer	SH,	Noone	SA,	Munoz-Furlong	A.	The	impact	of	childhood	food	allergy	on	
quality	of	life.	Annals	of	allergy,	asthma	&	immunology	:	official	publication	of	the	American	
College	of	Allergy,	Asthma,	&	Immunology	2001;87:461-4.	
25.	 Lewis-Jones	S.	Quality	of	life	and	childhood	atopic	dermatitis:	the	misery	of	living	with	
childhood	eczema.	International	journal	of	clinical	practice	2006;60:984-92.	
26.	 Howe	L,	Franxman	T,	Teich	E,	Greenhawt	M.	What	affects	quality	of	life	among	
caregivers	of	food-allergic	children?	Annals	of	allergy,	asthma	&	immunology	:	official	
publication	of	the	American	College	of	Allergy,	Asthma,	&	Immunology	2014;113:69-74	e2.	
27.	 Ward	CE,	Greenhawt	MJ.	Treatment	of	allergic	reactions	and	quality	of	life	among	
caregivers	of	food-allergic	children.	Annals	of	allergy,	asthma	&	immunology	:	official	
publication	of	the	American	College	of	Allergy,	Asthma,	&	Immunology	2015;114:312-8	e2.	
28.	 Robinson	LB,	Arroyo	AC,	Faridi	MK,	Rudders	S,	Camargo	CA,	Jr.	Trends	in	US	
Emergency	Department	Visits	for	Anaphylaxis	Among	Infants	and	Toddlers:	2006-2015.	The	
journal	of	allergy	and	clinical	immunology	In	practice	2021.	
29.	 Chong	KW,	Ruiz-Garcia	M,	Patel	N,	Boyle	RJ,	Turner	PJ.	Reaction	phenotypes	in	IgE-
mediated	food	allergy	and	anaphylaxis.	Annals	of	allergy,	asthma	&	immunology	:	official	
publication	of	the	American	College	of	Allergy,	Asthma,	&	Immunology	2020;124:473-8.	
30.	 Antolin-Amerigo	D,	Manso	L,	Caminati	M,	et	al.	Quality	of	life	in	patients	with	food	
allergy.	Clin	Mol	Allergy	2016;14:4.	
31.	 Kim	H,	Bouchard	J,	Renzi	PM.	The	link	between	allergic	rhinitis	and	asthma:	a	role	for	
antileukotrienes?	Canadian	respiratory	journal	2008;15:91-8.	
32.	 Zuberbier	T,	Lotvall	J,	Simoens	S,	Subramanian	SV,	Church	MK.	Economic	burden	of	
inadequate	management	of	allergic	diseases	in	the	European	Union:	a	GA(2)	LEN	review.	
Allergy	2014;69:1275-9.	
33.	 Brozek	JL,	Bousquet	J,	Agache	I,	et	al.	Allergic	Rhinitis	and	its	Impact	on	Asthma	(ARIA)	
guidelines-2016	revision.	The	Journal	of	allergy	and	clinical	immunology	2017;140:950-8.	
34.	 Canonica	GW,	Mullol	J,	Pradalier	A,	Didier	A.	Patient	perceptions	of	allergic	rhinitis	and	
quality	of	life:	findings	from	a	survey	conducted	in	europe	and	the	United	States.	The	World	
Allergy	Organization	journal	2008;1:138-44.	
35.	 Keil	T,	Bockelbrink	A,	Reich	A,	et	al.	The	natural	history	of	allergic	rhinitis	in	childhood.	
Pediatric	allergy	and	immunology	:	official	publication	of	the	European	Society	of	Pediatric	
Allergy	and	Immunology	2010;21:962-9.	
36.	 Halterman	JS,	Yoos	HL,	Conn	KM,	et	al.	The	impact	of	childhood	asthma	on	parental	
quality	of	life.	The	Journal	of	asthma	:	official	journal	of	the	Association	for	the	Care	of	Asthma	
2004;41:645-53.	
37.	 Rappaport	SM.	Genetic	Factors	Are	Not	the	Major	Causes	of	Chronic	Diseases.	PloS	one	
2016;11:e0154387.	
38.	 Prescott	SL.	Early-life	environmental	determinants	of	allergic	diseases	and	the	wider	
pandemic	of	inflammatory	noncommunicable	diseases.	The	Journal	of	allergy	and	clinical	
immunology	2013;131:23-30.	



	

	 121	

39.	 Renz	H,	von	Mutius	E,	Brandtzaeg	P,	Cookson	WO,	Autenrieth	IB,	Haller	D.	Gene-
environment	interactions	in	chronic	inflammatory	disease.	Nature	immunology	2011;12:273-
7.	
40.	 Levin	ME,	Botha	M,	Basera	W,	et	al.	Environmental	factors	associated	with	allergy	in	
urban	and	rural	children	from	the	South	African	Food	Allergy	(SAFFA)	cohort.	The	Journal	of	
allergy	and	clinical	immunology	2020;145:415-26.	
41.	 Allen	KJ,	Koplin	JJ,	Ponsonby	AL,	et	al.	Vitamin	D	insufficiency	is	associated	with	
challenge-proven	food	allergy	in	infants.	The	Journal	of	allergy	and	clinical	immunology	
2013;131:1109-16,	16	e1-6.	
42.	 Warner	JA,	Warner	JO.	Early	life	events	in	allergic	sensitisation.	Br	Med	Bull	
2000;56:883-93.	
43.	 Hollis	BW,	Wagner	CL.	Vitamin	D	requirements	and	supplementation	during	
pregnancy.	Current	opinion	in	endocrinology,	diabetes,	and	obesity	2011;18:371-5.	
44.	 Salle	BL,	Delvin	EE,	Lapillonne	A,	Bishop	NJ,	Glorieux	FH.	Perinatal	metabolism	of	
vitamin	D.	The	American	journal	of	clinical	nutrition	2000;71:1317S-24S.	
45.	 Tamblyn	JA,	Hewison	M,	Wagner	CL,	Bulmer	JN,	Kilby	MD.	Immunological	role	of	
vitamin	D	at	the	maternal-fetal	interface.	The	Journal	of	endocrinology	2015;224:R107-21.	
46.	 Hill	DA,	Grundmeier	RW,	Ram	G,	Spergel	JM.	The	epidemiologic	characteristics	of	
healthcare	provider-diagnosed	eczema,	asthma,	allergic	rhinitis,	and	food	allergy	in	children:	
a	retrospective	cohort	study.	BMC	pediatrics	2016;16:133.	
47.	 Bergmann	MM,	Caubet	JC,	Boguniewicz	M,	Eigenmann	PA.	Evaluation	of	food	allergy	in	
patients	with	atopic	dermatitis.	The	journal	of	allergy	and	clinical	immunology	In	practice	
2013;1:22-8.	
48.	 Botha	M,	Basera	W,	Facey-Thomas	HE,	et	al.	Rural	and	urban	food	allergy	prevalence	
from	the	South	African	Food	Allergy	(SAFFA)	study.	The	Journal	of	allergy	and	clinical	
immunology	2019;143:662-8	e2.	
49.	 Weidinger	S,	Beck	LA,	Bieber	T,	Kabashima	K,	Irvine	AD.	Atopic	dermatitis.	Nature	
reviews	Disease	primers	2018;4:1.	
50.	 Kay	J,	Gawkrodger	DJ,	Mortimer	MJ,	Jaron	AG.	The	prevalence	of	childhood	atopic	
eczema	in	a	general	population.	Journal	of	the	American	Academy	of	Dermatology	
1994;30:35-9.	
51.	 Spergel	JM.	Atopic	march:	link	to	upper	airways.	Current	opinion	in	allergy	and	clinical	
immunology	2005;5:17-21.	
52.	 von	Kobyletzki	LB,	Bornehag	CG,	Hasselgren	M,	Larsson	M,	Lindstrom	CB,	Svensson	A.	
Eczema	in	early	childhood	is	strongly	associated	with	the	development	of	asthma	and	rhinitis	
in	a	prospective	cohort.	BMC	dermatology	2012;12:11.	
53.	 Spergel	JM.	From	atopic	dermatitis	to	asthma:	the	atopic	march.	Annals	of	allergy,	
asthma	&	immunology	:	official	publication	of	the	American	College	of	Allergy,	Asthma,	&	
Immunology	2010;105:99-106;	quiz	7-9,	17.	
54.	 Ricci	G,	Patrizi	A,	Baldi	E,	Menna	G,	Tabanelli	M,	Masi	M.	Long-term	follow-up	of	atopic	
dermatitis:	retrospective	analysis	of	related	risk	factors	and	association	with	concomitant	
allergic	diseases.	Journal	of	the	American	Academy	of	Dermatology	2006;55:765-71.	
55.	 Gandhi	NA,	Bennett	BL,	Graham	NM,	Pirozzi	G,	Stahl	N,	Yancopoulos	GD.	Targeting	key	
proximal	drivers	of	type	2	inflammation	in	disease.	Nature	reviews	Drug	discovery	
2016;15:35-50.	
56.	 Werfel	T,	Allam	JP,	Biedermann	T,	et	al.	Cellular	and	molecular	immunologic	
mechanisms	in	patients	with	atopic	dermatitis.	The	Journal	of	allergy	and	clinical	immunology	
2016;138:336-49.	



	

	 122	

57.	 Egawa	G,	Kabashima	K.	Multifactorial	skin	barrier	deficiency	and	atopic	dermatitis:	
Essential	topics	to	prevent	the	atopic	march.	The	Journal	of	allergy	and	clinical	immunology	
2016;138:350-8	e1.	
58.	 Simon	D,	Wollenberg	A,	Renz	H,	Simon	HU.	Atopic	Dermatitis:	Collegium	Internationale	
Allergologicum	(CIA)	Update	2019.	International	archives	of	allergy	and	immunology	
2019;178:207-18.	
59.	 Strid	J,	Strobel	S.	Skin	barrier	dysfunction	and	systemic	sensitization	to	allergens	
through	the	skin.	Current	drug	targets	Inflammation	and	allergy	2005;4:531-41.	
60.	 Brunner	PM,	Leung	DYM,	Guttman-Yassky	E.	Immunologic,	microbial,	and	epithelial	
interactions	in	atopic	dermatitis.	Annals	of	allergy,	asthma	&	immunology	:	official	publication	
of	the	American	College	of	Allergy,	Asthma,	&	Immunology	2018;120:34-41.	
61.	 Lack	G.	Epidemiologic	risks	for	food	allergy.	The	Journal	of	allergy	and	clinical	
immunology	2008;121:1331-6.	
62.	 Fallon	PG,	Sasaki	T,	Sandilands	A,	et	al.	A	homozygous	frameshift	mutation	in	the	
mouse	Flg	gene	facilitates	enhanced	percutaneous	allergen	priming.	Nature	genetics	
2009;41:602-8.	
63.	 Williams	MR,	Gallo	RL.	The	role	of	the	skin	microbiome	in	atopic	dermatitis.	Current	
allergy	and	asthma	reports	2015;15:65.	
64.	 Huang	YJ,	Marsland	BJ,	Bunyavanich	S,	et	al.	The	microbiome	in	allergic	disease:	
Current	understanding	and	future	opportunities-2017	PRACTALL	document	of	the	American	
Academy	of	Allergy,	Asthma	&	Immunology	and	the	European	Academy	of	Allergy	and	Clinical	
Immunology.	The	Journal	of	allergy	and	clinical	immunology	2017;139:1099-110.	
65.	 Hanski	I,	von	Hertzen	L,	Fyhrquist	N,	et	al.	Environmental	biodiversity,	human	
microbiota,	and	allergy	are	interrelated.	Proceedings	of	the	National	Academy	of	Sciences	of	
the	United	States	of	America	2012;109:8334-9.	
66.	 Lehtimaki	J,	Karkman	A,	Laatikainen	T,	et	al.	Patterns	in	the	skin	microbiota	differ	in	
children	and	teenagers	between	rural	and	urban	environments.	Scientific	reports	
2017;7:45651.	
67.	 Machura	E,	Mazur	B,	Golemiec	E,	Pindel	M,	Halkiewicz	F.	Staphylococcus	aureus	skin	
colonization	in	atopic	dermatitis	children	is	associated	with	decreased	IFN-gamma	
production	by	peripheral	blood	CD4+	and	CD8+	T	cells.	Pediatric	allergy	and	immunology	:	
official	publication	of	the	European	Society	of	Pediatric	Allergy	and	Immunology	2008;19:37-
45.	
68.	 Tauber	M,	Balica	S,	Hsu	CY,	et	al.	Staphylococcus	aureus	density	on	lesional	and	
nonlesional	skin	is	strongly	associated	with	disease	severity	in	atopic	dermatitis.	The	Journal	
of	allergy	and	clinical	immunology	2016;137:1272-4	e3.	
69.	 Jones	AL,	Curran-Everett	D,	Leung	DYM.	Food	allergy	is	associated	with	Staphylococcus	
aureus	colonization	in	children	with	atopic	dermatitis.	The	Journal	of	allergy	and	clinical	
immunology	2016;137:1247-8	e3.	
70.	 Grice	EA,	Segre	JA.	The	skin	microbiome.	Nature	reviews	Microbiology	2011;9:244-53.	
71.	 Kennedy	EA,	Connolly	J,	Hourihane	JO,	et	al.	Skin	microbiome	before	development	of	
atopic	dermatitis:	Early	colonization	with	commensal	staphylococci	at	2	months	is	associated	
with	a	lower	risk	of	atopic	dermatitis	at	1	year.	The	Journal	of	allergy	and	clinical	immunology	
2017;139:166-72.	
72.	 Hill	DA,	Spergel	JM.	The	atopic	march:	Critical	evidence	and	clinical	relevance.	Annals	
of	allergy,	asthma	&	immunology	:	official	publication	of	the	American	College	of	Allergy,	
Asthma,	&	Immunology	2018;120:131-7.	
73.	 Kashem	SW,	Haniffa	M,	Kaplan	DH.	Antigen-Presenting	Cells	in	the	Skin.	Annual	review	
of	immunology	2017;35:469-99.	



	

	 123	

74.	 Tait	Wojno	ED,	Artis	D.	Emerging	concepts	and	future	challenges	in	innate	lymphoid	
cell	biology.	The	Journal	of	experimental	medicine	2016;213:2229-48.	
75.	 Apfelbacher	CJ,	Diepgen	TL,	Schmitt	J.	Determinants	of	eczema:	population-based	
cross-sectional	study	in	Germany.	Allergy	2011;66:206-13.	
76.	 Wadonda-Kabondo	N,	Sterne	JA,	Golding	J,	et	al.	Association	of	parental	eczema,	
hayfever,	and	asthma	with	atopic	dermatitis	in	infancy:	birth	cohort	study.	Archives	of	disease	
in	childhood	2004;89:917-21.	
77.	 Irvine	AD,	McLean	WH,	Leung	DY.	Filaggrin	mutations	associated	with	skin	and	allergic	
diseases.	The	New	England	journal	of	medicine	2011;365:1315-27.	
78.	 Alduraywish	SA,	Standl	M,	Lodge	CJ,	et	al.	Is	there	a	march	from	early	food	sensitization	
to	later	childhood	allergic	airway	disease?	Results	from	two	prospective	birth	cohort	studies.	
Pediatric	allergy	and	immunology	:	official	publication	of	the	European	Society	of	Pediatric	
Allergy	and	Immunology	2017;28:30-7.	
79.	 Hill	DJ,	Sporik	R,	Thorburn	J,	Hosking	CS.	The	association	of	atopic	dermatitis	in	infancy	
with	immunoglobulin	E	food	sensitization.	The	Journal	of	pediatrics	2000;137:475-9.	
80.	 Baurecht	H,	Irvine	AD,	Novak	N,	et	al.	Toward	a	major	risk	factor	for	atopic	eczema:	
meta-analysis	of	filaggrin	polymorphism	data.	The	Journal	of	allergy	and	clinical	immunology	
2007;120:1406-12.	
81.	 Weidinger	S,	O'Sullivan	M,	Illig	T,	et	al.	Filaggrin	mutations,	atopic	eczema,	hay	fever,	
and	asthma	in	children.	The	Journal	of	allergy	and	clinical	immunology	2008;121:1203-9	e1.	
82.	 Marenholz	I,	Esparza-Gordillo	J,	Lee	YA.	The	genetics	of	the	skin	barrier	in	eczema	and	
other	allergic	disorders.	Current	opinion	in	allergy	and	clinical	immunology	2015;15:426-34.	
83.	 Shimizu	M,	Matsuda	A,	Yanagisawa	K,	et	al.	Functional	SNPs	in	the	distal	promoter	of	
the	ST2	gene	are	associated	with	atopic	dermatitis.	Human	molecular	genetics	2005;14:2919-
27.	
84.	 Savenije	OE,	Mahachie	John	JM,	Granell	R,	et	al.	Association	of	IL33-IL-1	receptor-like	1	
(IL1RL1)	pathway	polymorphisms	with	wheezing	phenotypes	and	asthma	in	childhood.	The	
Journal	of	allergy	and	clinical	immunology	2014;134:170-7.	
85.	 Harada	M,	Hirota	T,	Jodo	AI,	et	al.	Thymic	stromal	lymphopoietin	gene	promoter	
polymorphisms	are	associated	with	susceptibility	to	bronchial	asthma.	American	journal	of	
respiratory	cell	and	molecular	biology	2011;44:787-93.	
86.	 Sebastian	K,	Borowski	A,	Kuepper	M,	Friedrich	K.	Signal	transduction	around	thymic	
stromal	lymphopoietin	(TSLP)	in	atopic	asthma.	Cell	communication	and	signaling	:	CCS	
2008;6:5.	
87.	 Margolis	DJ,	Kim	B,	Apter	AJ,	et	al.	Thymic	stromal	lymphopoietin	variation,	filaggrin	
loss	of	function,	and	the	persistence	of	atopic	dermatitis.	JAMA	dermatology	2014;150:254-9.	
88.	 Paternoster	L,	Standl	M,	Chen	CM,	et	al.	Meta-analysis	of	genome-wide	association	
studies	identifies	three	new	risk	loci	for	atopic	dermatitis.	Nature	genetics	2011;44:187-92.	
89.	 Yosipovitch	G,	Papoiu	AD.	What	causes	itch	in	atopic	dermatitis?	Current	allergy	and	
asthma	reports	2008;8:306-11.	
90.	 Wang	SS,	Hon	KL,	Kong	AP,	et	al.	Eczema	phenotypes	are	associated	with	multiple	
vitamin	D	pathway	genes	in	Chinese	children.	Allergy	2014;69:118-24.	
91.	 Bantz	SK,	Zhu	Z,	Zheng	T.	The	Atopic	March:	Progression	from	Atopic	Dermatitis	to	
Allergic	Rhinitis	and	Asthma.	Journal	of	clinical	&	cellular	immunology	2014;5.	
92.	 Carlsten	C,	Dimich-Ward	H,	Ferguson	A,	et	al.	Atopic	dermatitis	in	a	high-risk	cohort:	
natural	history,	associated	allergic	outcomes,	and	risk	factors.	Annals	of	allergy,	asthma	&	
immunology	:	official	publication	of	the	American	College	of	Allergy,	Asthma,	&	Immunology	
2013;110:24-8.	



	

	 124	

93.	 Saunes	M,	Oien	T,	Dotterud	CK,	et	al.	Early	eczema	and	the	risk	of	childhood	asthma:	a	
prospective,	population-based	study.	BMC	pediatrics	2012;12:168.	
94.	 Arshad	SH,	Kurukulaaratchy	RJ,	Fenn	M,	Matthews	S.	Early	life	risk	factors	for	current	
wheeze,	asthma,	and	bronchial	hyperresponsiveness	at	10	years	of	age.	Chest	2005;127:502-
8.	
95.	 Martinez	FD,	Wright	AL,	Taussig	LM,	Holberg	CJ,	Halonen	M,	Morgan	WJ.	Asthma	and	
wheezing	in	the	first	six	years	of	life.	The	Group	Health	Medical	Associates.	The	New	England	
journal	of	medicine	1995;332:133-8.	
96.	 Burgess	JA,	Dharmage	SC,	Byrnes	GB,	et	al.	Childhood	eczema	and	asthma	incidence	
and	persistence:	a	cohort	study	from	childhood	to	middle	age.	The	Journal	of	allergy	and	
clinical	immunology	2008;122:280-5.	
97.	 Belgrave	DC,	Granell	R,	Simpson	A,	et	al.	Developmental	profiles	of	eczema,	wheeze,	
and	rhinitis:	two	population-based	birth	cohort	studies.	PLoS	medicine	2014;11:e1001748.	
98.	 Tran	MM,	Lefebvre	DL,	Dharma	C,	et	al.	Predicting	the	atopic	march:	Results	from	the	
Canadian	Healthy	Infant	Longitudinal	Development	Study.	The	Journal	of	allergy	and	clinical	
immunology	2018;141:601-7	e8.	
99.	 Busse	WW.	The	atopic	march:	Fact	or	folklore?	Annals	of	allergy,	asthma	&	
immunology	:	official	publication	of	the	American	College	of	Allergy,	Asthma,	&	Immunology	
2018;120:116-8.	
100.	 Dharmage	SC,	Lowe	AJ,	Matheson	MC,	Burgess	JA,	Allen	KJ,	Abramson	MJ.	Atopic	
dermatitis	and	the	atopic	march	revisited.	Allergy	2014;69:17-27.	
101.	 Eller	E,	Kjaer	HF,	Host	A,	Andersen	KE,	Bindslev-Jensen	C.	Food	allergy	and	food	
sensitization	in	early	childhood:	results	from	the	DARC	cohort.	Allergy	2009;64:1023-9.	
102.	 Dean	T,	Venter	C,	Pereira	B,	et	al.	Patterns	of	sensitization	to	food	and	aeroallergens	in	
the	first	3	years	of	life.	The	Journal	of	allergy	and	clinical	immunology	2007;120:1166-71.	
103.	 Nwaru	BI,	Ahonen	S,	Kaila	M,	et	al.	Maternal	diet	during	pregnancy	and	allergic	
sensitization	in	the	offspring	by	5	yrs	of	age:	a	prospective	cohort	study.	Pediatric	allergy	and	
immunology	:	official	publication	of	the	European	Society	of	Pediatric	Allergy	and	
Immunology	2010;21:29-37.	
104.	 Alduraywish	SA,	Lodge	CJ,	Campbell	B,	et	al.	The	march	from	early	life	food	
sensitization	to	allergic	disease:	a	systematic	review	and	meta-analyses	of	birth	cohort	
studies.	Allergy	2016;71:77-89.	
105.	 Tsakok	T,	Marrs	T,	Mohsin	M,	et	al.	Does	atopic	dermatitis	cause	food	allergy?	A	
systematic	review.	The	Journal	of	allergy	and	clinical	immunology	2016;137:1071-8.	
106.	 Martin	PE,	Eckert	JK,	Koplin	JJ,	et	al.	Which	infants	with	eczema	are	at	risk	of	food	
allergy?	Results	from	a	population-based	cohort.	Clinical	and	experimental	allergy	:	journal	of	
the	British	Society	for	Allergy	and	Clinical	Immunology	2015;45:255-64.	
107.	 Shoda	T,	Futamura	M,	Yang	L,	et	al.	Timing	of	eczema	onset	and	risk	of	food	allergy	at	3	
years	of	age:	A	hospital-based	prospective	birth	cohort	study.	Journal	of	dermatological	
science	2016;84:144-8.	
108.	 Sampson	HA.	Role	of	immediate	food	hypersensitivity	in	the	pathogenesis	of	atopic	
dermatitis.	The	Journal	of	allergy	and	clinical	immunology	1983;71:473-80.	
109.	 Reynolds	NJ,	Franklin	V,	Gray	JC,	Diffey	BL,	Farr	PM.	Narrow-band	ultraviolet	B	and	
broad-band	ultraviolet	A	phototherapy	in	adult	atopic	eczema:	a	randomised	controlled	trial.	
Lancet	2001;357:2012-6.	
110.	 Thyssen	JP,	Zirwas	MJ,	Elias	PM.	Potential	role	of	reduced	environmental	UV	exposure	
as	a	driver	of	the	current	epidemic	of	atopic	dermatitis.	The	Journal	of	allergy	and	clinical	
immunology	2015;136:1163-9.	



	

	 125	

111.	 Camargo	CA,	Jr.,	Ganmaa	D,	Sidbury	R,	Erdenedelger	K,	Radnaakhand	N,	Khandsuren	B.	
Randomized	trial	of	vitamin	D	supplementation	for	winter-related	atopic	dermatitis	in	
children.	The	Journal	of	allergy	and	clinical	immunology	2014;134:831-5	e1.	
112.	 Sidbury	R,	Sullivan	AF,	Thadhani	RI,	Camargo	CA,	Jr.	Randomized	controlled	trial	of	
vitamin	D	supplementation	for	winter-related	atopic	dermatitis	in	Boston:	a	pilot	study.	The	
British	journal	of	dermatology	2008;159:245-7.	
113.	 Tham	EH,	Rajakulendran	M,	Lee	BW,	Van	Bever	HPS.	Epicutaneous	sensitization	to	
food	allergens	in	atopic	dermatitis:	What	do	we	know?	Pediatric	allergy	and	immunology	:	
official	publication	of	the	European	Society	of	Pediatric	Allergy	and	Immunology	2020;31:7-
18.	
114.	 Kulig	M,	Bergmann	R,	Klettke	U,	Wahn	V,	Tacke	U,	Wahn	U.	Natural	course	of	
sensitization	to	food	and	inhalant	allergens	during	the	first	6	years	of	life.	The	Journal	of	
allergy	and	clinical	immunology	1999;103:1173-9.	
115.	 Brough	HA,	Simpson	A,	Makinson	K,	et	al.	Peanut	allergy:	effect	of	environmental	
peanut	exposure	in	children	with	filaggrin	loss-of-function	mutations.	The	Journal	of	allergy	
and	clinical	immunology	2014;134:867-75	e1.	
116.	 Johansson	EK,	Bergstrom	A,	Kull	I,	et	al.	IgE	sensitization	in	relation	to	preschool	
eczema	and	filaggrin	mutation.	The	Journal	of	allergy	and	clinical	immunology	
2017;140:1572-9	e5.	
117.	 Ashley	SE,	Tan	HT,	Vuillermin	P,	et	al.	The	skin	barrier	function	gene	SPINK5	is	
associated	with	challenge-proven	IgE-mediated	food	allergy	in	infants.	Allergy	2017;72:1356-
64.	
118.	 Hussain	M,	Borcard	L,	Walsh	KP,	et	al.	Basophil-derived	IL-4	promotes	epicutaneous	
antigen	sensitization	concomitant	with	the	development	of	food	allergy.	The	Journal	of	allergy	
and	clinical	immunology	2018;141:223-34	e5.	
119.	 Noti	M,	Kim	BS,	Siracusa	MC,	et	al.	Exposure	to	food	allergens	through	inflamed	skin	
promotes	intestinal	food	allergy	through	the	thymic	stromal	lymphopoietin-basophil	axis.	The	
Journal	of	allergy	and	clinical	immunology	2014;133:1390-9,	9	e1-6.	
120.	 Brough	HA,	Liu	AH,	Sicherer	S,	et	al.	Atopic	dermatitis	increases	the	effect	of	exposure	
to	peanut	antigen	in	dust	on	peanut	sensitization	and	likely	peanut	allergy.	The	Journal	of	
allergy	and	clinical	immunology	2015;135:164-70.	
121.	 Fox	AT,	Sasieni	P,	du	Toit	G,	Syed	H,	Lack	G.	Household	peanut	consumption	as	a	risk	
factor	for	the	development	of	peanut	allergy.	The	Journal	of	allergy	and	clinical	immunology	
2009;123:417-23.	
122.	 Fukutomi	Y,	Taniguchi	M,	Nakamura	H,	Akiyama	K.	Epidemiological	link	between	
wheat	allergy	and	exposure	to	hydrolyzed	wheat	protein	in	facial	soap.	Allergy	2014;69:1405-
11.	
123.	 Rueter	K,	Ta	B,	Bear	N,	Lucas	M,	Borland	ML,	Prescott	SL.	Increased	Use	of	Adrenaline	
in	the	Management	of	Childhood	Anaphylaxis	Over	the	Last	Decade.	The	journal	of	allergy	and	
clinical	immunology	In	practice	2018;6:1545-52.	
124.	 Mullins	RJ,	Dear	KB,	Tang	ML.	Time	trends	in	Australian	hospital	anaphylaxis	
admissions	in	1998-1999	to	2011-2012.	The	Journal	of	allergy	and	clinical	immunology	
2015;136:367-75.	
125.	 Loh	W,	Tang	MLK.	The	Epidemiology	of	Food	Allergy	in	the	Global	Context.	
International	journal	of	environmental	research	and	public	health	2018;15.	
126.	 El-Gamal	YM,	Hossny	EM,	El-Sayed	ZA,	Reda	SM.	Allergy	and	immunology	in	Africa:	
Challenges	and	unmet	needs.	The	Journal	of	allergy	and	clinical	immunology	2017;140:1240-
3.	



	

	 126	

127.	 Kung	SJ,	Steenhoff	AP,	Gray	C.	Food	allergy	in	Africa:	myth	or	reality?	Clinical	reviews	
in	allergy	&	immunology	2014;46:241-9.	
128.	 Fahy	JV.	Type	2	inflammation	in	asthma--present	in	most,	absent	in	many.	Nature	
reviews	Immunology	2015;15:57-65.	
129.	 Shaaban	R,	Zureik	M,	Soussan	D,	et	al.	Rhinitis	and	onset	of	asthma:	a	longitudinal	
population-based	study.	Lancet	2008;372:1049-57.	
130.	 Nissen	SP,	Kjaer	HF,	Host	A,	Nielsen	J,	Halken	S.	The	natural	course	of	sensitization	and	
allergic	diseases	from	childhood	to	adulthood.	Pediatric	allergy	and	immunology	:	official	
publication	of	the	European	Society	of	Pediatric	Allergy	and	Immunology	2013;24:549-55.	
131.	 Platts-Mills	TA.	The	allergy	epidemics:	1870-2010.	The	Journal	of	allergy	and	clinical	
immunology	2015;136:3-13.	
132.	 Wong	GWK,	Li	J,	Bao	YX,	et	al.	Pediatric	allergy	and	immunology	in	China.	Pediatric	
allergy	and	immunology	:	official	publication	of	the	European	Society	of	Pediatric	Allergy	and	
Immunology	2018;29:127-32.	
133.	 Haldar	P,	Pavord	ID,	Shaw	DE,	et	al.	Cluster	analysis	and	clinical	asthma	phenotypes.	
American	journal	of	respiratory	and	critical	care	medicine	2008;178:218-24.	
134.	 D'Amato	G,	Vitale	C,	De	Martino	A,	et	al.	Effects	on	asthma	and	respiratory	allergy	of	
Climate	change	and	air	pollution.	Multidisciplinary	respiratory	medicine	2015;10:39.	
135.	 D'Amato	G,	Chong-Neto	HJ,	Monge	Ortega	OP,	et	al.	The	effects	of	climate	change	on	
respiratory	allergy	and	asthma	induced	by	pollen	and	mold	allergens.	Allergy	2020.	
136.	 D'Amato	G,	Akdis	CA.	Global	warming,	climate	change,	air	pollution	and	allergies.	
Allergy	2020.	
137.	 Prescott	SL,	Macaubas	C,	Smallacombe	T,	Holt	BJ,	Sly	PD,	Holt	PG.	Development	of	
allergen-specific	T-cell	memory	in	atopic	and	normal	children.	Lancet	1999;353:196-200.	
138.	 Gustafsson	D,	Sjoberg	O,	Foucard	T.	Development	of	allergies	and	asthma	in	infants	and	
young	children	with	atopic	dermatitis--a	prospective	follow-up	to	7	years	of	age.	Allergy	
2000;55:240-5.	
139.	 Strachan	DP.	Hay	fever,	hygiene,	and	household	size.	Bmj	1989;299:1259-60.	
140.	 Pinart	M,	Benet	M,	Annesi-Maesano	I,	et	al.	Comorbidity	of	eczema,	rhinitis,	and	asthma	
in	IgE-sensitised	and	non-IgE-sensitised	children	in	MeDALL:	a	population-based	cohort	
study.	The	Lancet	Respiratory	medicine	2014;2:131-40.	
141.	 Garcia-Aymerich	J,	Benet	M,	Saeys	Y,	et	al.	Phenotyping	asthma,	rhinitis	and	eczema	in	
MeDALL	population-based	birth	cohorts:	an	allergic	comorbidity	cluster.	Allergy	
2015;70:973-84.	
142.	 Lowe	AJ,	Angelica	B,	Su	J,	et	al.	Age	at	onset	and	persistence	of	eczema	are	related	to	
subsequent	risk	of	asthma	and	hay	fever	from	birth	to	18	years	of	age.	Pediatric	allergy	and	
immunology	:	official	publication	of	the	European	Society	of	Pediatric	Allergy	and	
Immunology	2017;28:384-90.	
143.	 Ballardini	N,	Bergstrom	A,	Bohme	M,	et	al.	Infantile	eczema:	Prognosis	and	risk	of	
asthma	and	rhinitis	in	preadolescence.	The	Journal	of	allergy	and	clinical	immunology	
2014;133:594-6.	
144.	 von	Hertzen	L,	Beutler	B,	Bienenstock	J,	et	al.	Helsinki	alert	of	biodiversity	and	health.	
Annals	of	medicine	2015;47:218-25.	
145.	 von	Mutius	E,	Radon	K.	Living	on	a	farm:	impact	on	asthma	induction	and	clinical	
course.	Immunology	and	allergy	clinics	of	North	America	2008;28:631-47,	ix-x.	
146.	 van	Neerven	RJ,	Knol	EF,	Heck	JM,	Savelkoul	HF.	Which	factors	in	raw	cow's	milk	
contribute	to	protection	against	allergies?	The	Journal	of	allergy	and	clinical	immunology	
2012;130:853-8.	



	

	 127	

147.	 Raciborski	F,	Tomaszewska	A,	Komorowski	J,	et	al.	The	relationship	between	antibiotic	
therapy	in	early	childhood	and	the	symptoms	of	allergy	in	children	aged	6-8	years	-	the	
questionnaire	study	results.	International	journal	of	occupational	medicine	and	
environmental	health	2012;25:470-80.	
148.	 Roduit	C,	Scholtens	S,	de	Jongste	JC,	et	al.	Asthma	at	8	years	of	age	in	children	born	by	
caesarean	section.	Thorax	2009;64:107-13.	
149.	 Fujimura	KE,	Johnson	CC,	Ownby	DR,	et	al.	Man's	best	friend?	The	effect	of	pet	
ownership	on	house	dust	microbial	communities.	The	Journal	of	allergy	and	clinical	
immunology	2010;126:410-2,	2	e1-3.	
150.	 Lynch	SV,	Wood	RA,	Boushey	H,	et	al.	Effects	of	early-life	exposure	to	allergens	and	
bacteria	on	recurrent	wheeze	and	atopy	in	urban	children.	The	Journal	of	allergy	and	clinical	
immunology	2014;134:593-601	e12.	
151.	 Schaub	B,	Lauener	R,	von	Mutius	E.	The	many	faces	of	the	hygiene	hypothesis.	The	
Journal	of	allergy	and	clinical	immunology	2006;117:969-77;	quiz	78.	
152.	 McFadden	JP,	Thyssen	JP,	Basketter	DA,	Puangpet	P,	Kimber	I.	T	helper	cell	2	immune	
skewing	in	pregnancy/early	life:	chemical	exposure	and	the	development	of	atopic	disease	
and	allergy.	The	British	journal	of	dermatology	2015;172:584-91.	
153.	 Hanson	M,	Gluckman	P.	Developmental	origins	of	noncommunicable	disease:	
population	and	public	health	implications.	The	American	journal	of	clinical	nutrition	
2011;94:1754S-8S.	
154.	 Hanson	MA,	Gluckman	PD.	Developmental	origins	of	health	and	disease:	moving	from	
biological	concepts	to	interventions	and	policy.	Int	J	Gynaecol	Obstet	2011;115	Suppl	1:S3-5.	
155.	 Holick	MF,	Chen	TC.	Vitamin	D	deficiency:	a	worldwide	problem	with	health	
consequences.	The	American	journal	of	clinical	nutrition	2008;87:1080S-6S.	
156.	 Holick	MF.	Vitamin	D	deficiency.	The	New	England	journal	of	medicine	2007;357:266-
81.	
157.	 Holick	MF,	Siris	ES,	Binkley	N,	et	al.	Prevalence	of	Vitamin	D	inadequacy	among	
postmenopausal	North	American	women	receiving	osteoporosis	therapy.	The	Journal	of	
clinical	endocrinology	and	metabolism	2005;90:3215-24.	
158.	 Marwaha	RK,	Tandon	N,	Reddy	DR,	et	al.	Vitamin	D	and	bone	mineral	density	status	of	
healthy	schoolchildren	in	northern	India.	The	American	journal	of	clinical	nutrition	
2005;82:477-82.	
159.	 Wagner	CL,	Greer	FR,	American	Academy	of	Pediatrics	Section	on	B,	American	
Academy	of	Pediatrics	Committee	on	N.	Prevention	of	rickets	and	vitamin	D	deficiency	in	
infants,	children,	and	adolescents.	Pediatrics	2008;122:1142-52.	
160.	 Jones	AP,	Rueter	K,	Siafarikas	A,	Lim	EM,	Prescott	SL,	Palmer	DJ.	25-hydroxyvitamin	D	
status	of	pregnant	women	is	associated	with	the	use	of	antenatal	vitamin	supplements	and	
ambient	ultraviolet	radiation.	Journal	of	developmental	origins	of	health	and	disease	
2016;7:350-6.	
161.	 Hollis	BW,	Wagner	CL.	Vitamin	D	requirements	during	lactation:	high-dose	maternal	
supplementation	as	therapy	to	prevent	hypovitaminosis	D	for	both	the	mother	and	the	
nursing	infant.	The	American	journal	of	clinical	nutrition	2004;80:1752S-8S.	
162.	 Lee	JM,	Smith	JR,	Philipp	BL,	Chen	TC,	Mathieu	J,	Holick	MF.	Vitamin	D	deficiency	in	a	
healthy	group	of	mothers	and	newborn	infants.	Clinical	pediatrics	2007;46:42-4.	
163.	 Hossein-nezhad	A,	Holick	MF.	Vitamin	D	for	health:	a	global	perspective.	Mayo	Clinic	
proceedings	2013;88:720-55.	
164.	 Holick	MF.	Biological	Effects	of	Sunlight,	Ultraviolet	Radiation,	Visible	Light,	Infrared	
Radiation	and	Vitamin	D	for	Health.	Anticancer	research	2016;36:1345-56.	



	

	 128	

165.	 Wacker	M,	Holick	MF.	Sunlight	and	Vitamin	D:	A	global	perspective	for	health.	
Dermato-endocrinology	2013;5:51-108.	
166.	 Holick	MF,	Chen	TC,	Lu	Z,	Sauter	E.	Vitamin	D	and	skin	physiology:	a	D-lightful	story.	
Journal	of	bone	and	mineral	research	:	the	official	journal	of	the	American	Society	for	Bone	
and	Mineral	Research	2007;22	Suppl	2:V28-33.	
167.	 Faurschou	A,	Beyer	DM,	Schmedes	A,	Bogh	MK,	Philipsen	PA,	Wulf	HC.	The	relation	
between	sunscreen	layer	thickness	and	vitamin	D	production	after	ultraviolet	B	exposure:	a	
randomized	clinical	trial.	The	British	journal	of	dermatology	2012;167:391-5.	
168.	 Wortsman	J,	Matsuoka	LY,	Chen	TC,	Lu	Z,	Holick	MF.	Decreased	bioavailability	of	
vitamin	D	in	obesity.	The	American	journal	of	clinical	nutrition	2000;72:690-3.	
169.	 Matsuoka	LY,	Ide	L,	Wortsman	J,	MacLaughlin	JA,	Holick	MF.	Sunscreens	suppress	
cutaneous	vitamin	D3	synthesis.	The	Journal	of	clinical	endocrinology	and	metabolism	
1987;64:1165-8.	
170.	 Holick	MF.	The	vitamin	D	deficiency	pandemic:	Approaches	for	diagnosis,	treatment	
and	prevention.	Reviews	in	endocrine	&	metabolic	disorders	2017;18:153-65.	
171.	 Hintzpeter	B,	Scheidt-Nave	C,	Muller	MJ,	Schenk	L,	Mensink	GB.	Higher	prevalence	of	
vitamin	D	deficiency	is	associated	with	immigrant	background	among	children	and	
adolescents	in	Germany.	The	Journal	of	nutrition	2008;138:1482-90.	
172.	 Clemens	TL,	Adams	JS,	Henderson	SL,	Holick	MF.	Increased	skin	pigment	reduces	the	
capacity	of	skin	to	synthesise	vitamin	D3.	Lancet	1982;1:74-6.	
173.	 Piotrowska	A,	Wierzbicka	J,	Zmijewski	MA.	Vitamin	D	in	the	skin	physiology	and	
pathology.	Acta	biochimica	Polonica	2016;63:17-29.	
174.	 Holick	MF.	Vitamin	D:	a	D-Lightful	health	perspective.	Nutrition	reviews	
2008;66:S182-94.	
175.	 Chun	RF,	Peercy	BE,	Orwoll	ES,	Nielson	CM,	Adams	JS,	Hewison	M.	Vitamin	D	and	DBP:	
the	free	hormone	hypothesis	revisited.	The	Journal	of	steroid	biochemistry	and	molecular	
biology	2014;144	Pt	A:132-7.	
176.	 Bouillon	R,	Schuit	F,	Antonio	L,	Rastinejad	F.	Vitamin	D	Binding	Protein:	A	Historic	
Overview.	Frontiers	in	endocrinology	2019;10:910.	
177.	 Christakos	S,	Ajibade	DV,	Dhawan	P,	Fechner	AJ,	Mady	LJ.	Vitamin	D:	metabolism.	
Endocrinology	and	metabolism	clinics	of	North	America	2010;39:243-53,	table	of	contents.	
178.	 DeLuca	HF.	Vitamin	D:	Historical	Overview.	Vitamins	and	hormones	2016;100:1-20.	
179.	 Jones	G,	Strugnell	SA,	DeLuca	HF.	Current	understanding	of	the	molecular	actions	of	
vitamin	D.	Physiological	reviews	1998;78:1193-231.	
180.	 Jurutka	PW,	Whitfield	GK,	Hsieh	JC,	Thompson	PD,	Haussler	CA,	Haussler	MR.	
Molecular	nature	of	the	vitamin	D	receptor	and	its	role	in	regulation	of	gene	expression.	
Reviews	in	endocrine	&	metabolic	disorders	2001;2:203-16.	
181.	 Pike	JW,	Meyer	MB.	The	vitamin	D	receptor:	new	paradigms	for	the	regulation	of	gene	
expression	by	1,25-dihydroxyvitamin	D(3).	Endocrinology	and	metabolism	clinics	of	North	
America	2010;39:255-69,	table	of	contents.	
182.	 Holick	MF,	Binkley	NC,	Bischoff-Ferrari	HA,	et	al.	Evaluation,	treatment,	and	prevention	
of	vitamin	D	deficiency:	an	Endocrine	Society	clinical	practice	guideline.	The	Journal	of	clinical	
endocrinology	and	metabolism	2011;96:1911-30.	
183.	 Chun	RF,	Liu	PT,	Modlin	RL,	Adams	JS,	Hewison	M.	Impact	of	vitamin	D	on	immune	
function:	lessons	learned	from	genome-wide	analysis.	Frontiers	in	physiology	2014;5:151.	
184.	 Cantorna	MT.	Mechanisms	underlying	the	effect	of	vitamin	D	on	the	immune	system.	
The	Proceedings	of	the	Nutrition	Society	2010;69:286-9.	



	

	 129	

185.	 Brennan	A,	Katz	DR,	Nunn	JD,	et	al.	Dendritic	cells	from	human	tissues	express	
receptors	for	the	immunoregulatory	vitamin	D3	metabolite,	dihydroxycholecalciferol.	
Immunology	1987;61:457-61.	
186.	 Morgan	JW,	Kouttab	N,	Ford	D,	Maizel	AL.	Vitamin	D-mediated	gene	regulation	in	
phenotypically	defined	human	B	cell	subpopulations.	Endocrinology	2000;141:3225-34.	
187.	 Provvedini	DM,	Tsoukas	CD,	Deftos	LJ,	Manolagas	SC.	1,25-dihydroxyvitamin	D3	
receptors	in	human	leukocytes.	Science	1983;221:1181-3.	
188.	 Umar	M,	Sastry	KS,	Al	Ali	F,	Al-Khulaifi	M,	Wang	E,	Chouchane	AI.	Vitamin	D	and	the	
Pathophysiology	of	Inflammatory	Skin	Diseases.	Skin	pharmacology	and	physiology	
2018;31:74-86.	
189.	 Duplancic	D,	Cesarik	M,	Poljak	NK,	et	al.	The	influence	of	selective	vitamin	D	receptor	
activator	paricalcitol	on	cardiovascular	system	and	cardiorenal	protection.	Clinical	
interventions	in	aging	2013;8:149-56.	
190.	 Egshatyan	LVD,	E	N	;	Tkacheva,	O	N	;	Kashtanova,	D	A.	The	role	of	vitamin	D	in	the	
pathogenesis	of	chronic	non-communicable	diseases		Osteoporoz	i	osteopatii	2014;17:27-30.	
191.	 Poon	AH,	Laprise	C,	Lemire	M,	et	al.	Association	of	vitamin	D	receptor	genetic	variants	
with	susceptibility	to	asthma	and	atopy.	American	journal	of	respiratory	and	critical	care	
medicine	2004;170:967-73.	
192.	 Rochel	N,	Moras	D.	Ligand	binding	domain	of	vitamin	D	receptors.	Curr	Top	Med	Chem	
2006;6:1229-41.	
193.	 Valdivielso	JM,	Fernandez	E.	Vitamin	D	receptor	polymorphisms	and	diseases.	Clinica	
chimica	acta;	international	journal	of	clinical	chemistry	2006;371:1-12.	
194.	 Tizaoui	K,	Berraies	A,	Hamdi	B,	Kaabachi	W,	Hamzaoui	K,	Hamzaoui	A.	Association	of	
vitamin	D	receptor	gene	polymorphisms	with	asthma	risk:	systematic	review	and	updated	
meta-analysis	of	case-control	studies.	Lung	2014;192:955-65.	
195.	 Wjst	M.	Variants	in	the	vitamin	D	receptor	gene	and	asthma.	BMC	Genet	2005;6:2.	
196.	 Vollmert	C,	Illig	T,	Altmuller	J,	et	al.	Single	nucleotide	polymorphism	screening	and	
association	analysis--exclusion	of	integrin	beta	7	and	vitamin	D	receptor	(chromosome	12q)	
as	candidate	genes	for	asthma.	Clinical	and	experimental	allergy	:	journal	of	the	British	Society	
for	Allergy	and	Clinical	Immunology	2004;34:1841-50.	
197.	 Pillai	DK,	Iqbal	SF,	Benton	AS,	et	al.	Associations	between	genetic	variants	in	vitamin	D	
metabolism	and	asthma	characteristics	in	young	African	Americans:	a	pilot	study.	J	Investig	
Med	2011;59:938-46.	
198.	 Wjst	M.	The	vitamin	D	slant	on	allergy.	Pediatric	allergy	and	immunology	:	official	
publication	of	the	European	Society	of	Pediatric	Allergy	and	Immunology	2006;17:477-83.	
199.	 Chun	RF,	Peercy	BE,	Adams	JS,	Hewison	M.	Vitamin	D	binding	protein	and	monocyte	
response	to	25-hydroxyvitamin	D	and	1,25-dihydroxyvitamin	D:	analysis	by	mathematical	
modeling.	PloS	one	2012;7:e30773.	
200.	 Malik	S,	Fu	L,	Juras	DJ,	et	al.	Common	variants	of	the	vitamin	D	binding	protein	gene	
and	adverse	health	outcomes.	Crit	Rev	Clin	Lab	Sci	2013;50:1-22.	
201.	 Carpenter	TO,	Zhang	JH,	Parra	E,	et	al.	Vitamin	D	binding	protein	is	a	key	determinant	
of	25-hydroxyvitamin	D	levels	in	infants	and	toddlers.	Journal	of	bone	and	mineral	research	:	
the	official	journal	of	the	American	Society	for	Bone	and	Mineral	Research	2013;28:213-21.	
202.	 Navas-Nazario	A,	Li	FY,	Shabanova	V,	et	al.	Effect	of	vitamin	D-binding	protein	
genotype	on	the	development	of	asthma	in	children.	Annals	of	allergy,	asthma	&	immunology	:	
official	publication	of	the	American	College	of	Allergy,	Asthma,	&	Immunology	2014;112:519-
24.	
203.	 Tsoukas	CD,	Provvedini	DM,	Manolagas	SC.	1,25-dihydroxyvitamin	D3:	a	novel	
immunoregulatory	hormone.	Science	1984;224:1438-40.	



	

	 130	

204.	 Lemire	JM,	Adams	JS,	Kermani-Arab	V,	Bakke	AC,	Sakai	R,	Jordan	SC.	1,25-
Dihydroxyvitamin	D3	suppresses	human	T	helper/inducer	lymphocyte	activity	in	vitro.	
Journal	of	immunology	1985;134:3032-5.	
205.	 Lemire	JM,	Archer	DC,	Beck	L,	Spiegelberg	HL.	Immunosuppressive	actions	of	1,25-
dihydroxyvitamin	D3:	preferential	inhibition	of	Th1	functions.	The	Journal	of	nutrition	
1995;125:1704S-8S.	
206.	 Jirapongsananuruk	O,	Melamed	I,	Leung	DY.	Additive	immunosuppressive	effects	of	
1,25-dihydroxyvitamin	D3	and	corticosteroids	on	TH1,	but	not	TH2,	responses.	The	Journal	of	
allergy	and	clinical	immunology	2000;106:981-5.	
207.	 Rausch-Fan	X,	Leutmezer	F,	Willheim	M,	et	al.	Regulation	of	cytokine	production	in	
human	peripheral	blood	mononuclear	cells	and	allergen-specific	th	cell	clones	by	1alpha,25-
dihydroxyvitamin	D3.	International	archives	of	allergy	and	immunology	2002;128:33-41.	
208.	 Pichler	J,	Gerstmayr	M,	Szepfalusi	Z,	Urbanek	R,	Peterlik	M,	Willheim	M.	1	
alpha,25(OH)2D3	inhibits	not	only	Th1	but	also	Th2	differentiation	in	human	cord	blood	T	
cells.	Pediatric	research	2002;52:12-8.	
209.	 Fisher	SA,	Rahimzadeh	M,	Brierley	C,	et	al.	The	role	of	vitamin	D	in	increasing	
circulating	T	regulatory	cell	numbers	and	modulating	T	regulatory	cell	phenotypes	in	patients	
with	inflammatory	disease	or	in	healthy	volunteers:	A	systematic	review.	PloS	one	
2019;14:e0222313.	
210.	 Bennett	CL,	Christie	J,	Ramsdell	F,	et	al.	The	immune	dysregulation,	
polyendocrinopathy,	enteropathy,	X-linked	syndrome	(IPEX)	is	caused	by	mutations	of	
FOXP3.	Nature	genetics	2001;27:20-1.	
211.	 Brunkow	ME,	Jeffery	EW,	Hjerrild	KA,	et	al.	Disruption	of	a	new	forkhead/winged-helix	
protein,	scurfin,	results	in	the	fatal	lymphoproliferative	disorder	of	the	scurfy	mouse.	Nature	
genetics	2001;27:68-73.	
212.	 Lio	CW,	Hsieh	CS.	Becoming	self-aware:	the	thymic	education	of	regulatory	T	cells.	
Current	opinion	in	immunology	2011;23:213-9.	
213.	 Mucida	D,	Kutchukhidze	N,	Erazo	A,	Russo	M,	Lafaille	JJ,	Curotto	de	Lafaille	MA.	Oral	
tolerance	in	the	absence	of	naturally	occurring	Tregs.	The	Journal	of	clinical	investigation	
2005;115:1923-33.	
214.	 Kretschmer	K,	Apostolou	I,	Hawiger	D,	Khazaie	K,	Nussenzweig	MC,	von	Boehmer	H.	
Inducing	and	expanding	regulatory	T	cell	populations	by	foreign	antigen.	Nature	immunology	
2005;6:1219-27.	
215.	 Curotto	de	Lafaille	MA,	Kutchukhidze	N,	Shen	S,	Ding	Y,	Yee	H,	Lafaille	JJ.	Adaptive	
Foxp3+	regulatory	T	cell-dependent	and	-independent	control	of	allergic	inflammation.	
Immunity	2008;29:114-26.	
216.	 Noval	Rivas	M,	Chatila	TA.	Regulatory	T	cells	in	allergic	diseases.	The	Journal	of	allergy	
and	clinical	immunology	2016;138:639-52.	
217.	 Noval	Rivas	M,	Burton	OT,	Wise	P,	et	al.	Regulatory	T	cell	reprogramming	toward	a	
Th2-cell-like	lineage	impairs	oral	tolerance	and	promotes	food	allergy.	Immunity	
2015;42:512-23.	
218.	 Syed	A,	Garcia	MA,	Lyu	SC,	et	al.	Peanut	oral	immunotherapy	results	in	increased	
antigen-induced	regulatory	T-cell	function	and	hypomethylation	of	forkhead	box	protein	3	
(FOXP3).	The	Journal	of	allergy	and	clinical	immunology	2014;133:500-10.	
219.	 Shreffler	WG,	Wanich	N,	Moloney	M,	Nowak-Wegrzyn	A,	Sampson	HA.	Association	of	
allergen-specific	regulatory	T	cells	with	the	onset	of	clinical	tolerance	to	milk	protein.	The	
Journal	of	allergy	and	clinical	immunology	2009;123:43-52	e7.	
220.	 Lloyd	CM,	Hawrylowicz	CM.	Regulatory	T	cells	in	asthma.	Immunity	2009;31:438-49.	



	

	 131	

221.	 Dimeloe	S,	Nanzer	A,	Ryanna	K,	Hawrylowicz	C.	Regulatory	T	cells,	inflammation	and	
the	allergic	response-The	role	of	glucocorticoids	and	Vitamin	D.	The	Journal	of	steroid	
biochemistry	and	molecular	biology	2010;120:86-95.	
222.	 Hartmann	B,	Riedel	R,	Jorss	K,	et	al.	Vitamin	D	receptor	activation	improves	allergen-
triggered	eczema	in	mice.	The	Journal	of	investigative	dermatology	2012;132:330-6.	
223.	 Gorman	S,	Judge	MA,	Hart	PH.	Topical	1,25-dihydroxyvitamin	D3	subverts	the	priming	
ability	of	draining	lymph	node	dendritic	cells.	Immunology	2010;131:415-25.	
224.	 Joshi	S,	Pantalena	LC,	Liu	XK,	et	al.	1,25-dihydroxyvitamin	D(3)	ameliorates	Th17	
autoimmunity	via	transcriptional	modulation	of	interleukin-17A.	Molecular	and	cellular	
biology	2011;31:3653-69.	
225.	 Jeffery	LE,	Burke	F,	Mura	M,	et	al.	1,25-Dihydroxyvitamin	D3	and	IL-2	combine	to	
inhibit	T	cell	production	of	inflammatory	cytokines	and	promote	development	of	regulatory	T	
cells	expressing	CTLA-4	and	FoxP3.	Journal	of	immunology	2009;183:5458-67.	
226.	 Christakos	S,	Dhawan	P,	Verstuyf	A,	Verlinden	L,	Carmeliet	G.	Vitamin	D:	Metabolism,	
Molecular	Mechanism	of	Action,	and	Pleiotropic	Effects.	Physiological	reviews	2016;96:365-
408.	
227.	 van	Halteren	AG,	Tysma	OM,	van	Etten	E,	Mathieu	C,	Roep	BO.	1alpha,25-
dihydroxyvitamin	D3	or	analogue	treated	dendritic	cells	modulate	human	autoreactive	T	cells	
via	the	selective	induction	of	apoptosis.	Journal	of	autoimmunity	2004;23:233-9.	
228.	 Van	Belle	TL,	Vanherwegen	AS,	Feyaerts	D,	et	al.	1,25-Dihydroxyvitamin	D3	and	its	
analog	TX527	promote	a	stable	regulatory	T	cell	phenotype	in	T	cells	from	type	1	diabetes	
patients.	PloS	one	2014;9:e109194.	
229.	 Gorman	S,	Geldenhuys	S,	Weeden	CE,	Grimbaldeston	MA,	Hart	PH.	Investigating	the	
roles	of	regulatory	T	cells,	mast	cells	and	interleukin-9	in	the	control	of	skin	inflammation	by	
vitamin	D.	Arch	Dermatol	Res	2018;310:221-30.	
230.	 Khoo	AL,	Koenen	HJ,	Chai	LY,	et	al.	Seasonal	variation	in	vitamin	D(3)	levels	is	
paralleled	by	changes	in	the	peripheral	blood	human	T	cell	compartment.	PloS	one	
2012;7:e29250.	
231.	 Prietl	B,	Treiber	G,	Mader	JK,	et	al.	High-dose	cholecalciferol	supplementation	
significantly	increases	peripheral	CD4(+)	Tregs	in	healthy	adults	without	negatively	affecting	
the	frequency	of	other	immune	cells.	European	journal	of	nutrition	2014;53:751-9.	
232.	 Maalmi	H,	Berraies	A,	Tangour	E,	et	al.	The	impact	of	vitamin	D	deficiency	on	immune	T	
cells	in	asthmatic	children:	a	case-control	study.	Journal	of	asthma	and	allergy	2012;5:11-9.	
233.	 Treiber	G,	Prietl	B,	Frohlich-Reiterer	E,	et	al.	Cholecalciferol	supplementation	improves	
suppressive	capacity	of	regulatory	T-cells	in	young	patients	with	new-onset	type	1	diabetes	
mellitus	-	A	randomized	clinical	trial.	Clinical	immunology	2015;161:217-24.	
234.	 Piantoni	S,	Andreoli	L,	Scarsi	M,	et	al.	Phenotype	modifications	of	T-cells	and	their	shift	
toward	a	Th2	response	in	patients	with	systemic	lupus	erythematosus	supplemented	with	
different	monthly	regimens	of	vitamin	D.	Lupus	2015;24:490-8.	
235.	 Gutcher	I,	Becher	B.	APC-derived	cytokines	and	T	cell	polarization	in	autoimmune	
inflammation.	The	Journal	of	clinical	investigation	2007;117:1119-27.	
236.	 Upham	JW,	Zhang	G,	Rate	A,	et	al.	Plasmacytoid	dendritic	cells	during	infancy	are	
inversely	associated	with	childhood	respiratory	tract	infections	and	wheezing.	The	Journal	of	
allergy	and	clinical	immunology	2009;124:707-13	e2.	
237.	 Silver	E,	Yin-DeClue	H,	Schechtman	KB,	Grayson	MH,	Bacharier	LB,	Castro	M.	Lower	
levels	of	plasmacytoid	dendritic	cells	in	peripheral	blood	are	associated	with	a	diagnosis	of	
asthma	6	yr	after	severe	respiratory	syncytial	virus	bronchiolitis.	Pediatric	allergy	and	
immunology	:	official	publication	of	the	European	Society	of	Pediatric	Allergy	and	
Immunology	2009;20:471-6.	



	

	 132	

238.	 Hewison	M,	Freeman	L,	Hughes	SV,	et	al.	Differential	regulation	of	vitamin	D	receptor	
and	its	ligand	in	human	monocyte-derived	dendritic	cells.	Journal	of	immunology	
2003;170:5382-90.	
239.	 Koeffler	HP,	Reichel	H,	Bishop	JE,	Norman	AW.	gamma-Interferon	stimulates	
production	of	1,25-dihydroxyvitamin	D3	by	normal	human	macrophages.	Biochem	Biophys	
Res	Commun	1985;127:596-603.	
240.	 Bscheider	M,	Butcher	EC.	Vitamin	D	immunoregulation	through	dendritic	cells.	
Immunology	2016;148:227-36.	
241.	 Colotta	F,	Jansson	B,	Bonelli	F.	Modulation	of	inflammatory	and	immune	responses	by	
vitamin	D.	Journal	of	autoimmunity	2017.	
242.	 Kripke	ML.	Antigenicity	of	murine	skin	tumors	induced	by	ultraviolet	light.	J	Natl	
Cancer	Inst	1974;53:1333-6.	
243.	 McGlade	JP,	Strickland	DH,	Lambert	MJ,	et	al.	UV	inhibits	allergic	airways	disease	in	
mice	by	reducing	effector	CD4	T	cells.	Clin	Exp	Allergy	2010;40:772-85.	
244.	 Hwang	JM,	Oh	SH,	Shin	MY.	The	relationships	among	birth	season,	sunlight	exposure	
during	infancy,	and	allergic	disease.	Korean	J	Pediatr	2016;59:218-25.	
245.	 McGlade	JP,	Gorman	S,	Lenzo	JC,	et	al.	Effect	of	both	ultraviolet	B	irradiation	and	
histamine	receptor	function	on	allergic	responses	to	an	inhaled	antigen.	Journal	of	
immunology	2007;178:2794-802.	
246.	 McGlade	JP,	Gorman	S,	Zosky	GR,	et	al.	Suppression	of	the	asthmatic	phenotype	by	
ultraviolet	B-induced,	antigen-specific	regulatory	cells.	Clinical	and	experimental	allergy	:	
journal	of	the	British	Society	for	Allergy	and	Clinical	Immunology	2007;37:1267-76.	
247.	 Silverberg	JI,	Hanifin	J,	Simpson	EL.	Climatic	factors	are	associated	with	childhood	
eczema	prevalence	in	the	United	States.	The	Journal	of	investigative	dermatology	
2013;133:1752-9.	
248.	 Osborne	NJ,	Ukoumunne	OC,	Wake	M,	Allen	KJ.	Prevalence	of	eczema	and	food	allergy	
is	associated	with	latitude	in	Australia.	The	Journal	of	allergy	and	clinical	immunology	
2012;129:865-7.	
249.	 Hart	PH,	Gorman	S,	Finlay-Jones	JJ.	Modulation	of	the	immune	system	by	UV	radiation:	
more	than	just	the	effects	of	vitamin	D?	Nature	reviews	Immunology	2011;11:584-96.	
250.	 Hart	PH,	Gorman	S.	Exposure	to	UV	Wavelengths	in	Sunlight	Suppresses	Immunity.	To	
What	Extent	is	UV-induced	Vitamin	D3	the	Mediator	Responsible?	Clin	Biochem	Rev	
2013;34:3-13.	
251.	 Hart	PH,	Norval	M.	Are	there	differences	in	immune	responses	following	delivery	of	
vaccines	through	acutely	or	chronically	sun-exposed	compared	with	sun-unexposed	skin?	
Immunology	2020;159:133-41.	
252.	 Milliken	SV,	Wassall	H,	Lewis	BJ,	et	al.	Effects	of	ultraviolet	light	on	human	serum	25-
hydroxyvitamin	D	and	systemic	immune	function.	The	Journal	of	allergy	and	clinical	
immunology	2012;129:1554-61.	
253.	 van	der	Aar	AM,	Sibiryak	DS,	Bakdash	G,	et	al.	Vitamin	D3	targets	epidermal	and	
dermal	dendritic	cells	for	induction	of	distinct	regulatory	T	cells.	The	Journal	of	allergy	and	
clinical	immunology	2011;127:1532-40	e7.	
254.	 Hesterberg	RS,	Amorrortu	RP,	Zhao	Y,	et	al.	T	Regulatory	Cell	Subpopulations	
Associated	with	Recent	Ultraviolet	Radiation	Exposure	in	a	Skin	Cancer	Screening	Cohort.	
Journal	of	immunology	2018;201:3269-81.	
255.	 Phan	TX,	Jaruga	B,	Pingle	SC,	Bandyopadhyay	BC,	Ahern	GP.	Intrinsic	Photosensitivity	
Enhances	Motility	of	T	Lymphocytes.	Sci	Rep	2016;6:39479.	
256.	 Weller	R.	Nitric	oxide--a	newly	discovered	chemical	transmitter	in	human	skin.	The	
British	journal	of	dermatology	1997;137:665-72.	



	

	 133	

257.	 Yu	C,	Fitzpatrick	A,	Cong	D,	et	al.	Nitric	oxide	induces	human	CLA(+)CD25(+)Foxp3(+)	
regulatory	T	cells	with	skin-homing	potential.	The	Journal	of	allergy	and	clinical	immunology	
2017;140:1441-4	e6.	
258.	 Mowbray	M,	McLintock	S,	Weerakoon	R,	et	al.	Enzyme-independent	NO	stores	in	
human	skin:	quantification	and	influence	of	UV	radiation.	The	Journal	of	investigative	
dermatology	2009;129:834-42.	
259.	 Sleijffers	A,	Kammeyer	A,	de	Gruijl	FR,	et	al.	Epidermal	cis-urocanic	acid	levels	
correlate	with	lower	specific	cellular	immune	responses	after	hepatitis	B	vaccination	of	
ultraviolet	B-exposed	humans.	Photochemistry	and	photobiology	2003;77:271-5.	
260.	 Holan	V,	Kuffova	L,	Zajicova	A,	et	al.	Urocanic	acid	enhances	IL-10	production	in	
activated	CD4+	T	cells.	Journal	of	immunology	1998;161:3237-41.	
261.	 Ng	RL,	Scott	NM,	Bisley	JL,	et	al.	Characterization	of	regulatory	dendritic	cells	
differentiated	from	the	bone	marrow	of	UV-irradiated	mice.	Immunology	2013;140:399-412.	
262.	 Jones	AP,	Tulic	MK,	Rueter	K,	Prescott	SL.	Vitamin	D	and	allergic	disease:	sunlight	at	
the	end	of	the	tunnel?	Nutrients	2012;4:13-28.	
263.	 Rueter	K,	Siafarikas	A,	Prescott	SL,	Palmer	DJ.	In	utero	and	postnatal	vitamin	D	
exposure	and	allergy	risk.	Expert	Opin	Drug	Saf	2014;13:1601-11.	
264.	 Mustapa	Kamal	Basha	MA,	Majid	HA,	Razali	N,	Yahya	A.	Risk	of	eczema,	wheezing	and	
respiratory	tract	infections	in	the	first	year	of	life:	A	systematic	review	of	vitamin	D	
concentrations	during	pregnancy	and	at	birth.	PloS	one	2020;15:e0233890.	
265.	 Weiland	SK,	Husing	A,	Strachan	DP,	Rzehak	P,	Pearce	N,	Group	IPOS.	Climate	and	the	
prevalence	of	symptoms	of	asthma,	allergic	rhinitis,	and	atopic	eczema	in	children.	Occup	
Environ	Med	2004;61:609-15.	
266.	 Krstic	G.	Asthma	prevalence	associated	with	geographical	latitude	and	regional	
insolation	in	the	United	States	of	America	and	Australia.	PloS	one	2011;6:e18492.	
267.	 Hoyos-Bachiloglu	R,	Morales	PS,	Cerda	J,	et	al.	Higher	latitude	and	lower	solar	radiation	
influence	on	anaphylaxis	in	Chilean	children.	Pediatric	allergy	and	immunology	:	official	
publication	of	the	European	Society	of	Pediatric	Allergy	and	Immunology	2014;25:338-43.	
268.	 Camargo	CA,	Jr.,	Clark	S,	Kaplan	MS,	Lieberman	P,	Wood	RA.	Regional	differences	in	
EpiPen	prescriptions	in	the	United	States:	the	potential	role	of	vitamin	D.	The	Journal	of	
allergy	and	clinical	immunology	2007;120:131-6.	
269.	 Fioletov	VE,	McArthur	LJ,	Mathews	TW,	Marrett	L.	Estimated	ultraviolet	exposure	
levels	for	a	sufficient	vitamin	D	status	in	North	America.	Journal	of	photochemistry	and	
photobiology	B,	Biology	2010;100:57-66.	
270.	 Mullins	RJ,	Clark	S,	Camargo	CA,	Jr.	Regional	variation	in	epinephrine	autoinjector	
prescriptions	in	Australia:	more	evidence	for	the	vitamin	D-anaphylaxis	hypothesis.	Annals	of	
allergy,	asthma	&	immunology	:	official	publication	of	the	American	College	of	Allergy,	
Asthma,	&	Immunology	2009;103:488-95.	
271.	 Sheehan	WJ	GD,	Ma	L,	et	al.	Higher	incidence	of	pediatric	anaphylaxis	in	northern	areas	
of	the	United	States.	The	Journal	of	allergy	and	clinical	immunology	2009;124:180-2.	
272.	 Kim	SH,	Ban	GY,	Park	HS,	Kim	SC,	Ye	YM.	Regional	differences	in	vitamin	D	levels	and	
incidence	of	food-induced	anaphylaxis	in	South	Korea.	Annals	of	allergy,	asthma	&	
immunology	:	official	publication	of	the	American	College	of	Allergy,	Asthma,	&	Immunology	
2016;116:237-43	e1.	
273.	 Byremo	G,	Rod	G,	Carlsen	KH.	Effect	of	climatic	change	in	children	with	atopic	eczema.	
Allergy	2006;61:1403-10.	
274.	 Franco	JMG,	R.;	Sole,	D.;	Lucia	Franca,	V.;	Brabin,	B.;	Brazilian,	I.G.	Socio-environmental	
conditions	and	geographical	variability	of	asthma	prevalence	in	northeast	
Brazil.	Allergol	Immunopathol	2009;37:116-21.	



	

	 134	

275.	 Hamilton	SA,	McNeil	R,	Hollis	BW,	et	al.	Profound	Vitamin	D	Deficiency	in	a	Diverse	
Group	of	Women	during	Pregnancy	Living	in	a	Sun-Rich	Environment	at	Latitude	32	degrees	
N.	Int	J	Endocrinol	2010;2010:917428.	
276.	 Kimlin	M,	Harrison	S,	Nowak	M,	Moore	M,	Brodie	A,	Lang	C.	Does	a	high	UV	
environment	ensure	adequate	vitamin	D	status?	Journal	of	photochemistry	and	photobiology	
B,	Biology	2007;89:139-47.	
277.	 Chakhtoura	M,	Rahme	M,	Chamoun	N,	El-Hajj	Fuleihan	G.	Vitamin	D	in	the	Middle	East	
and	North	Africa.	Bone	Rep	2018;8:135-46.	
278.	 Miyake	Y,	Tanaka	K,	Okubo	H,	Sasaki	S,	Arakawa	M.	Maternal	consumption	of	dairy	
products,	calcium,	and	vitamin	D	during	pregnancy	and	infantile	allergic	disorders.	Annals	of	
allergy,	asthma	&	immunology	:	official	publication	of	the	American	College	of	Allergy,	
Asthma,	&	Immunology	2014;113:82-7.	
279.	 Camargo	CA,	Jr.,	Rifas-Shiman	SL,	Litonjua	AA,	et	al.	Maternal	intake	of	vitamin	D	
during	pregnancy	and	risk	of	recurrent	wheeze	in	children	at	3	y	of	age.	The	American	journal	
of	clinical	nutrition	2007;85:788-95.	
280.	 Erkkola	M,	Kaila	M,	Nwaru	BI,	et	al.	Maternal	vitamin	D	intake	during	pregnancy	is	
inversely	associated	with	asthma	and	allergic	rhinitis	in	5-year-old	children.	Clinical	and	
experimental	allergy	:	journal	of	the	British	Society	for	Allergy	and	Clinical	Immunology	
2009;39:875-82.	
281.	 Miyake	Y,	Sasaki	S,	Tanaka	K,	Hirota	Y.	Dairy	food,	calcium	and	vitamin	D	intake	in	
pregnancy,	and	wheeze	and	eczema	in	infants.	The	European	respiratory	journal	
2010;35:1228-34.	
282.	 Maslova	E,	Hansen	S,	Jensen	CB,	Thorne-Lyman	AL,	Strom	M,	Olsen	SF.	Vitamin	D	
intake	in	mid-pregnancy	and	child	allergic	disease	-	a	prospective	study	in	44,825	Danish	
mother-child	pairs.	BMC	pregnancy	and	childbirth	2013;13:199.	
283.	 Devereux	G,	Litonjua	AA,	Turner	SW,	et	al.	Maternal	vitamin	D	intake	during	pregnancy	
and	early	childhood	wheezing.	The	American	journal	of	clinical	nutrition	2007;85:853-9.	
284.	 Anderson	LN,	Chen	Y,	Omand	JA,	et	al.	Vitamin	D	exposure	during	pregnancy,	but	not	
early	childhood,	is	associated	with	risk	of	childhood	wheezing.	Journal	of	developmental	
origins	of	health	and	disease	2015;6:308-16.	
285.	 Pike	KC,	Inskip	HM,	Robinson	S,	et	al.	Maternal	late-pregnancy	serum	25-
hydroxyvitamin	D	in	relation	to	childhood	wheeze	and	atopic	outcomes.	Thorax	2012;67:950-
6.	
286.	 Allan	KM,	Prabhu	N,	Craig	LC,	et	al.	Maternal	vitamin	D	and	E	intakes	during	pregnancy	
are	associated	with	asthma	in	children.	The	European	respiratory	journal	2015;45:1027-36.	
287.	 Devereux	G,	Craig	L,	Seaton	A,	Turner	S.	Maternal	vitamin	D	and	E	intakes	in	pregnancy	
and	asthma	to	age	15	years:	A	cohort	study.	Pediatr	Pulmonol	2019;54:11-9.	
288.	 Shen	SY,	Xiao	WQ,	Lu	JH,	et	al.	Early	life	vitamin	D	status	and	asthma	and	wheeze:	a	
systematic	review	and	meta-analysis.	BMC	Pulm	Med	2018;18:120.	
289.	 Wills	AK,	Shaheen	SO,	Granell	R,	Henderson	AJ,	Fraser	WD,	Lawlor	DA.	Maternal	25-
hydroxyvitamin	D	and	its	association	with	childhood	atopic	outcomes	and	lung	function.	
Clinical	and	experimental	allergy	:	journal	of	the	British	Society	for	Allergy	and	Clinical	
Immunology	2013;43:1180-8.	
290.	 Wegienka	G,	Havstad	S,	Zoratti	EM,	Kim	H,	Ownby	DR,	Johnson	CC.	Association	
between	vitamin	D	levels	and	allergy-related	outcomes	vary	by	race	and	other	factors.	The	
Journal	of	allergy	and	clinical	immunology	2015;136:1309-14	e1-4.	
291.	 Blomberg	M,	Rifas-Shiman	SL,	Camargo	CA,	Jr.,	et	al.	Low	Maternal	Prenatal	25-
Hydroxyvitamin	D	Blood	Levels	Are	Associated	with	Childhood	Atopic	Dermatitis.	The	Journal	
of	investigative	dermatology	2017;137:1380-4.	



	

	 135	

292.	 Hennessy	A,	Hourihane	JO,	Malvisi	L,	et	al.	Antenatal	vitamin	D	exposure	and	childhood	
eczema,	food	allergy,	asthma	and	allergic	rhinitis	at	2	and	5	years	of	age	in	the	atopic	disease-
specific	Cork	BASELINE	Birth	Cohort	Study.	Allergy	2018;73:2182-91.	
293.	 Gazibara	T,	Elbert	NJ,	den	Dekker	HT,	et	al.	Associations	of	maternal	and	fetal	25-
hydroxyvitamin	D	levels	with	childhood	eczema:	The	Generation	R	Study.	Pediatric	allergy	
and	immunology	:	official	publication	of	the	European	Society	of	Pediatric	Allergy	and	
Immunology	2016;27:283-9.	
294.	 Morales	E,	Romieu	I,	Guerra	S,	et	al.	Maternal	vitamin	D	status	in	pregnancy	and	risk	of	
lower	respiratory	tract	infections,	wheezing,	and	asthma	in	offspring.	Epidemiology	
2012;23:64-71.	
295.	 Magnus	MC,	Stene	LC,	Haberg	SE,	et	al.	Prospective	study	of	maternal	mid-pregnancy	
25-hydroxyvitamin	D	level	and	early	childhood	respiratory	disorders.	Paediatr	Perinat	
Epidemiol	2013;27:532-41.	
296.	 Maslova	E,	Hansen	S,	Thorne-Lyman	AL,	et	al.	Predicted	vitamin	D	status	in	mid-
pregnancy	and	child	allergic	disease.	Pediatric	allergy	and	immunology	:	official	publication	of	
the	European	Society	of	Pediatric	Allergy	and	Immunology	2014;25:706-13.	
297.	 Zosky	GR,	Hart	PH,	Whitehouse	AJ,	et	al.	Vitamin	D	deficiency	at	16	to	20	weeks'	
gestation	is	associated	with	impaired	lung	function	and	asthma	at	6	years	of	age.	Annals	of	the	
American	Thoracic	Society	2014;11:571-7.	
298.	 Weisse	K,	Winkler	S,	Hirche	F,	et	al.	Maternal	and	newborn	vitamin	D	status	and	its	
impact	on	food	allergy	development	in	the	German	LINA	cohort	study.	Allergy	2013;68:220-8.	
299.	 Gale	CR,	Robinson	SM,	Harvey	NC,	et	al.	Maternal	vitamin	D	status	during	pregnancy	
and	child	outcomes.	European	journal	of	clinical	nutrition	2008;62:68-77.	
300.	 Hansen	S,	Maslova	E,	Strom	M,	et	al.	The	long-term	programming	effect	of	maternal	25-
hydroxyvitamin	D	in	pregnancy	on	allergic	airway	disease	and	lung	function	in	offspring	after	
20	to	25	years	of	follow-up.	The	Journal	of	allergy	and	clinical	immunology	2015;136:169-76	
e2.	
301.	 Woon	FC,	Chin	YS,	Ismail	IH,	et	al.	Maternal	Vitamin	D	Levels	during	Late	Pregnancy	
and	Risk	of	Allergic	Diseases	and	Sensitization	during	the	First	Year	of	Life-A	Birth	Cohort	
Study.	Nutrients	2020;12.	
302.	 Loo	EXL,	Tham	EH,	Phang	KW,	et	al.	Associations	between	maternal	vitamin	D	levels	
during	pregnancy	and	allergic	outcomes	in	the	offspring	in	the	first	5	years	of	life.	Pediatric	
allergy	and	immunology	:	official	publication	of	the	European	Society	of	Pediatric	Allergy	and	
Immunology	2019;30:117-22.	
303.	 de	Jongh	RT,	Crozier	SR,	D'Angelo	S,	et	al.	Maternal	25-hydroxyvitamin	D	levels	in	
relation	to	offspring	respiratory	symptoms	and	infections.	The	European	respiratory	journal	
2014;43:1181-3.	
304.	 Chiu	CY,	Huang	SY,	Peng	YC,	et	al.	Maternal	vitamin	D	levels	are	inversely	related	to	
allergic	sensitization	and	atopic	diseases	in	early	childhood.	Pediatric	allergy	and	immunology	
:	official	publication	of	the	European	Society	of	Pediatric	Allergy	and	Immunology	
2015;26:337-43.	
305.	 Rueter	K,	Black	LJ,	Jones	A,	et	al.	Analytical	Bias	in	the	Measurement	of	Plasma	25-
Hydroxyvitamin	D	Concentrations	in	Infants.	International	journal	of	environmental	research	
and	public	health	2020;17.	
306.	 Asher	MI,	Keil	U,	Anderson	HR,	et	al.	International	Study	of	Asthma	and	Allergies	in	
Childhood	(ISAAC):	rationale	and	methods.	The	European	respiratory	journal	1995;8:483-91.	
307.	 Heckmatt	JZ,	Peacock	M,	Davies	AE,	McMurray	J,	Isherwood	DM.	Plasma	25-
hydroxyvitamin	D	in	pregnant	Asian	women	and	their	babies.	Lancet	1979;2:546-8.	



	

	 136	

308.	 Cadario	F,	Savastio	S,	Pozzi	E,	et	al.	Vitamin	D	status	in	cord	blood	and	newborns:	
ethnic	differences.	Ital	J	Pediatr	2013;39:35.	
309.	 Grant	CC,	Stewart	AW,	Scragg	R,	et	al.	Vitamin	D	during	pregnancy	and	infancy	and	
infant	serum	25-hydroxyvitamin	D	concentration.	Pediatrics	2014;133:e143-53.	
310.	 Wagner	CL,	McNeil	RB,	Johnson	DD,	et	al.	Health	characteristics	and	outcomes	of	two	
randomized	vitamin	D	supplementation	trials	during	pregnancy:	a	combined	analysis.	The	
Journal	of	steroid	biochemistry	and	molecular	biology	2013;136:313-20.	
311.	 Chawes	BL,	Bonnelykke	K,	Jensen	PF,	Schoos	AM,	Heickendorff	L,	Bisgaard	H.	Cord	
Blood	25(OH)-Vitamin	D	Deficiency	and	Childhood	Asthma,	Allergy	and	Eczema:	The	
COPSAC2000	Birth	Cohort	Study.	PloS	one	2014;9:e99856.	
312.	 Stelmach	I,	Majak	P,	Jerzynska	J,	et	al.	Cord	serum	25-hydroxyvitamin	D	correlates	with	
early	childhood	viral-induced	wheezing.	Respir	Med	2015;109:38-43.	
313.	 Jones	AP,	Palmer	D,	Zhang	G,	Prescott	SL.	Cord	blood	25-hydroxyvitamin	D3	and	
allergic	disease	during	infancy.	Pediatrics	2012;130:e1128-35.	
314.	 Baiz	N,	Dargent-Molina	P,	Wark	JD,	Souberbielle	JC,	Annesi-Maesano	I,	Group	EM-CCS.	
Cord	serum	25-hydroxyvitamin	D	and	risk	of	early	childhood	transient	wheezing	and	atopic	
dermatitis.	The	Journal	of	allergy	and	clinical	immunology	2014;133:147-53.	
315.	 Palmer	DJ,	Sullivan	TR,	Skeaff	CM,	Smithers	LG,	Makrides	M,	Team	DOAF-u.	Higher	cord	
blood	25-hydroxyvitamin	D	concentrations	reduce	the	risk	of	early	childhood	eczema:	in	
children	with	a	family	history	of	allergic	disease.	The	World	Allergy	Organization	journal	
2015;8:28.	
316.	 Visness	CM,	Sandel	MT,	O'Connor	G,	et	al.	Cord	blood	vitamin	D	concentrations	are	
unrelated	to	atopy	and	wheeze	in	2	diverse	birth	cohort	studies.	The	Journal	of	allergy	and	
clinical	immunology	2015;136:1108-10	e2.	
317.	 Jartti	T,	Kuusipalo	H,	Vuorinen	T,	et	al.	Allergic	sensitization	is	associated	with	
rhinovirus-,	but	not	other	virus-,	induced	wheezing	in	children.	Pediatric	allergy	and	
immunology	:	official	publication	of	the	European	Society	of	Pediatric	Allergy	and	
Immunology	2010;21:1008-14.	
318.	 Camargo	CA,	Jr.,	Ingham	T,	Wickens	K,	et	al.	Cord-blood	25-hydroxyvitamin	D	levels	
and	risk	of	respiratory	infection,	wheezing,	and	asthma.	Pediatrics	2011;127:e180-7.	
319.	 Song	H,	Yang	L,	Jia	C.	Maternal	vitamin	D	status	during	pregnancy	and	risk	of	childhood	
asthma:	A	meta-analysis	of	prospective	studies.	Molecular	nutrition	&	food	research	2017;61.	
320.	 Rothers	J,	Wright	AL,	Stern	DA,	Halonen	M,	Camargo	CA,	Jr.	Cord	blood	25-
hydroxyvitamin	D	levels	are	associated	with	aeroallergen	sensitization	in	children	from	
Tucson,	Arizona.	The	Journal	of	allergy	and	clinical	immunology	2011;128:1093-9	e1-5.	
321.	 Hypponen	E,	Berry	DJ,	Wjst	M,	Power	C.	Serum	25-hydroxyvitamin	D	and	IgE	-	a	
significant	but	nonlinear	relationship.	Allergy	2009;64:613-20.	
322.	 Pacheco-Gonzalez	RM,	Garcia-Marcos	L,	Morales	E.	Prenatal	vitamin	D	status	and	
respiratory	and	allergic	outcomes	in	childhood:	A	meta-analysis	of	observational	studies.	
Pediatric	allergy	and	immunology	:	official	publication	of	the	European	Society	of	Pediatric	
Allergy	and	Immunology	2018;29:243-53.	
323.	 Chawes	BL,	Bonnelykke	K,	Stokholm	J,	et	al.	Effect	of	Vitamin	D3	Supplementation	
During	Pregnancy	on	Risk	of	Persistent	Wheeze	in	the	Offspring:	A	Randomized	Clinical	Trial.	
JAMA	:	the	journal	of	the	American	Medical	Association	2016;315:353-61.	
324.	 Goldring	ST,	Griffiths	CJ,	Martineau	AR,	et	al.	Prenatal	vitamin	d	supplementation	and	
child	respiratory	health:	a	randomised	controlled	trial.	PloS	one	2013;8:e66627.	
325.	 Litonjua	AA,	Carey	VJ,	Laranjo	N,	et	al.	Effect	of	Prenatal	Supplementation	With	Vitamin	
D	on	Asthma	or	Recurrent	Wheezing	in	Offspring	by	Age	3	Years:	The	VDAART	Randomized	
Clinical	Trial.	JAMA	:	the	journal	of	the	American	Medical	Association	2016;315:362-70.	



	

	 137	

326.	 Ng	K,	Scott	JB,	Drake	BF,	et	al.	Dose	response	to	vitamin	D	supplementation	in	African	
Americans:	results	of	a	4-arm,	randomized,	placebo-controlled	trial.	The	American	journal	of	
clinical	nutrition	2014;99:587-98.	
327.	 Bhagatwala	J,	Zhu	H,	Parikh	SJ,	et	al.	Dose	and	time	responses	of	vitamin	D	biomarkers	
to	monthly	vitamin	D3	supplementation	in	overweight/obese	African	Americans	with	
suboptimal	vitamin	d	status:	a	placebo	controlled	randomized	clinical	trial.	BMC	Obes	
2015;2:27.	
328.	 Wegienka	G,	Havstad	S,	Joseph	CL,	et	al.	Racial	disparities	in	allergic	outcomes	in	
African	Americans	emerge	as	early	as	age	2	years.	Clinical	and	experimental	allergy	:	journal	
of	the	British	Society	for	Allergy	and	Clinical	Immunology	2012;42:909-17.	
329.	 Sitarik	A,	Havstad	S,	Kim	H,	et	al.	Racial	disparities	in	allergic	outcomes	persist	to	age	
10	years	in	black	and	white	children.	Annals	of	allergy,	asthma	&	immunology	:	official	
publication	of	the	American	College	of	Allergy,	Asthma,	&	Immunology	2020;124:342-9.	
330.	 Hanifin	J,	Rajka	G.	Diagnostic	features	of	atopic	dermatitis.	Acya	Derm	Venereol	
1980;92:44-7.	
331.	 Wolsk	HM,	Harshfield	BJ,	Laranjo	N,	et	al.	Vitamin	D	supplementation	in	pregnancy,	
prenatal	25(OH)D	levels,	race,	and	subsequent	asthma	or	recurrent	wheeze	in	offspring:	
Secondary	analyses	from	the	Vitamin	D	Antenatal	Asthma	Reduction	Trial.	The	Journal	of	
allergy	and	clinical	immunology	2017;140:1423-9	e5.	
332.	 Litonjua	AA,	Lange	NE,	Carey	VJ,	et	al.	The	Vitamin	D	Antenatal	Asthma	Reduction	Trial	
(VDAART):	rationale,	design,	and	methods	of	a	randomized,	controlled	trial	of	vitamin	D	
supplementation	in	pregnancy	for	the	primary	prevention	of	asthma	and	allergies	in	children.	
Contemporary	clinical	trials	2014;38:37-50.	
333.	 Bahnson	HT,	du	Toit	G,	Lack	G.	Statistical	Considerations	of	Food	Allergy	Prevention	
Studies.	The	journal	of	allergy	and	clinical	immunology	In	practice	2017;5:274-82.	
334.	 Wolsk	HM,	Chawes	BL,	Litonjua	AA,	et	al.	Prenatal	vitamin	D	supplementation	reduces	
risk	of	asthma/recurrent	wheeze	in	early	childhood:	A	combined	analysis	of	two	randomized	
controlled	trials.	PloS	one	2017;12:e0186657.	
335.	 Kimlin	MG,	Olds	WJ,	Moore	MR.	Location	and	vitamin	D	synthesis:	is	the	hypothesis	
validated	by	geophysical	data?	Journal	of	photochemistry	and	photobiology	B,	Biology	
2007;86:234-9.	
336.	 Garcia-Larsen	V,	Ierodiakonou	D,	Jarrold	K,	et	al.	Diet	during	pregnancy	and	infancy	
and	risk	of	allergic	or	autoimmune	disease:	A	systematic	review	and	meta-analysis.	PLoS	
medicine	2018;15:e1002507.	
337.	 Grant	CC,	Crane	J,	Mitchell	EA,	et	al.	Vitamin	D	supplementation	during	pregnancy	and	
infancy	reduces	aeroallergen	sensitization:	a	randomized	controlled	trial.	Allergy	
2016;71:1325-34.	
338.	 Joshi	S,	Kotecha	S.	Lung	growth	and	development.	Early	Hum	Dev	2007;83:789-94.	
339.	 Henderson	AJ,	Warner	JO.	Fetal	origins	of	asthma.	Semin	Fetal	Neonatal	Med	
2012;17:82-91.	
340.	 Rueter	K,	Haynes	A,	Prescott	SL.	Developing	Primary	Intervention	Strategies	to	Prevent	
Allergic	Disease.	Current	allergy	and	asthma	reports	2015;15:40.	
341.	 Hollis	BW,	Roos	BA,	Draper	HH,	Lambert	PW.	Vitamin	D	and	its	metabolites	in	human	
and	bovine	milk.	The	Journal	of	nutrition	1981;111:1240-8.	
342.	 Greer	FR,	Hollis	BW,	Cripps	DJ,	Tsang	RC.	Effects	of	maternal	ultraviolet	B	irradiation	
on	vitamin	D	content	of	human	milk.	The	Journal	of	pediatrics	1984;105:431-3.	
343.	 Hollis	BW,	Wagner	CL.	Clinical	review:	The	role	of	the	parent	compound	vitamin	D	
with	respect	to	metabolism	and	function:	Why	clinical	dose	intervals	can	affect	clinical	
outcomes.	The	Journal	of	clinical	endocrinology	and	metabolism	2013;98:4619-28.	



	

	 138	

344.	 Wagner	CL,	Hulsey	TC,	Fanning	D,	Ebeling	M,	Hollis	BW.	High-dose	vitamin	D3	
supplementation	in	a	cohort	of	breastfeeding	mothers	and	their	infants:	a	6-month	follow-up	
pilot	study.	Breastfeeding	medicine	:	the	official	journal	of	the	Academy	of	Breastfeeding	
Medicine	2006;1:59-70.	
345.	 Gallo	S,	Comeau	K,	Vanstone	C,	et	al.	Effect	of	different	dosages	of	oral	vitamin	D	
supplementation	on	vitamin	D	status	in	healthy,	breastfed	infants:	a	randomized	trial.	JAMA	:	
the	journal	of	the	American	Medical	Association	2013;309:1785-92.	
346.	 Barman	M,	Jonsson	K,	Hesselmar	B,	Sandin	A,	Sandberg	AS,	Wold	AE.	No	association	
between	allergy	and	current	25-hydroxy	vitamin	D	in	serum	or	vitamin	D	intake.	Acta	
paediatrica	2015;104:405-13.	
347.	 Kull	I	BA,	Melén	E,	Lilja	G,	van	Hage	M,	Pershagen	G,	Wickman,	M	Earlylife	
supplementation	of	vitamins	A	and	D,	in	water-soluble	form	or	in	peanut	
oil,	and	allergic	diseases	during	childhood.	J	Allergy	Clin	Immunol	2006;118:1299-304.	
348.	 Berents	TL,	Lodrup	Carlsen	KC,	Mowinckel	P,	et	al.	Vitamin	D	levels	and	atopic	eczema	
in	infancy	and	early	childhood	in	Norway:	a	cohort	study.	The	British	journal	of	dermatology	
2016;175:95-101.	
349.	 Molloy	J,	Koplin	JJ,	Allen	KJ,	et	al.	Vitamin	D	insufficiency	in	the	first	6	months	of	
infancy	and	challenge-proven	IgE-mediated	food	allergy	at	1	year	of	age:	a	case-cohort	study.	
Allergy	2017;72:1222-31.	
350.	 Cairncross	C,	Grant	C,	Stonehouse	W,	et	al.	The	Relationship	between	Vitamin	D	Status	
and	Allergic	Diseases	in	New	Zealand	Preschool	Children.	Nutrients	2016;8:1-10.	
351.	 Sharief	S,	Jariwala	S,	Kumar	J,	Muntner	P,	Melamed	ML.	Vitamin	D	levels	and	food	and	
environmental	allergies	in	the	United	States:	results	from	the	National	Health	and	Nutrition	
Examination	Survey	2005-2006.	The	Journal	of	allergy	and	clinical	immunology	
2011;127:1195-202.	
352.	 Wang	SS,	Hon	KL,	Kong	AP,	Pong	HN,	Wong	GW,	Leung	TF.	Vitamin	D	deficiency	is	
associated	with	diagnosis	and	severity	of	childhood	atopic	dermatitis.	Pediatric	allergy	and	
immunology	:	official	publication	of	the	European	Society	of	Pediatric	Allergy	and	
Immunology	2014;25:30-5.	
353.	 Hollams	EM,	Teo	SM,	Kusel	M,	et	al.	Vitamin	D	over	the	first	decade	and	susceptibility	
to	childhood	allergy	and	asthma.	The	Journal	of	allergy	and	clinical	immunology	
2017;139:472-81	e9.	
354.	 Heimbeck	I,	Wjst	M,	Apfelbacher	CJ.	Low	vitamin	D	serum	level	is	inversely	associated	
with	eczema	in	children	and	adolescents	in	Germany.	Allergy	2013;68:906-10.	
355.	 Cairncross	CT,	Stonehouse	W,	Conlon	CA,	et	al.	Predictors	of	vitamin	D	status	in	New	
Zealand	preschool	children.	Maternal	&	child	nutrition	2017;13.	
356.	 Guo	Y,	Yu	L,	Deng	YH,	Ke	HJ,	Wu	JL.	Associations	between	serum	25-hydroxyvitamin	D	
levels	and	allergic	sensitization	in	early	childhood.	Allergologia	et	immunopathologia	
2020;48:84-9.	
357.	 Baek	JH,	Shin	YH,	Chung	IH,	et	al.	The	Link	between	Serum	Vitamin	D	Level,	
Sensitization	to	Food	Allergens,	and	the	Severity	of	Atopic	Dermatitis	in	Infancy.	The	Journal	
of	pediatrics	2014;165:849-54	e1.	
358.	 Kutlug	S,	Kilic	M,	Bilgici	B,	Paksu	S,	Yildiran	A,	Sancak	R.	An	evaluation	of	vitamin	D	
levels	in	children	with	seasonal	allergic	rhinitis	during	pollen	season.	Pediatric	allergy	and	
immunology	:	official	publication	of	the	European	Society	of	Pediatric	Allergy	and	
Immunology	2017;28:446-51.	
359.	 Freishtat	RJ,	Iqbal	SF,	Pillai	DK,	et	al.	High	prevalence	of	vitamin	D	deficiency	among	
inner-city	African	American	youth	with	asthma	in	Washington,	DC.	The	Journal	of	pediatrics	
2010;156:948-52.	



	

	 139	

360.	 Bener	A,	Ehlayel	MS,	Bener	HZ,	Hamid	Q.	The	impact	of	Vitamin	D	deficiency	on	
asthma,	allergic	rhinitis	and	wheezing	in	children:	An	emerging	public	health	problem.	J	
Family	Community	Med	2014;21:154-61.	
361.	 Hollams	EM,	Hart	PH,	Holt	BJ,	et	al.	Vitamin	D	and	atopy	and	asthma	phenotypes	in	
children:	a	longitudinal	cohort	study.	The	European	respiratory	journal	2011;38:1320-7.	
362.	 Williams	HC,	Burney	PG,	Pembroke	AC,	Hay	RJ.	The	U.K.	Working	Party's	Diagnostic	
Criteria	for	Atopic	Dermatitis.	III.	Independent	hospital	validation.	The	British	journal	of	
dermatology	1994;131:406-16.	
363.	 Rosendahl	J,	Valkama	S,	Holmlund-Suila	E,	et	al.	Effect	of	Higher	vs	Standard	Dosage	of	
Vitamin	D3	Supplementation	on	Bone	Strength	and	Infection	in	Healthy	Infants:	A	
Randomized	Clinical	Trial.	JAMA	Pediatr	2018;172:646-54.	
364.	 Rosendahl	J,	Pelkonen	AS,	Helve	O,	et	al.	High-Dose	Vitamin	D	Supplementation	Does	
Not	Prevent	Allergic	Sensitization	of	Infants.	The	Journal	of	pediatrics	2019;209:139-45	e1.	
365.	 Hibbs	AM,	Ross	K,	Kerns	LA,	et	al.	Effect	of	Vitamin	D	Supplementation	on	Recurrent	
Wheezing	in	Black	Infants	Who	Were	Born	Preterm:	The	D-Wheeze	Randomized	Clinical	Trial.	
JAMA	:	the	journal	of	the	American	Medical	Association	2018;319:2086-94.	
366.	 Goedicke-Fritz	S,	Hartel	C,	Krasteva-Christ	G,	Kopp	MV,	Meyer	S,	Zemlin	M.	Preterm	
Birth	Affects	the	Risk	of	Developing	Immune-Mediated	Diseases.	Frontiers	in	immunology	
2017;8:1266.	
367.	 Kotecha	S,	Clemm	H,	Halvorsen	T,	Kotecha	SJ.	Bronchial	hyper-responsiveness	in	
preterm-born	subjects:	A	systematic	review	and	meta-analysis.	Pediatric	allergy	and	
immunology	:	official	publication	of	the	European	Society	of	Pediatric	Allergy	and	
Immunology	2018;29:715-25.	
368.	 Mullins	RJ,	Camargo	CA.	Latitude,	sunlight,	vitamin	D,	and	childhood	food	
allergy/anaphylaxis.	Current	allergy	and	asthma	reports	2012;12:64-71.	
369.	 Godel	J.	Vitamin	D	supplemenation:	Recommendations	for	Canadian	mothers	and	
infants.	Paediatr	Child	Health	2007;12:583-98.	
370.	 Gorman	S,	Lucas	RM,	Allen-Hall	A,	Fleury	N,	Feelisch	M.	Ultraviolet	radiation,	vitamin	D	
and	the	development	of	obesity,	metabolic	syndrome	and	type-2	diabetes.	Photochemical	&	
photobiological	sciences	:	Official	journal	of	the	European	Photochemistry	Association	and	the	
European	Society	for	Photobiology	2017;16:362-73.	
371.	 Moehrle	M,	Korn	M,	Garbe	C.	Bacillus	subtilis	spore	film	dosimeters	in	personal	
dosimetry	for	occupational	solar	ultraviolet	exposure.	International	archives	of	occupational	
and	environmental	health	2000;73:575-80.	
372.	 King	L,	Xiang	F,	Swaminathan	A,	Lucas	RM.	Measuring	sun	exposure	in	epidemiological	
studies:	Matching	the	method	to	the	research	question.	Journal	of	photochemistry	and	
photobiology	B,	Biology	2015;153:373-9.	
373.	 Quintern	LE	FY,	Fukutsu	K,	Holtschmidt	H		Characterization	and	application	of	UV	
detector	spore	films:	the	sensitivity	curve	of	a	new	detector	system	provides	good	similarity	
to	the	action	spectrum	for	UV-induced	erythema	in	human	
skin.	J	Photochem	Photobiol	1997;37:158-66.	
374.	 Fitzpatrick	TB.	The	validity	and	practicality	of	sun-reactive	skin	types	I	through	VI.	
Arch	Dermatol	1988;124:869-71.	
375.	 Kunz	B,	Oranje	AP,	Labreze	L,	Stalder	JF,	Ring	J,	Taieb	A.	Clinical	validation	and	
guidelines	for	the	SCORAD	index:	consensus	report	of	the	European	Task	Force	on	Atopic	
Dermatitis.	Dermatology	1997;195:10-9.	
376.	 Weiland	SK,	Bjorksten	B,	Brunekreef	B,	et	al.	Phase	II	of	the	International	Study	of	
Asthma	and	Allergies	in	Childhood	(ISAAC	II):	rationale	and	methods.	The	European	
respiratory	journal	2004;24:406-12.	



	

	 140	

377.	 Taylor	AL,	Dunstan	JA,	Prescott	SL.	Probiotic	supplementation	for	the	first	6	months	of	
life	fails	to	reduce	the	risk	of	atopic	dermatitis	and	increases	the	risk	of	allergen	sensitization	
in	high-risk	children:	a	randomized	controlled	trial.	The	Journal	of	allergy	and	clinical	
immunology	2007;119:184-91.	
378.	 Prescott	SL,	Wiltschut	J,	Taylor	A,	et	al.	Early	markers	of	allergic	disease	in	a	primary	
prevention	study	using	probiotics:	2.5-year	follow-up	phase.	Allergy	2008;63:1481-90.	
379.	 Cargill	J,	Lucas	RM,	Gies	P,	et	al.	Validation	of	brief	questionnaire	measures	of	sun	
exposure	and	skin	pigmentation	against	detailed	and	objective	measures	including	vitamin	D	
status.	Photochemistry	and	photobiology	2013;89:219-26.	
380.	 Phinney	KW,	Bedner	M,	Tai	SS,	et	al.	Development	and	certification	of	a	standard	
reference	material	for	vitamin	D	metabolites	in	human	serum.	Analytical	chemistry	
2012;84:956-62.	
381.	 Clarke	MW,	Tuckey	RC,	S.	G,	B.J.	H,	P.H.	H.	Optimized	25-	hydroxyvitamin	D	analysis	
using	liquid–liquid	extraction	with	2D	separation	with	LC/MS/MS	detection,	provides	
superior	precision	compared	to	conventional	assays.	.	Metabolomics	2013;9:1031-40.	
382.	 Roederer	M.	Compensation	in	flow	cytometry.	Curr	Protoc	Cytom	2002:1.14.1-1.20.	
383.	 Hahne	F,	LeMeur	N,	Brinkman	RR,	et	al.	flowCore:	a	Bioconductor	package	for	high	
throughput	flow	cytometry.	BMC	Bioinformatics	2009;10:106.	
384.	 Chevrier	S,	Crowell	HL,	Zanotelli	VRT,	Engler	S,	Robinson	MD,	Bodenmiller	B.	
Compensation	of	Signal	Spillover	in	Suspension	and	Imaging	Mass	Cytometry.	Cell	Syst	
2018;6:612-20	e5.	
385.	 Weber	LM,	Nowicka	M,	Soneson	C,	Robinson	MD.	diffcyt:	Differential	discovery	in	high-
dimensional	cytometry	via	high-resolution	clustering.	Communications	Biology	2019;2.	
386.	 Okada	H,	Kuhn	C,	Feillet	H,	Bach	JF.	The	'hygiene	hypothesis'	for	autoimmune	and	
allergic	diseases:	an	update.	Clinical	and	experimental	immunology	2010;160:1-9.	
387.	 Nurmatov	U,	Devereux	G,	Sheikh	A.	Nutrients	and	foods	for	the	primary	prevention	of	
asthma	and	allergy:	systematic	review	and	meta-analysis.	The	Journal	of	allergy	and	clinical	
immunology	2011;127:724-33	e1-30.	
388.	 D'Amato	G,	Holgate	ST,	Pawankar	R,	et	al.	Meteorological	conditions,	climate	change,	
new	emerging	factors,	and	asthma	and	related	allergic	disorders.	A	statement	of	the	World	
Allergy	Organization.	The	World	Allergy	Organization	journal	2015;8:25.	
389.	 Odhiambo	JA,	Williams	HC,	Clayton	TO,	Robertson	CF,	Asher	MI,	Group	IPTS.	Global	
variations	in	prevalence	of	eczema	symptoms	in	children	from	ISAAC	Phase	Three.	The	
Journal	of	allergy	and	clinical	immunology	2009;124:1251-8	e23.	
390.	 Farrag	NS,	Cheskin	LJ,	Farag	MK.	A	systematic	review	of	childhood	obesity	in	the	
Middle	East	and	North	Africa	(MENA)	region:	Prevalence	and	risk	factors	meta-analysis.	
Advances	in	pediatric	research	2017;4.	
391.	 Saraf	R,	Morton	SM,	Camargo	CA,	Jr.,	Grant	CC.	Global	summary	of	maternal	and	
newborn	vitamin	D	status	-	a	systematic	review.	Maternal	&	child	nutrition	2016;12:647-68.	
392.	 Tanvig	MH,	Jensen	DM,	Andersen	MS,	Ovesen	PG,	Jorgensen	JS,	Vinter	CA.	Vitamin	D	
levels	were	significantly	higher	during	and	after	lifestyle	intervention	in	pregnancy:	A	
randomized	controlled	trial.	Acta	obstetricia	et	gynecologica	Scandinavica	2019;99:350-56.	
393.	 Jeffery	LE,	Wood	AM,	Qureshi	OS,	et	al.	Availability	of	25-hydroxyvitamin	D(3)	to	APCs	
controls	the	balance	between	regulatory	and	inflammatory	T	cell	responses.	Journal	of	
immunology	2012;189:5155-64.	
394.	 Macaubas	C,	de	Klerk	NH,	Holt	BJ,	et	al.	Association	between	antenatal	cytokine	
production	and	the	development	of	atopy	and	asthma	at	age	6	years.	Lancet	2003;362:1192-7.	
395.	 Schaub	B,	Liu	J,	Hoppler	S,	et	al.	Impairment	of	T-regulatory	cells	in	cord	blood	of	
atopic	mothers.	The	Journal	of	allergy	and	clinical	immunology	2008;121:1491-9,	9	e1-13.	



	

	 141	

396.	 Rueter	K,	Jones	AP,	Siafarikas	A,	et	al.	Direct	infant	UV	light	exposure	is	associated	with	
eczema	and	immune	development.	The	Journal	of	allergy	and	clinical	immunology	
2019;143:1012-20	e2.	
397.	 Rueter	K,	Jones	AP,	Siafarikas	A,	Lim	EM,	Prescott	SL,	Palmer	DJ.	In	"High-Risk"	Infants	
with	Sufficient	Vitamin	D	Status	at	Birth,	Infant	Vitamin	D	Supplementation	Had	No	Effect	on	
Allergy	Outcomes:	A	Randomized	Controlled	Trial.	Nutrients	2020;12.	
398.	 Dahl	MV,	McEwen	GN,	Jr.,	Katz	HI.	Urocanic	acid	suppresses	induction	of	immunity	in	
human	skin.	Photodermatology,	photoimmunology	&	photomedicine	2010;26:303-10.	
399.	 Metcalfe	JR,	Marsh	JA,	D'Vaz	N,	et	al.	Effects	of	maternal	dietary	egg	intake	during	early	
lactation	on	human	milk	ovalbumin	concentration:	a	randomized	controlled	trial.	Clinical	and	
experimental	allergy	:	journal	of	the	British	Society	for	Allergy	and	Clinical	Immunology	
2016;46:1605-13.	
400.	 Asthma	WHOCCf,	Rhinitis,	Bousquet	J,	et	al.	Severe	chronic	allergic	(and	related)	
diseases:	a	uniform	approach--a	MeDALL--GA2LEN--ARIA	position	paper.	International	
archives	of	allergy	and	immunology	2012;158:216-31.	
401.	 Siafarikas	A,	Piazena	H,	Feister	U,	Bulsara	MK,	Meffert	H,	Hesse	V.	Randomised	
controlled	trial	analysing	supplementation	with	250	versus	500	units	of	vitamin	D3,	sun	
exposure	and	surrounding	factors	in	breastfed	infants.	Archives	of	disease	in	childhood	
2011;96:91-5.	
402.	 Hanifin	JM,	Cooper	KD,	Ho	VC,	et	al.	Guidelines	of	care	for	atopic	dermatitis,	developed	
in	accordance	with	the	American	Academy	of	Dermatology	(AAD)/American	Academy	of	
Dermatology	Association	"Administrative	Regulations	for	Evidence-Based	Clinical	Practice	
Guidelines".	Journal	of	the	American	Academy	of	Dermatology	2004;50:391-404.	
403.	 Hanifin	JM.	Atopic	dermatitis:	broadening	the	perspective.	Journal	of	the	American	
Academy	of	Dermatology	2004;51:S23-4.	
404.	 Suarez-Varela	MM,	Garcia-Marcos	Alvarez	L,	Kogan	MD,	et	al.	Climate	and	prevalence	
of	atopic	eczema	in	6-	to	7-year-old	school	children	in	Spain.	ISAAC	phase	III.	International	
journal	of	biometeorology	2008;52:833-40.	
405.	 Kuzume	K,	Kusu	M.	Before-birth	climatologic	data	may	play	a	role	in	the	development	
of	allergies	in	infants.	Pediatric	allergy	and	immunology	:	official	publication	of	the	European	
Society	of	Pediatric	Allergy	and	Immunology	2007;18:281-7.	
406.	 Yamazaki	S,	Nishioka	A,	Kasuya	S,	et	al.	Homeostasis	of	thymus-derived	Foxp3+	
regulatory	T	cells	is	controlled	by	ultraviolet	B	exposure	in	the	skin.	Journal	of	immunology	
2014;193:5488-97.	
407.	 Schwarz	A,	Navid	F,	Sparwasser	T,	Clausen	BE,	Schwarz	T.	1,25-dihydroxyvitamin	D	
exerts	similar	immunosuppressive	effects	as	UVR	but	is	dispensable	for	local	UVR-induced	
immunosuppression.	The	Journal	of	investigative	dermatology	2012;132:2762-9.	
408.	 Gorman	S,	Hart	PH.	The	current	state	of	play	of	rodent	models	to	study	the	role	of	
vitamin	D	in	UV-induced	immunomodulation.	Photochemical	&	photobiological	sciences	:	
Official	journal	of	the	European	Photochemistry	Association	and	the	European	Society	for	
Photobiology	2012;11:1788-96.	
409.	 Byrne	SN,	Limon-Flores	AY,	Ullrich	SE.	Mast	cell	migration	from	the	skin	to	the	
draining	lymph	nodes	upon	ultraviolet	irradiation	represents	a	key	step	in	the	induction	of	
immune	suppression.	Journal	of	immunology	2008;180:4648-55.	
410.	 Byrne	SN,	Halliday	GM.	B	cells	activated	in	lymph	nodes	in	response	to	ultraviolet	
irradiation	or	by	interleukin-10	inhibit	dendritic	cell	induction	of	immunity.	The	Journal	of	
investigative	dermatology	2005;124:570-8.	



	

	 142	

411.	 Gorman	S,	Scott	NM,	Tan	DH,	et	al.	Acute	erythemal	ultraviolet	radiation	causes	
systemic	immunosuppression	in	the	absence	of	increased	25-hydroxyvitamin	D3	levels	in	
male	mice.	PloS	one	2012;7:e46006.	
412.	 Hart	PH,	Lucas	RM,	Walsh	JP,	et	al.	Vitamin	D	in	fetal	development:	findings	from	a	
birth	cohort	study.	Pediatrics	2015;135:e167-73.	
413.	 Alyasin	S,	Momen	T,	Kashef	S,	Alipour	A,	Amin	R.	The	relationship	between	serum	25	
hydroxy	vitamin	d	levels	and	asthma	in	children.	Allergy,	asthma	&	immunology	research	
2011;3:251-5.	
414.	 Renz	H,	Holt	PG,	Inouye	M,	Logan	AC,	Prescott	SL,	Sly	PD.	An	exposome	perspective:	
Early-life	events	and	immune	development	in	a	changing	world.	The	Journal	of	allergy	and	
clinical	immunology	2017;140:24-40.	
415.	 Moczek	AP,	Sultan	S,	Foster	S,	et	al.	The	role	of	developmental	plasticity	in	evolutionary	
innovation.	Proc	Biol	Sci	2011;278:2705-13.	
416.	 Feuer	S,	Rinaudo	P.	From	Embryos	to	Adults:	A	DOHaD	Perspective	on	In	Vitro	
Fertilization	and	Other	Assisted	Reproductive	Technologies.	Healthcare	(Basel)	2016;4.	
417.	 Liu	X,	Wang	G,	Hong	X,	et	al.	Gene-vitamin	D	interactions	on	food	sensitization:	a	
prospective	birth	cohort	study.	Allergy	2011;66:1442-8.	
418.	 Liu	X,	Arguelles	L,	Zhou	Y,	et	al.	Longitudinal	trajectory	of	vitamin	D	status	from	birth	
to	early	childhood	in	the	development	of	food	sensitization.	Pediatric	research	2013;74:321-6.	
419.	 Heine	G,	Hoefer	N,	Franke	A,	et	al.	Association	of	vitamin	D	receptor	gene	
polymorphisms	with	severe	atopic	dermatitis	in	adults.	The	British	journal	of	dermatology	
2013;168:855-8.	
420.	 Martinez	FD.	Gene–Environment	Interaction	in	Complex	Diseases:	Asthma	as	
an	Illustrative	Case.	Chichester,	UK:	John	Wiley	&	Sons;	2008.	
421.	 Hossein-nezhad	A,	Holick	MF.	Optimize	dietary	intake	of	vitamin	D:	an	epigenetic	
perspective.	Current	opinion	in	clinical	nutrition	and	metabolic	care	2012;15:567-79.	
422.	 Karlic	H,	Varga	F.	Impact	of	vitamin	D	metabolism	on	clinical	epigenetics.	Clin	
Epigenetics	2011;2:55-61.	
423.	 Junge	KM,	Bauer	T,	Geissler	S,	et	al.	Increased	vitamin	D	levels	at	birth	and	in	early	
infancy	increase	offspring	allergy	risk-evidence	for	involvement	of	epigenetic	mechanisms.	
The	Journal	of	allergy	and	clinical	immunology	2016;137:610-3.	
424.	 Harb	H,	Renz	H.	Update	on	epigenetics	in	allergic	disease.	The	Journal	of	allergy	and	
clinical	immunology	2015;135:15-24.	
425.	 Martino	DJ,	Prescott	SL.	Progress	in	understanding	the	epigenetic	basis	for	immune	
development,	immune	function,	and	the	rising	incidence	of	allergic	disease.	Current	allergy	
and	asthma	reports	2013;13:85-92.	
426.	 Dempfle	A,	Scherag	A,	Hein	R,	Beckmann	L,	Chang-Claude	J,	Schafer	H.	Gene-
environment	interactions	for	complex	traits:	definitions,	methodological	requirements	and	
challenges.	European	journal	of	human	genetics	:	EJHG	2008;16:1164-72.	
427.	 Kauffmann	F,	Demenais	F.	Gene-environment	interactions	in	asthma	and	allergic	
diseases:	challenges	and	perspectives.	The	Journal	of	allergy	and	clinical	immunology	
2012;130:1229-40;	quiz	41-2.	
428.	 Carter	GD,	Berry	JL,	Gunter	E,	et	al.	Proficiency	testing	of	25-hydroxyvitamin	D	(25-
OHD)	assays.	The	Journal	of	steroid	biochemistry	and	molecular	biology	2010;121:176-9.	
429.	 Sempos	CT,	Vesper	HW,	Phinney	KW,	Thienpont	LM,	Coates	PM,	Vitamin	DSP.	Vitamin	
D	status	as	an	international	issue:	national	surveys	and	the	problem	of	standardization.	
Scandinavian	journal	of	clinical	and	laboratory	investigation	Supplementum	2012;243:32-40.	
430.	 Jones	G.	Interpreting	vitamin	D	assay	results:	proceed	with	caution.	Clinical	journal	of	
the	American	Society	of	Nephrology	:	CJASN	2015;10:331-4.	



	

	 143	

431.	 Marseglia	L,	D'Angelo	G,	Manti	S,	et	al.	Melatonin	and	atopy:	role	in	atopic	dermatitis	
and	asthma.	International	journal	of	molecular	sciences	2014;15:13482-93.	
432.	 Schwarz	W,	Birau	N,	Hornstein	OP,	et	al.	Alterations	of	melatonin	secretion	in	atopic	
eczema.	Acta	dermato-venereologica	1988;68:224-9.	
433.	 Kim	TH,	Jung	JA,	Kim	GD,	et	al.	Melatonin	inhibits	the	development	of	2,4-
dinitrofluorobenzene-induced	atopic	dermatitis-like	skin	lesions	in	NC/Nga	mice.	J	Pineal	Res	
2009;47:324-9.	
434.	 Hong	SP,	Kim	MJ,	Jung	MY,	et	al.	Biopositive	effects	of	low-dose	UVB	on	epidermis:	
coordinate	upregulation	of	antimicrobial	peptides	and	permeability	barrier	reinforcement.	
The	Journal	of	investigative	dermatology	2008;128:2880-7.	
435.	 Bech-Thomsen	N,	Munch-Petersen	B,	Lundgren	K,	Poulsen	T,	Wulf	HC.	UV-induced	
alterations	in	skin	and	lymphocytes	during	a	one-week	holiday	in	the	Canary	Islands	in	May.	
Acta	dermato-venereologica	1993;73:422-5.	
436.	 Wefers	H,	Melnik	BC,	Flur	M,	Bluhm	C,	Lehmann	P,	Plewig	G.	Influence	of	UV	irradiation	
on	the	composition	of	human	stratum	corneum	lipids.	The	Journal	of	investigative	
dermatology	1991;96:959-62.	
437.	 Thysen	AH,	Rasmussen	MA,	Kreiner-Moller	E,	et	al.	Season	of	birth	shapes	neonatal	
immune	function.	The	Journal	of	allergy	and	clinical	immunology	2016;137:1238-46	e13.	
438.	 Knudsen	TB,	Thomsen	SF,	Ulrik	CS,	Fenger	M,	Nepper-Christensen	S,	Backer	V.	Season	
of	birth	and	risk	of	atopic	disease	among	children	and	adolescents.	The	Journal	of	asthma	:	
official	journal	of	the	Association	for	the	Care	of	Asthma	2007;44:257-60.	
439.	 Nilsson	L,	Bjorksten	B,	Hattevig	G,	Kjellman	B,	Sigurs	N,	Kjellman	NI.	Season	of	birth	as	
predictor	of	atopic	manifestations.	Archives	of	disease	in	childhood	1997;76:341-4.	
440.	 Haahtela	T,	Holgate	S,	Pawankar	R,	et	al.	The	biodiversity	hypothesis	and	allergic	
disease:	world	allergy	organization	position	statement.	The	World	Allergy	Organization	
journal	2013;6:3.	
441.	 Prescott	SL.	Allergy	as	a	sentinel	measure	of	planetary	health	and	biodiversity	loss.	
Allergy	2020;75:2358-60.	
442.	 Prescott	SL,	Larcombe	DL,	Logan	AC,	et	al.	The	skin	microbiome:	impact	of	modern	
environments	on	skin	ecology,	barrier	integrity,	and	systemic	immune	programming.	The	
World	Allergy	Organization	journal	2017;10:29.	
443.	 Nelson	DJ,	Holt	PG.	Defective	regional	immunity	in	the	respiratory	tract	of	neonates	is	
attributable	to	hyporesponsiveness	of	local	dendritic	cells	to	activation	signals.	Journal	of	
immunology	1995;155:3517-24.	
444.	 Upham	JW,	Lee	PT,	Holt	BJ,	et	al.	Development	of	interleukin-12-producing	capacity	
throughout	childhood.	Infection	and	immunity	2002;70:6583-8.	
445.	 Lips	P,	van	Schoor	NM.	The	effect	of	vitamin	D	on	bone	and	osteoporosis.	Best	practice	
&	research	Clinical	endocrinology	&	metabolism	2011;25:585-91.	
446.	 Katz	J,	Yue	S,	Xue	W.	Increased	risk	for	COVID-19	in	patients	with	vitamin	D	deficiency.	
Nutrition	2020;84:111106.	
447.	 Basaran	N,	Adas	M,	Gokden	Y,	Turgut	N,	Yildirmak	T,	Guntas	G.	The	relationship	
between	vitamin	D	and	the	severity	of	COVID-19.	Bratisl	Lek	Listy	2021;122:200-5.	
448.	 Dzhambov	AM,	Lercher	P,	Rudisser	J,	Browning	M,	Markevych	I.	Allergic	symptoms	in	
association	with	naturalness,	greenness,	and	greyness:	A	cross-sectional	study	in	
schoolchildren	in	the	Alps.	Environ	Res	2020:110456.	
449.	 Pergams	OR,	Zaradic	PA.	Evidence	for	a	fundamental	and	pervasive	shift	away	from	
nature-based	recreation.	Proceedings	of	the	National	Academy	of	Sciences	of	the	United	States	
of	America	2008;105:2295-300.	



	

	 144	

450.	 Hoerth	SL,	6,	26–47.	Changes	in	American	children’s	time-1997	to	2003.	Electron	Int	J	
Time	Use	Res	2009;6:26-47.	
451.	 Clements	R.	An	Investigation	of	the	Status	of	Outdoor	Play.	Contemp	Issues	Early	Child	
2004;5:68-80.	
452.	 Logan	AC,	Jacka	FN,	Prescott	SL.	Immune-Microbiota	Interactions:	Dysbiosis	as	a	Global	
Health	Issue.	Current	allergy	and	asthma	reports	2016;16:13.	
453.	 Poon	TS,	Barnetson	RS,	Halliday	GM.	Sunlight-induced	immunosuppression	in	humans	
is	initially	because	of	UVB,	then	UVA,	followed	by	interactive	effects.	The	Journal	of	
investigative	dermatology	2005;125:840-6.	
454.	 Wright	CY,	Albers	PN,	Mathee	A,	et	al.	Sun	protection	to	improve	vaccine	effectiveness	
in	children	in	a	high	ambient	ultraviolet	radiation	and	rural	environment:	an	intervention	
study.	BMC	public	health	2017;17:37.	
455.	 Sleijffers	A,	Garssen	J,	Vos	JG,	Loveren	H.	Ultraviolet	light	and	resistance	to	infectious	
diseases.	J	Immunotoxicol	2004;1:3-14.	
456.	 Horton	R,	Lo	S.	Planetary	health:	a	new	science	for	exceptional	action.	Lancet	
2015;386:1921-2.	
457.	 Prescott	SL,	Alan	;	Albrecht,	Glenn	;	Campbell,	Dianne	;	Crane,	Julian	;	Cunsolo,	Ashlee	;	
Holloway,	John	;	Kozyrskyj,	Anita	;	Lowry,	Christopher	;	Penders,	John	;	Redvers,	Nicole	;	Renz,	
Harald	;	Stokholm,	Jakob	;	Svanes,	Cecilie	;	Wegienka,	Ganesa,	AG	M.	The	canmore	declaration:	
statement	of	principles	for	planetary	health.	Challenges	2018;9:31.	
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 



	

	 145	

 
 
 

Appendix 1 
 
 
 

VITAL: Antenatal questionnaire 
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VITAL	Study	 CONFIDENTIAL			 	 CRF	File	Number		V			I			T																		 ID																											 	

VITAL Screening Number:  __ __ __ __ __ __ 
       
Date of Screening Appointment: 										/										/																			    
 
   

Section A: Antenatal Questionnaire 
A1  PERSONAL DETAILS 
 

 MOTHER FATHER 

 FIRST  NAME   

LAST  NAME   

DOB 
 

__ __ / __ __ / __ __ __ __ 
                dd          mm               yyyy 

 
__ __ / __ __ / __ __ __ __ 

                dd           mm              yyyy 

ADDRESS 

 
_______________________________ 
 
_______________________________ 
 
_______________________________ 
 
State _______ Post Code: __ __ __ __ 

 
_______________________________ 
 
_______________________________ 
 
_______________________________ 
 
State _______ Post Code: __ __ __ __ 

TELEPHONE 
NUMBERS 

Home:  _________________________ 

 

Work: __________________________ 

 

Mobile: _______________________ 

 
Home:  _________________________ 

 

Work: __________________________ 

 

Mobile:   ________________________ 

EMAIL  ADDRESS  
 

DESCRIPTION OF  
USUAL  
OCCUPATION 

______________________________ 
 
______________________________ 

______________________________ 
 
______________________________ 
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 MOTHER FATHER 

EDUCATION 
Completed 
secondary school? 

□ Yes         □ No 

□ Unknown  

□ Yes         □ No 

□ Unknown   

EDUCATION 
Any further study? 
(Cross highest 
level attained only) 

□ No further study   □ Certificate/Diploma 

□ Degree         □ Higher Degree 

□ Unknown 

□ No further study    □Certificate/Diploma 

□ Degree          □ Higher Degree 

□ Unknown 

ETHNICITY 

□White European   

□ Black African   

□ North African / Middle Eastern / 
 Mediterranean  

□ Aboriginal / Torres Strait Islander    

□ East Asian (China, Japan, Korea)   

□ South / South East Asian  

□Maori / Pacific Islander 

□ Other, specify:__________________ 

□ White European   

□ Black African   

□ North African / Middle Eastern / 
 Mediterranean  

□ Aboriginal / Torres Strait Islander    

□ East Asian (China, Japan, Korea)    

□ South / South East Asian  

□Maori / Pacific Islander 

□ Other, specify:__________________ 
 

A2  OTHER CONTACTS 
 
A 2.2 Family or friend contact details 

 CONTACT  #1 CONTACT  #2 

LAST  NAME   

FIRST  NAME   

RELATIONSHIP 
TO INFANT 

  

 

ADDRESS 

 
______________________________ 
 
______________________________ 
 
State _______Post Code: __ __ __ __ 

 
______________________________ 
 
_____________________________ 
 
State _______Post Code: __ __ __ __ 

EMAIL  ADDRESS   

 

TELEPHONE 
NUMBERS 

 
Home:  _________________________ 
 
Work:  __________________________ 
 
Mobile:   ________________________ 

 
Home:  _________________________ 
 
Work:  __________________________ 
 
Mobile:   ________________________ 
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A 2.3 Mothers Physician details 
 

DOCTOR’S NAME  
                                                  
First Name                                       Last Name                 
  

AREA OF CLINICAL 
PRACTICE □ GP     □ Obstetrician    □ Other:__________________________     

 
CLINIC  NAME and 
ADDRESS 

 
          
 
          
 
 
State _____________    Post Code: __ __ __ __  
 

TELEPHONE NUMBER 
 
 

 
 

A3  FAMILY ALLERGY HISTORY 
A 3.1 

 
Hay Fever Eczema/ 

Dermatitis Asthma 
Food Allergies 

confirmed by skin prick 
test or RAST 

Other/Details 

You 
□ Yes   

□ No 

□ Yes   

□ No 

□ Yes   

□ No 

□ Yes   

□ No 

 

The Father 
□ Yes   

□ No 

□ Yes   

□ No 

□ Yes  

 □ No 

□ Yes   

□ No 

 

Your 
Children 

□ Yes   

□ No 

□ Yes   

□ No 

□ Yes   

□ No 

□ Yes   

□ No 

 

 

A4 PRESENT OBSTETRIC HISTORY 
 

A 4.1 How many pregnancies of gestation >20 weeks have you had in total, including this one? ………………… 
 

A 4.2 Have you had any complications during this pregnancy?  □ Yes   □ No (go to A 4.3) 

□ Bleeding   □ Gestational Diabetes □ Hypertension/ Pre-eclampsia  

Other complications? ....................................................................................................................................... 

……………………………………………………………………………………………………………………………… 

   
A 4.3 What is your estimated delivery date? __ __ / __ __ / __ __ __ __   

Gestation at screening ……………………………………….   

Hospital ………………………………………………………… 

 Obstetrician …………………………………………………………………  
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A 4.4 Have you been on any prescribed medication during this pregnancy? □ Yes   □ No (go to A 4.5) 

 During 
pregnancy? 

Last trimester 
(> 27 weeks) 

Details 
(eg. name, duration etc.) 

Antibiotics □ Yes  □ No □ Yes  □ No 
 

Asthma preventers □ Yes  □ No □ Yes  □ No 
 

Asthma relievers □ Yes  □ No □ Yes  □ No 
 

Antidepressants □ Yes  □ No □ Yes  □ No 
 

Other prescription 
medication □ Yes  □ No □ Yes  □ No 

 

 

A 4.5 Have you had any over the counter medication during pregnancy?  □ Yes   □ No (go to A 4.6) 

 During 
pregnancy? 

Last trimester 
(> 27 weeks) 

Details 
(eg. name, duration etc.) 

Hay fever medication □ Yes  □ No □ Yes  □ No 
 

Asthma medication □ Yes  □ No □ Yes  □ No 
 

Pain relief □ Yes  □ No □ Yes  □ No 
 

Heartburn or Reflux □ Yes  □ No □ Yes  □ No 
 

Other over counter 
medication □ Yes  □ No □ Yes  □ No 

 

 
A 4.6 Have you taken any dietary supplements or health food preparations from 27 weeks gestation?         
 (This includes multivitamins, fish oil, probiotics, individual vitamins or minerals and herbal supplements) 

 □ Yes   □ No (go to A 4.7) 

 Supplement 
Code 

(see codes 
below) 

Manufacturer and Product 
Name 

No. of 
tablets/wk 

Duration of tablets 
(wks) 

(27wks – today) 

1.     

2.     

3.     

4.     

5.     

 
Supplement Coding 

MV – Multivitamin   FO -  Fish Oil  P – Probiotics  V – Vitamin only  

M – Mineral only   H – Herbal supplement O – Other  U – Unknown  

 

A 4.7 Have you had any vaccinations during this pregnancy?  □ Yes   □ No (go to A 4.8) 

 Details: ……………………………………………………………………………………………………………………………. 
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A 4.8 Have you had any infections/conditions during this pregnancy?  □ Yes   □ No (go to A 5) 

Episode Gestation  Type of Infection 

1  □ respiratory   □ ENT  □ gastrointestinal  □ urinary   □skin   □ other    

2  □ respiratory   □ ENT  □ gastrointestinal  □ urinary   □skin   □ other    

3  □ respiratory   □ ENT  □ gastrointestinal  □ urinary   □skin   □ other    

4  □ respiratory   □ ENT  □ gastrointestinal  □ urinary   □skin   □ other    

5  □ respiratory   □ ENT  □ gastrointestinal  □ urinary   □skin   □ other    
 

 

A 5.1 Have you had any medical problems prior to this pregnancy? □ Yes   □ No (go to A 6) 

………………………………………………………………………………………………………………………………………………

……………………………………………………………………………………………………………………………………………… 

 

A6 LIFESTYLE AND ENVIRONMENT 

 6.1 Have you ever smoked cigarettes?  □ Yes   □ No (go to A 6.2) 

 6.1.1  Age started smoking?    ……………………………. 

 6.1.2  Age quit smoking    ……………………………. 

 6.1.3  Average amount cigarettes smoked per day? ……………………………. 

A 6.2 Does your partner currently smoke?  □ Yes   □ No 

A 6.3 How would you describe your exposure    □ Heavy     □ Moderate      □ Light         □ Not Exposed 
 to passive smoking during pregnancy? 
 

A 6.4 Where are you most frequently     □ Home □ Work    □ Recreation     □ None 
exposed to passive smoking? 

A 6.5 Did you drink alcohol before becoming pregnant? □ Yes   □ No (go to A 6.6) 

6.5.1 What type of drink did you usually have?  □ Beer  □ Fortified Wines  

           □ Wine/Champagne □ Spirits/Liqueurs 

6.5.2 How many standard drinks per week? …………………………………… 
 
 

A 6.6 How many standard drinks have you had per week during your pregnancy?   ……………………………… 
 
 

A5 PREVIOUS MEDICAL HISTORY 
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A 6.7 Have you ever used any other recreational drugs? □ Yes   □ No (go to A 6.8) 
 

6.7.1  Have you used any recreational drugs during your pregnancy? □ Yes   □ No (go to A 6.8) 
 

Details of recreational drug use during pregnancy: 
………………………………………………………………………………………………………………………………………………

………………………………………………………………………………………………………………………………………………

……………………………………………………………………………………………………………………………………………… 

A 6.8 How many children in each age group live in your home?     

0 – 4 yrs …………………………….. 

  4 – 13 yrs …………………………….. 

  13 – 18 yrs …………………………….. 

 

A 6.9 Do you have any pets?  □ Yes   □ No (go to A 6.10) 
 

Type Yes/No How long (months and 
years) 

Lives? 
(please circle) 

Cat □ Yes  □ No 
 

Inside / outside / both 

Dog □ Yes  □ No 
 

Inside / outside / both 

Rabbit / Guinea Pig □ Yes  □ No 
 

Inside / outside / both 

Bird □ Yes  □ No 
 

Inside / outside / both 

 

A 6.10  Is there a free-standing gas heater without a chimney in your home?  

□ Yes   □ No 
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A7 FITZPATRICK SKIN TYPE	
 

A 7.1 Genetic disposition 

A 7.1.1 What is your eye colour? 

□ Light blue, light gray or light green  □ Blue, grey or green   □ Hazel or light brown   

□ Dark brown     □ Brownish black  

 
A 7.1.2 What is your natural hair colour? 

□ Red or light blonde    □ Blonde   □ Dark blonde or light brown 

□ Dark brown     □ Black 

 
A 7.1.3 What is your natural skin colour (before sun exposure)? 

□ Ivory white   □ Fair or pale   □ Fair to beige, with golden undertone 

□ Olive or light brown   □ Dark brown or black  

 
A 7.1.4 How many freckles do you have on unexposed areas of your skin? 

□ Many     □ Several   □ A few   

□ Very few    □ None 
 
A 7.2 Reaction to Extended Sun Exposure 
 

A 7.2.1 How does your skin respond to the sun? 

□ Always burns, blisters and peels   □ Often burns, blisters and peels    

□ Burns moderately  □ Burns rarely, if at all   □ Never burns 

    
 

A 7.2.2 Does your skin tan? 

□ Never - I always burn   □ Seldom   □ Sometimes 

□ Often    □ Always 
 

A 7.2.3  How deeply do you tan? 

□ Not at all or very little    □ Lightly    □ Moderately 

□ Deeply     □ My skin is naturally dark 

 
A 7.2.4 How sensitive is your face to the sun?  

□ Very sensitive    □ Sensitive    □ Normal 

□ Resistant     □ Very resistant/Never had a problem 
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A 8.1 General A 8.1 General Questions 

8.1.1   In the past 2 months, when 
outdoors did you use 
sunscreen? 

    q Always                q  Sometimes       q Never (Go to A 8.1.3) 

8.1.2   What factor sunscreen (if 
known)?     q < Factor 30         q Factor 30           q > Factor 30        q Unknown 

8.1.3   Do you usually wear a hat? 
   q Yes                     q No 

 

 

A8 SUN EXPOSURE HABITS 

A 8.2. Sun Exposure Last Weekend (Please place a cross in appropriate boxes) 

1. When did you spend time in the sun last Saturday? (Please estimate for how long) 

 ¨ Before 11.00AM  Estimate of time in sun   minutes 

 ¨ 11.00AM to 3.00PM  Estimate of time in sun   minutes 

 ¨ After 3.00PM  Estimate of time in sun   minutes 

2. When did you spend time in the sun last Sunday? (Please estimate for how long) 

¨ Before 11.00AM  Estimate of time in sun   minutes 

¨ 11.00AM to 3.00PM  Estimate of time in sun   minutes 

¨ After 3.00PM  Estimate of time in sun   minutes 

3. Where did you spend most of your time over last weekend? 

¨ Indoors ¨ Outdoors in shade ¨ Outdoors in direct sunlight 

4. Amount of skin exposed 

¨ Face and hands ¨ Face, hands and arms ¨ Face, hands, arms and legs 

A 8.3. Sun Exposure Last week 
(Based on a regular weekday) 

(Please place a cross in appropriate boxes) 

1. When did you spend time in the sun on a regular weekday? (Please estimate for how long) 

¨ Before 11.00AM  Estimate of time in sun   minutes 

¨ 11.00AM to 3.00PM  Estimate of time in sun   minutes 

¨ After 3.00PM  Estimate of time in sun   minutes 

2. Where did you spend most of your time last week? 

¨ Indoors ¨ Outdoors in shade ¨ Outdoors in direct sunlight 

4. Amount of skin exposed 

¨ Face and hands ¨ Face, hands and arms ¨ Face, hands, arms and legs 
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A 9.1 Blood Sample Collected?  

□ No, specify reasons (check one only): 

        □ Unsuccessful     □ Refused     □ Other specify: __________________________ 

□ Yes, volume collected     

 

A 9.2 Cord blood kit given? 

 □ Yes, number      

 □ No, reason         

 

 

 

A9	 Blood	samples	

					Pre-pregnancy	weight	(kg)	 …………………………	

Pregnancy	weight	at	visit	(kg)	 ………………………..	

			Height	(cm)	 ………………………..	
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SECTION B:  INFANT APPOINTMENT (0-4 weeks of age) 
 
 

B1  Infant information      Date: __ __ /__ __ /__ __ 
 
B1.1  Infant’s PMH UMRN  __ __ __ __ __ __ __ __  
 
B1.2  Infant’s Medicare Number      __ __ __ __    __ __ __ __ __    __   
 
B1.3  Baby’s Name           
    First name(s)    Last name 
 
B1.4  Baby’s date of birth  __ __ /__ __ /__ __ __ __ 
 
B1.5  Baby’s current age  __ __ (days) 
 
B 1.6 Sex  q Male  q Female 
 
B 1.7 Ethnicity q White European   

q Black African   
q North African / Middle Eastern / Mediterranean  
q Aboriginal / Torres Strait Islander    
q East Asian    
q South / South East Asian  
q Maori / Pacific Islander 
q Other, specify:__________________ 

 
 
B2 Birth details 
 
B 2.1  Gestational age at birth __ __ weeks __ __ days 
 
B 2.2  Birth Anthropometry 

 B2.1.1 Weight __ __ __ __ grams 
 B2.1.2 Recumbent Length __ __ . __ cm 
 B2.1.3 Head circumference __ __ . __ cm 
   

B 2.3 Mode of delivery 
 q Natural vaginal 
 q Assisted vaginal (vacuum, forceps) 
 q Caesarean section  
 



 
 

VITAL	study	 Section	B:	Initial	infant	appointment			 Version	1,	01/08/12	
 

12	

VITAL	Study	 CONFIDENTIAL		 CRF	File	Number		V			I			T																		 	 ID																											
	 	

B 2.4  Baby’s Physician Details   

DOCTOR’S NAME  
                                                  
 First Name                                       Last Name                 

AREA OF CLINICAL 
PRACTICE q GP     q Paediatrician    q Other:__________________________     

CLINIC  NAME  

 
CLINIC  ADDRESS 

 
 

          
 
 
 

          
 

 
State _____________    Post Code: __ __ __ __  
 

TELEPHONE NUMBER 
 
 

 

B 3 Feeding history 
 
B 3.1 Breastfeeding 

B3.1.1  Has your baby ever been fed any breast milk? 
 q No (Go to B3.2) q Yes 

B3.1.2  Is your baby currently breastfed? 

□ Yes, number of feeds per 24 hours  __ __ 

□ No, how old was your baby when you stopped breastfeeding? __ __ (days)  

 

B 3.2  Formula Feeding 

B 3.2.1  Has your baby ever been fed any infant formula? 
 q No (Go to B4)  q Yes 

B 3.2.2  What was your baby’s age when they were first given any infant formula? 
   __ __ (days) 
 
B 3.2.3  Which infant formula has your baby been fed most since birth?  
  _________________________________________________________ 
    Full name of formula 
 
B 3.2.4  Is your baby currently fed infant formula? 

q Yes, number of feeds per 24 hours  __ __  
q No, how old was your baby when you stopped feeding infant formula? __ __ (days) 
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B 4 Study products 
 
q Ddrops provided 
 
q Detector clip provided, number:    

 
 
B 5 Education provided on the following: 
 

q Use of study drops (applying single drop to teat/nipple/pacifier) 
 

q Tick chart sheet given and explained 
 

q Instruction on use of detector clip 
 
 
Appointment completed by:  
 
Name: _________________________________ 
 
Signature: ______________________________ 
 
Date: __ __ / __ __ / __ __ __ __  
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VITAL: 1 month phone call questionnaire 
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SECTION C: 1 MONTH OF AGE PHONE CALL 
QUESTIONNAIRE 

C 1  Date__ __ / __ __ / __ __ __ __ 

C 2  Date on which drops were commenced? __ __ / __ __ / __ __ __ __ 
 
C 3  How many days per week of supplementation have been missed since study 

commencement? 

q None (go to C4) 

q 1 day or less per week 

q 2-3 days per week 

q 4-5 days per week 

q 6 or more days per week 

q Stopped use completely on this date: __ __ / __ __ / __ __ __ __ 

 

And please specify reason  

q Does not want to give supplement any more 

q Health professional advice 

q Perceived adverse reaction, please specify    
            
             

 

q Other, please specify       
            
             

 

If the supplement use has been unnecessarily stopped please provide 
encouragement to recommence use.   
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C 4  How many days per week of wearing the detector clip have been missed 
since study commencement? 

□ None (go to C5) 

□ 1 day or less per week 

□ 2-3 days per week 

□ 4-5 days per week 

□ 6 or more days per week 

□ Stopped use completely on this date: __ __ / __ __ / __ __ __ __ 
 
And please specify reason  

□ Does not want to wear detector clip any more 

□ Other, please specify       
            
            
  

C 5 Feeding History  

C 5.1 Breast feeding 

C 5.1.1 Has your baby been fed any breast milk between birth and 1 month of age?
 □ No (go to C5.2) □ Yes 

 

C 5.1.2 Is your baby currently breastfed?     

□ Yes, number of feeds per 24 hours  __ __   

□ No, how old was your baby when you stopped breastfeeding? __ __ days 

 
C 5.2 Formula feeding 

C 5.2.1 Has your baby been fed any infant formula between birth and 1 month of age? 

□ No (go to C6) □ Yes  
 

C 5.2.2 What was your baby’s age when formula was first introduced? __ __ (days) 

 
C 5.2.3 What brand of formula has your baby been fed most between birth and 1 
month of age?           

    Full name of formula 
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C 5.2.4 Is your baby currently fed infant formula? 
□ Yes, number of feeds per 24 hours  __ __   
□ No, how old was your baby when you stopped feeding infant formula? __ __ (days)  

 
C 5.2.5 How much infant formula (on average) per 24 hours (day+night) is your baby 
currently having? __ __ __ __ ml per 24 hours 

□ Remind parent to cease drops if baby is consuming > 1000ml formula /day 
 

C 6 Is your baby currently consuming any other fluids?  □ No (go to C7) 
  

 < 1 
times/week 

2-3 
times/week 

4-5 
times/week 

> 6 
times/week 

Amount 
(ml/serve) 

Water      

Cow’s milk      

Fruit juice      

Other 
__________ 

     

 

 

C 7 Has your baby taken any other vitamin, mineral, fish oil/fatty acid, probiotic or 
herbal supplement between birth and 1 month of age? 

 □ No   □ Yes, what type and product name:    
             

             

Frequency:  □ 1 day or less per week 

□ 2-3 days per week 

□ 4-5 days per week 

□ 6 or more days per week 

 

Phone call completed by: _________________________________ 

 

Signature: ______________________________ 

 

Date: __ __ / __ __ / __ __ __ __  
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VITAL: 2 months phone call questionnaire 
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SECTION D: 2 MONTH OF AGE PHONE CALL 
QUESTIONNAIRE 

D 1  Date__ __ / __ __ / __ __ __ __ 

D 2  How many days per week of supplementation have been missed in the past 
month? 

q None (go to D3) 

q 1 day or less per week 

q 2-3 days per week 

q 4-5 days per week 

q 6 or more days per week 

q Stopped use completely on this date: __ __ / __ __ / __ __ __ __ 

 

And please specify reason  

q Does not want to give supplement any more 

q Health professional advice 

q Perceived adverse reaction, please specify    
            
             

 

q Other, please specify       
            
             

 

If the supplement use has been unnecessarily stopped please provide 
encouragement to recommence use.   
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D 3  How many days per week of wearing the detector clip have been missed in 
 the past month? 

□ None (go to D4) 

□ 1 day or less per week 

□ 2-3 days per week 

□ 4-5 days per week 

□ 6 or more days per week 

□ Stopped use completely on this date: __ __ / __ __ / __ __ __ __ 
 
And please specify reason  

□ Does not want to wear detector clip any more 

□ Other, please specify       
            
            
  

D 4 Feeding History  

D 4.1 Breast feeding 

D 4.1.1 Has your baby been fed any breast milk between 1 and 2 months of age?  

□ No (go to D4.2)  □ Yes 

D 4.1.2 Is your baby currently breastfed?    

□ Yes, number of feeds per 24 hours  __ __   

□ No, how old was your baby when you stopped breastfeeding? 

__ __ months & __ __ weeks 

D 4.2 Formula feeding 

D 4.2.1 Has your baby been fed any infant formula between 1 and 2 months of age? 

□ No (go to D5) □ Yes  
 
D 4.2.2 What was your baby’s age when formula was first introduced?  
  □ Before 1 month of age, or __ __ months & __ __ weeks 

 
D 4.2.3 What brand of formula has your baby been fed most between 1 and 2 
months of age?           

    Full name of formula 
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D 4.2.4 Is your baby currently fed infant formula? 

□ Yes, number of feeds per 24 hours  __ __   

□ No, how old was your baby when you stopped feeding infant formula?  
  __ __ months & __ __ weeks 

 
D 4.2.5 How much infant formula (on average) per 24 hours (day+night) is your baby 
currently having? __ __ __ __ ml per 24 hours 

□ Remind parent to cease drops if baby is consuming > 1000ml formula /day 
 

D 5 Is your baby currently consuming any other fluids?  □ No (go to D6) 
  

 < 1 
times/week 

2-3 
times/week 

4-5 
times/week 

> 6 
times/week 

Amount 
(ml/serve) 

Water      

Cow’s milk      

Fruit juice      

Other 
__________ 

     

 

D 6 Has your baby taken any other vitamin, mineral, fish oil/fatty acid, probiotic or 
herbal supplement between 1 and 2 months of age? 

 □ No   □ Yes, what type and product name:    
             

             

Frequency:  □ 1 day or less per week 

□ 2-3 days per week 

□ 4-5 days per week 

□ 6 or more days per week 

 

Phone call completed by: _________________________________ 

 

Signature: ______________________________ 

 

Date: __ __ / __ __ / __ __ __ __  
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VITAL: 3 months appointment questionnaire 
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SECTION E:  INFANT 3 MONTH APPOINTMENT 

 
 

E1 Date of appointment   __ __ /__ __ /__ __ __ __ (dd/mm/yyyy) 
 
E 2  Current Anthropometry 
 

E 2.1  Weight    __  __ . __ __  kg 

E 2.2 Length     __ __ . __   cm 

E 2.3 Head circumference __ __ . __   cm 

E 2.4 Abdominal circumference  __ __.__ cm 
 
E 3  How many days per week of supplementation have been missed in the 
past month? 

q None (go to E 4) 
q 1 day or less per week 
q 2-3 days per week 
q 4-5 days per week 
q 6 or more days per week 
q Stopped use completely on this date: __ __ / __ __ / __ __ __ __ 
 
And please specify reason  
q Does not want to give supplement any more 
q Health professional advice 
q Perceived adverse reaction, please specify    
           
            
q Other, please specify       
           
            
 

If the supplement use has been unnecessarily stopped please provide 
encouragement to recommence use.   
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E 4  How many days per week of wearing the detector clip have been missed 
in the past month? 

q None (go to E 5) 
q 1 day or less per week 
q 2-3 days per week 
q 4-5 days per week 
q 6 or more days per week 
q Stopped use completely on this date: __ __ / __ __ / __ __ __ __ 
 
And please specify reason  
q Does not want to wear detector clip any more 
q Other, please specify       
           
            
 

E 5 Feeding History 

E 5.1 Breastfeeding 

E 5.1.1 Has your baby been fed any breast milk between 2 and 3 months of age?
 □ No (go to E 5.2)  □ Yes 

E 5.1.2 Is your baby currently breastfed?     

□ Yes, number of feeds per 24 hours  __ __   

□ No, how old was your baby when you stopped breastfeeding? 

__ __ months & __ __ weeks 
 

E 5.2 Formula feeding 
E 5.2.1 Has your baby been fed any infant formula between 2 and 3 months of 
age?  

□ No (go to E 6)  □ Yes  
 

E 5.2.2 What was your baby’s age when formula was first introduced?  

  □ Before 2 months of age, or __ __ months & __ __ weeks 
 
E 5.2.3 What brand of formula has your baby been fed most between 2 and 3 
months of age?           
    Full name of formula 

E 5.2.4 Is your baby currently fed infant formula? 
□ Yes, number of feeds per 24 hours  __ __    
□ No, how old was your baby when you stopped feeding infant formula? 

__ __ months & __ __ weeks 
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E 5.2.5 How much infant formula (on average) per 24 hours (day+night) is your baby 
currently having? __ __ __ __ ml per 24 hours 

□ Remind parent to cease drops if baby is consuming > 1000ml formula /24hr 
 

E 6 Is your baby currently consuming any other fluids?  □ No (go to E 7)  

 < 1 
times/week 

2-3 
times/week 

4-5 
times/week 

> 6 
times/week 

Amount 
(ml/serve) 

Water      
Cow’s milk      
Fruit juice      
Other 
__________ 

     

 
E 7  Introduction of Solid Food 
 E 7.1  Have you introduced solid foods to your baby?   
   q  No (Go to E 8)   q  Yes    
 E 7.2  How old was your baby when solid foods were first introduced?  
 
   __ __ months &  __ __weeks 
 
E 8 Has your baby taken any other vitamin, mineral, fish oil/fatty acid, probiotic or 
herbal supplement between 2 and 3 months of age? 

 □ No   □ Yes, what type and product name:    
             
             

Frequency:  □ 1 day or less per week 
□ 2-3 days per week 
□ 4-5 days per week 
□ 6 or more days per week 

 

E 9  Eczema / atopic dermatitis history 

E 9.1 Has your baby shown signs of dry, red, itchy, scaly skin (eczema) between birth 
and 3 months of age? 

q  No  (Go to E 10)  q  Yes, complete SCORAD   

E 9.2  At what age did the symptoms first occur?  
__ __ months &  __ __weeks 

E 9.3  Has a medical doctor diagnosed your baby as having eczema/atopic dermatitis? 
 q No   q Yes 
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E 9.4  Is your baby currently on any treatments for eczema/atopic dermatitis? 
q No   q Yes, please indicate all treatments currently used 

q Dietary changes, please specify 

______________________________   

q Oral medications, please specify 

______________________________   

q Prescription steroid cream, please specify 

_______________________   

q Over the counter steroid cream, please specify 

___________________   

q Moisturiser, please specify  

_______________________________   

q Other, please specify 

_______________________________________   

 
E 10 General Health 

E 10.1.1 Has your baby seen a doctor because he/she was unwell between 
birth and 3 months of age? (Do not include vaccinations or well baby checkups)  
 q No (Go to E 10.2)   q Yes, specify number of times: __ __ 
 
E 10.1.2 Have any of these symptoms been reasons for the consultations (cross all 
that apply): 
 q Noisy breathing (wheeze or stridor)  q  Floppy unresponsive baby 
 q Vomiting    q  Swelling of face or body 
 q Loose watery stools   q  Hives 
 q Blood stained stools   q  Generalised skin rash 
 q Poor sleeping   q  Irritability 
 
E 10.2 Has a doctor medically diagnosed your baby with a food allergy 
between birth and 3 months of age?  

q No (Go to E 10.3)   q Yes  (please specify all foods)  

q  Egg  q confirmed by IgE RAST   q confirmed by SPT 
q Cow’s milk     q confirmed by IgE RAST   q confirmed by SPT 
q Soy                q confirmed by IgE RAST   q confirmed by SPT  
q Wheat            q confirmed by IgE RAST   q confirmed by SPT 
q Other  (please specify) 

     _________________ q confirmed by IgE RAST  q confirmed by SPT  
     _________________ q confirmed by IgE RAST  q confirmed by SPT  
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E 10.3 Has your baby taken any antibiotics between birth and 3 months of age?  
     q No   q Yes, how many courses?  __ __ (please complete the table below) 

 

E 10.4 Has your baby taken any over the counter medication between birth and 3 
months of age?  

 q No   q Yes, indicate reason and provide details 
q Fever - number of occasions __ __ 
 Medication            
q Constipation - number of occasions __ __ 
 Medication            
q Stuffy nose - number of occasions __ __ 
 Medication            
q Cough/cold - number of occasions __ __ 
 Medication            
q Other - number of occasions __ __ 
  Medication            

E 10.5 Has you baby had any vaccinations between birth and 3 months of age? 
q No (Go to E 10.6) q Yes, tick all that apply 

q Hepatitis B  q Diphtheria, tetanus and whooping cough (DTPa) 
q Haemophilus influenzae type b  q Polio (IPV) 
q Pneumococcal conjugate (13vPCV) q Rotavirus 

 

 Reason / Type of Infection (cross all that apply below)  

Course 1 q respiratory   q ENT  q GI   q urinary   qskin   q other    
Course 2 q respiratory   q ENT  q GI   q urinary   qskin   q other    
Course 3 q respiratory   q ENT  q GI   q urinary   qskin   q other    
Course 4 q respiratory   q ENT  q GI   q urinary   qskin   q other    
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E 10.6.1  Has your baby been admitted to hospital or attended a hospital emergency 
department between birth and 3 months of age? 

q No (Go to E 11)  q Yes, how many times? __ __ (Please complete the 
following table) 

 
For each admission to hospital or attendance at a hospital emergency department 
document the date, name of the hospital, length of stay and reason in the table below. 
  

Admission 
date 

Hospital 
Name 

Length of stay in 
days (any part of 

day = 1) 

Primary 
diagnosis or 
reason for 

hospitalisation 

Secondary diagnosis 

 
 
__ / __ / ____ 
 

    

 
 
__ / __ / ____ 
 

    

 

E 10.6.2  Has your baby had a hospital admission that required admission to 
intensive care between birth and 3 months of age? 

 q No     q Yes, Which hospital? _________________________________ 

 Date of admission to the hospital      __ __ / __ __ / __ __ __ __          

 Reason for admission? ______________________________________  
   
E 11 Sun exposure 

 E 11.1 What times of day do you normally take your baby outdoors? 
  □ Before 11am Estimate time in direct sunlight:    minutes 
      Estimate time in shade:     minutes 

 □ 11am to 3 pm Estimate time in direct sunlight:    minutes 
      Estimate time in shade:     minutes 

 □ After 3pm  Estimate time in direct sunlight:    minutes 
     Estimate time in shade:     minutes 
 
 E 11.2  When outdoors, does your baby wear sun screen? 
  □ Always  □ Sometimes  □ Never (go to E 11.4) 
 
 E 11.3   What factor sunscreen? 
  □ < Factor 30  □ Factor 30  □ > Factor 30 □ Unknown 

 E 11.4   Amount of skin exposed 

  □ Face and hands  □ Face, hands and arms   
 □ Face, hands, arms and legs 
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E 12    Infant biological samples  
 E 12.1 Blood collected?  
 q No, specify reasons (check one only): 
 

 q Unsuccessful     q Refused     q Other specify: _________________  

q Yes, time of collection: __ __: __ __ (use 24 hr clock)  Volume:  __ . __ ml 

E 13 Trial products  

 
q New detector clip provided, number      

Detector clip collected   qYes   q No, reason     

   
q Stool sample pot given with instructions on use 

 
q Diary card photocopied 
 
Information provided on the following 
q Advised caregiver that they will be contacted to cease supplement if blood tests 

are outside of normal range 
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E 14  Eczema Assessment (complete at the same time as anthropometrics) 

 
 
Appointment completed by:  

Name: _________________________________ 
 
Signature: ______________________________ 
 
Date: __ __ / __ __ / __ __ __ __ 
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VITAL: 4 months phone call questionnaire 
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SECTION F: 4 MONTH OF AGE PHONE CALL 
QUESTIONNAIRE 

F 1  Date__ __ / __ __ / __ __ __ __ 

F 2  How many days per week of supplementation have been missed in the past 
month? 

q None (go to F3) 

q 1 day or less per week 

q 2-3 days per week 

q 4-5 days per week 

q 6 or more days per week 

q Stopped use completely on this date: __ __ / __ __ / __ __ __ __ 

 

And please specify reason  

q Does not want to give supplement any more 

q Health professional advice 

q Perceived adverse reaction, please specify    
            
             

 

q Other, please specify       
            
             

 

If the supplement use has been unnecessarily stopped please provide 
encouragement to recommence use.   
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F 3  How many days per week of wearing the detector clip have been missed in 
 the past month? (note: question not used) 

□ None (go to F4) 

□ 1 day or less per week 

□ 2-3 days per week 

□ 4-5 days per week 

□ 6 or more days per week 

□ Stopped use completely on this date: __ __ / __ __ / __ __ __ __ 
 
And please specify reason  

□ Does not want to wear detector clip any more 

□ Other, please specify       
            
            
  

F 4 Feeding History  

F 4.1 Breast feeding 

F 4.1.1 Has your baby been fed any breast milk between 3 and 4 months of age? 
 □ No (go to F4.2) □ Yes 

F 4.1.2 Is your baby currently breastfed?     

□ Yes, number of feeds per 24 hours  __ __   

□ No, how old was your baby when you stopped breastfeeding? 

__ __ months & __ __ weeks 

F 4.2 Formula feeding 

F 4.2.1 Has your baby been fed any infant formula between 3 and 4 months of age? 

□ No (go to F5) □ Yes  
 

F 4.2.2 What was your baby’s age when formula was first introduced?  
  □ Before 3 month of age, or __ __ months & __ __ weeks 

 
F 4.2.3 What brand of formula has your baby been fed most between 3 and 4 
months of age?           

    Full name of formula 
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F 4.2.4 Is your baby currently fed infant formula? 

□ Yes, number of feeds per 24 hours  __ __ 

□ No, how old was your baby when you stopped feeding infant 
formula?  __ __ months & __ __ weeks 

 
F 4.2.5 How much infant formula (on average) per 24 hours (day+night) is your baby 
currently having? __ __ __ __ ml per 24 hours 

□ Remind parent to cease drops if baby is consuming > 1000ml formula /day 
 

F 5 Is your baby currently consuming any other fluids?  □ No (go to F6) 
  

 < 1 
times/week 

2-3 
times/week 

4-5 
times/week 

> 6 
times/week 

Amount 
(ml/serve) 

Water      

Cow’s milk      

Fruit juice      

Other 
__________ 

     

 

F 6 Has your baby taken any other vitamin, mineral, fish oil/fatty acid, probiotic or 
herbal supplement between 3 and 4 months of age? 

 □ No   □ Yes, what type and product name:    
             

             

Frequency:  □ 1 day or less per week 

□ 2-3 days per week 

□ 4-5 days per week 

□ 6 or more days per week 

 

Phone call completed by: _________________________________ 

 

Signature: ______________________________ 

 

Date: __ __ / __ __ / __ __ __ __  
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VITAL: 5 months phone call questionnaire 
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SECTION G: 5 MONTH OF AGE PHONE CALL 
QUESTIONNAIRE 

G 1  Date__ __ / __ __ / __ __ __ __ 

G 2  How many days per week of supplementation have been missed in the past 
month? 

q None (go to G3) 

q 1 day or less per week 

q 2-3 days per week 

q 4-5 days per week 

q 6 or more days per week 

q Stopped use completely on this date: __ __ / __ __ / __ __ __ __ 

 

And please specify reason  

q Does not want to give supplement any more 

q Health professional advice 

q Perceived adverse reaction, please specify    
            
             

 

q Other, please specify       
            
             

 

If the supplement use has been unnecessarily stopped please provide 
encouragement to recommence use.   
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G 3  How many days per week of wearing the detector clip have been missed in 
 the past month? (note: question not used) 

□ None (go to G 4) 

□ 1 day or less per week 

□ 2-3 days per week 

□ 4-5 days per week 

□ 6 or more days per week 

□ Stopped use completely on this date: __ __ / __ __ / __ __ __ __ 

And please specify reason  

□ Does not want to wear detector clip any more 

□ Other, please specify       
            
             

G 4 Feeding History  

G 4.1 Breast feeding 
G 4.1.1 Has your baby been fed any breast milk between 4 and 5 months of age?
 □ No (go to G 4.2) □ Yes 

G 4.1.2 Is your baby currently breastfed?     

□ Yes, number of feeds per 24 hours __ __   

□ No, how old was your baby when you stopped breastfeeding? 

__ __ months & __ __ weeks 

G 4.2 Formula feeding 

G 4.2.1 Has your baby been fed any infant formula between 4 and 5 months of age? 

□ No (go to G 5) □ Yes  

G 4.2.2 What was your baby’s age when formula was first introduced?  
  □ Before 4 month of age, or __ __ months & __ __ weeks 

G 4.2.3 What brand of formula has your baby been fed most between 4 and 5 
months of age?           

    Full name of formula 
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G 4.2.4 Is your baby currently fed infant formula? 
□ Yes, number of feeds per 24 hours __ __ 

□ No, how old was your baby when you stopped feeding infant 
formula?  __ __ months & __ __ weeks 

G 4.2.5 How much infant formula (on average) per 24 hours (day+night) is your baby 
currently having? __ __ __ __ ml per 24 hours 

□ Remind parent to cease drops if baby is consuming > 1000ml formula /day 

G 5 Is your baby currently consuming any other fluids?  □ No (go to G 6)  

 < 1 
times/week 

2-3 
times/week 

4-5 
times/week 

> 6 
times/week 

Amount 
(ml/serve) 

Water      

Cow’s milk      

Fruit juice      

Other 
__________ 

     

 
G 6 Has your baby taken any other vitamin, mineral, fish oil/fatty acid, probiotic or 
herbal supplement between 4 and 5 months of age? 

 □ No   □ Yes, what type and product name:    
             
             

Frequency:  □ 1 day or less per week 

□ 2-3 days per week 

□ 4-5 days per week 

□ 6 or more days per week 

Reminder for 6 month appointment: 

□ Date and time __ __ / __ __ / __ __ __ __ at __ __ : __ __ (use 24 hour clock) 

□ Instructed to bring supplement bottle, diary card, detector clip and stool sample pot 

 

Phone call completed by: _________________________________ 
 
Signature: ______________________________ 
 
Date: __ __ / __ __ / __ __ __ __  
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VITAL: 6 months appointment questionnaire 
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SECTION H:  INFANT 6 MONTH APPOINTMENT 

 
 

H1 Date of appointment   __ __ /__ __ /__ __ __ __ (dd/mm/yyyy) 
 
H 2  Current Anthropometry 
 
H 2.1 Weight    __  __ . __ __  kg 

H 2.2 Length     __ __ . __   cm 

H 2.3 Head circumference __ __ . __   cm 

H 2.4 Abdominal circumference  __ __.__ cm 
 
H 3  How many days per week of supplementation have been missed in the 
past month? 

q None (go to H4) 
q 1 day or less per week 
q 2-3 days per week 
q 4-5 days per week 
q 6 or more days per week 
q Stopped use completely on this date: __ __ / __ __ / __ __ __ __ 
 
And please specify reason  
q Does not want to give supplement any more 
q Health professional advice 
q Perceived adverse reaction, please specify    
           
            
q Other, please specify       
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H 4  How many days per week of wearing the detector clip have been missed 
in the past month? (note: question not used) 

q None (go to H5) 
q 1 day or less per week 
q 2-3 days per week 
q 4-5 days per week 
q 6 or more days per week 
q Stopped use completely on this date: __ __ / __ __ / __ __ __ __ 

And please specify reason  
q Does not want to wear detector clip any more 
q Other, please specify       
           
            
 

H 5 Feeding History 
H 5.1 Breastfeeding 

H 5.1.1 Has your baby been fed any breast milk between 5 and 6 months of 
age? □ No (go to H5.2) □ Yes 

H 5.1.2 Is your baby currently breastfed?     

□ Yes, number of feeds per 24 hours __ __   

□ No, how old was your baby when you stopped breastfeeding? 

__ __ months & __ __ weeks 
 

H 5.2 Formula feeding 
H 5.2.1 Has your baby been fed any infant formula between 5 and 6 months of age?  

□ No (go to H 6) □ Yes  
 

H 5.2.2 What was your baby’s age when formula was first introduced?  
  □ Before 5 months of age, or __ __ months & __ __ weeks 

 
H 5.2.3 What brand of formula has your baby been fed most between 5 and 6 
months of age?           
    Full name of formula 

H 5.2.4 Is your baby currently fed infant formula? 
□ Yes, number of feeds per 24 hours __ __ 
□ No, how old was your baby when you stopped feeding infant formula?  

__ __ months & __ __ weeks 
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H 5.2.5 How much infant formula (on average) per 24 hours (day+night) is 
your baby currently having? __ __ __ __ ml per 24 hours 

 
H 6 Is your baby currently consuming any other fluids?  □ No (go to H 7)  

 < 1 
times/week 

2-3 
times/week 

4-5 
times/week 

> 6 
times/week 

Amount 
(ml/serve) 

Water      
Cow’s milk      
Fruit juice      
Other 
__________ 

     

 
H 7  Introduction of Solid Food 
 H 7.1  Have you introduced solid foods to your baby?   
   q  No (Go to H8)   q  Yes    
 H 7.2  How old was your baby when solid foods were first introduced?  
 
   __ __ months &  __ __weeks 
 
H 8 Has your baby taken any other vitamin, mineral, fatty acid, probiotic or herbal 
supplement between 5 and 6 months of age? 

 □ No   □ Yes, what type and product name:    
             
             

Frequency:  □ 1 day or less per week 
□ 2-3 days per week 
□ 4-5 days per week 
□ 6 or more days per week 

 
H 9  Eczema / atopic dermatitis history 

 H 9.1 Has your baby shown signs of dry, red, itchy, scaly skin (eczema) 
between 3 and 6 months of age? 

q  No  (Go to H 10)  q  Yes  

 H 9.2  At what age did the eczema/atopic dermatitis first occur?  
__ __ months &  __ __weeks 

 H 9.3  Has a medical doctor diagnosed your baby as having 
eczema/atopic dermatitis? 
 q No   q Yes 
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 H 9.4  Is your baby currently on any treatments for eczema/atopic dermatitis? 
q No   q Yes, please indicate all treatments currently used 

q Dietary changes, please specify 
______________________________   
q Oral medications, please specify 

______________________________   
q Prescription steroid cream, please specify 
_______________________   
q Over the counter steroid cream, please specify 
___________________   
q Moisturiser, please specify  

_______________________________   
q Other, please specify 
_______________________________________   

 
H10 Wheezing  
H 10.1 Has your baby ever had wheeze or whistling in the chest? 

q No (go to H 11) 
q Yes, at what age did the wheeze first occur? __ __ month     

 
H 10.2 Since birth, how many different episodes of wheezing has your baby had?   
 q 1-3 q 4-6 q 7-9 q 10-12 
H 10.3 With regard to your baby’s wheezing, please indicate all that apply  

q Baby has been short of breath with this wheezing 
q Baby’s sleep has been disturbed with this wheezing 
q Baby’s feeding has been affected with this wheezing 
q Baby has been treated with medication  
q Medication use improved your baby’s symptoms 

  qBaby has had wheezing when he/she did not have a cold 

H 11 General Health 
H 11.1.1 Has your baby seen a doctor because he/she was unwell between 3 
and 6 months of age? (Do not include vaccinations or well baby checkups)  
 q No (Go to H11.2)   q Yes, specify number of times: __ __ 

H 11.1.2 Have any of these symptoms been reasons for the consultations (cross all 
that apply): 
 q Noisy breathing (wheeze or stridor)  q  Floppy unresponsive baby 
 q Vomiting    q  Swelling of face or body 
 q Loose watery stools   q  Hives 
 q Blood stained stools   q  Generalised skin rash 
 q Poor sleeping   q  Iirritability 
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H 11.2 Has a doctor medically diagnosed your baby with a food allergy 
between 3 and 6 months of age?  

q No (Go to H 11.3)   q Yes  (please specify all foods)  
q  Egg q confirmed by IgE RAST    q confirmed by SPT 
q Cow’s milk      q confirmed by IgE RAST    q confirmed by SPT 
q Soy                 q confirmed by IgE RAST q confirmed by SPT  
q Wheat             q confirmed by IgE RAST q confirmed by SPT 
q Other  (please specify) 

     _________________ q confirmed by IgE RAST   q confirmed by SPT  
     _________________ q confirmed by IgE RAST   q confirmed by SPT  
 
H 11.3 Has your baby taken any antibiotics between 3 and 6 months of age?  
     q No   q Yes, how many courses?  __ __ (please complete the table below)  

 
H 11.4 Has your baby taken any over the counter medication between 3 and 6 
months of age?  
     q No (Go to H 11.5) q Yes, indicate reason and provide details 
q Fever - number of occasions __ __ 
 Medication            
q Constipation - number of occasions __ __ 
 Medication            
q Stuffy nose - number of occasions __ __ 
 Medication            
q Cough/cold - number of occasions __ __ 
 Medication            
q Other - number of occasions __ __ 
  Medication            
 
H 11.5 Has you baby had any vaccinations between 3 and 6 months of age? 

q No (Go to H 11.6) q Yes, tick all that apply 
q Hepatitis B  q Diphtheria, tetanus and whooping cough (DTPa) 
q Haemophilus influenzae type b  q Polio (IPV) 
q Pneumococcal conjugate (13vPCV) q Rotavirus 

 Reason / Type of Infection (cross all that apply below)  

Course 1 q respiratory   q ENT  q GI   q urinary   qskin   q other    
Course 2 q respiratory   q ENT  q GI   q urinary   qskin   q other    

Course 3 q respiratory   q ENT  q GI   q urinary   qskin   q other    

Course 4 q respiratory   q ENT  q GI   q urinary   qskin   q other    
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H 11.6.1  Has your baby been admitted to hospital or attended a hospital emergency 
department between 3 and 6 months of age? 

q No (Go to H12)  q Yes, how many times? __ __ (Please complete the following table) 
 
For each admission to hospital or attendance at a hospital emergency department 
document the date, name of the hospital, length of stay and reason in the table below. 

  
H 11.7.1  Has your baby had a hospital admission that required admission to 

intensive care between 3 and 6 months of age? 
 q No     q Yes, Which hospital? _________________________________ 
 Date of admission to the hospital      __ __ / __ __ / __ __ __ __          
 Reason for admission? ______________________________________ 
 
H 12 Sun exposure 
 H 12.1 What times of day do you normally take your baby outdoors? 
  □ Before 11am Estimate time in direct sunlight:    minutes 
      Estimate time in shade:     minutes 

 □ 11am to 3 pm Estimate time in direct sunlight:    minutes 
      Estimate time in shade:     minutes 

 □ After 3pm  Estimate time in direct sunlight:    minutes 
     Estimate time in shade:     minutes 
 
 H 12.2  When outdoors, does your baby wear sun screen? 
  □ Always  □ Sometimes  □ Never (go to H 12.4) 
 
 H 12.3   What factor sunscreen? 
  □ < Factor 30  □ Factor 30  □ > Factor 30 □ Unknown 

 H 12.4   Amount of skin exposed 

  □ Face and hands  □ Face, hands and arms   
 □ Face, hands, arms and legs 
 
   

Admission 
date 

Hospital 
Name 

Length of stay in 
days (any part of 

day = 1) 

Primary 
diagnosis or 
reason for 

hospitalisation 

Secondary diagnosis 

 
 
__ / __ / ____ 
 

    

 
 
__ / __ / ____ 
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H 13    Infant biological samples  
 H 13 Blood collected?  
 q No, specify reasons (check one only): 
 

 q Unsuccessful     q Refused     q Other specify: _________________  

q Yes, time of collection: __ __: __ __ (use 24 hr clock)  Volume:  __ . __ ml 

 

H 13.2.1 Stool sample 
 q Yes  q No, specify reasons (check one only): 

q Forgot    q Refused     q Other specify: _________________  

 

H 14 Trial products  
Bottle of drops collected q Yes  q No, reason     

Detector clip collected  qYes   q No, reason     

Diary card collected   qYes   q No, reason     
 
Information provided on the following: 

q Advised caregiver that they will be contacted if blood tests are outside of normal range 

q Remind caregiver they will be contacted for a follow up appointment at 12 months of 

age 
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H 14  Eczema Assessment (complete at the same time as anthropometrics) 

 
 
Appointment completed by:  
Name: _________________________________ 
 
Signature: ______________________________ 
 
Date: __ __ / __ __ / __ __ __ __  
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VITAL: 12 months appointment questionnaire 
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SECTION I:  INFANT 12 MONTH APPOINTMENT 

 
 

I 1 Date of appointment   __ __ /__ __ /__ __ __ __ (dd/mm/yyyy) 
 
I 2  Current Anthropometry 
I 2.1  Weight    __  __ . __ __  kg 

I 2.2 Length     __ __ . __   cm 

I 2.3 Head circumference __ __ . __   cm 

I 2.4 Abdominal Circumference  __ __.__ cm 
 
I 3 Feeding History 

I 3.1 Breastfeeding 
I 3.1.1 Has your baby been fed any breast milk between 6 and 12 months of age? 
  q   No   (Go to I 3.2)  q   Yes 
    
I 3.1.2  Is your baby currently breastfed? 

q Yes, number of feeds per 24 hours __ __   
q No, how old was your baby when you stopped breastfeeding? 

__ __ months & __ __ weeks 
 

I 3.2  Formula Feeding 
I 3.2.1  Has your baby been fed any infant formula between 6 and 12 months of age? 
 q  No (Go to I 4)   q  Yes   
 
I 3.2.2  What was your baby’s age when they were first given any infant formula? 
  q Before 6 months of age, or __ __ months &  __ __weeks 
 
I 3.2.3  Which infant formula has your baby been fed most between 6 and 12 
months of age? 

  _________________________________________________________ 
     (full name of formula) 
 
I 3.2.4  Is your baby currently fed infant formula? 
 q Yes, number of feeds per 24 hours __ __    

 q No, how old was your baby when you stopped feeding  
     infant formula?  __ __ months &  __ __weeks  

I 3.2.5 How much infant formula (on average) per 24 hours (day+night) is your baby 
currently having? __ __ __ __ ml per 24 hours 
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I 4 Is your baby currently consuming any other fluids?  □ No (go to I 5)  

 < 1 
times/week 

2-3 
times/week 

4-5 
times/week 

> 6 
times/week 

Amount 
(ml/serve) 

Water      
Cow’s milk      
Fruit juice      
Other 
__________ 

     

 

I 5  Introduction of Solid Food 
I 5.1  Have you introduced solid foods to your baby?   
  q  No  (Go to I 6)   q  Yes 

I 5.2  How old was your baby when solid foods were first introduced?  
 
   q Before 6 months of age, or __ __ months &  __ __weeks 
 
I 6 Has your baby taken any other vitamin, mineral, fatty acid, probiotic or herbal 
supplement between 6 and 12 months of age? 

 □ No   □ Yes, what type and product name:    
             
             

Frequency:  □ 1 day or less per week 
□ 2-3 days per week 
□ 4-5 days per week 
□ 6 or more days per week 

 
I 7  Eczema / atopic dermatitis history 
I 7.1  Has your baby shown signs of dry, red, itchy, scaly skin (eczema) between 6 
and 12 months of age? 

 q  No  (Go to I 8)  q  Yes, complete SCORAD  

I 7.2  At what age did the symptoms first occur?  
 __ __ months &  __ __weeks 

I 7.3  Has a medical doctor diagnosed your baby as having eczema/atopic dermatitis? 
 q No  q Yes 
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I 7.4  Is your baby currently on any treatments for eczema/atopic dermatitis? 
 q No (Go to I 8) q Yes, please indicate all treatments currently used  

q Dietary changes, please specify  
_____________________________   

q Oral medications, please specify  
 ____________________________ __  
q Prescription steroid cream, please specify 
 _______________________   
q Over the counter steroid cream, please specify 
 ___________________   
q Moisturiser use, please specify 
 _______________________________   
q Other, please specify 
 _______________________________________   

 
I 8 Wheezing  
I 8.1 Has your baby ever had wheeze or whistling in the chest? 

q No (go to I 9) 
q Yes, at what age did the wheeze first occur?   __ __ months 

 
I 8.2 Between 6 and 12 months of age, how many different episodes of wheezing 
has your baby had?   
 q 1-3 q 4-6 q 7-9 q 10-12 
I 8.3 With regard to your baby’s wheezing, please indicate all that apply  

q Baby has been short of breath with this wheezing 
q Baby’s sleep has been disturbed with this wheezing 
q Baby’s feeding has been affected with this wheezing 
q Baby has been treated with medication  
q Medication use improved your baby’s symptoms 

  qBaby has had wheezing when he/she did not have a cold 
 
I 9 General Health 
I 9.1.1 Has your baby seen a doctor because he/she was unwell between 6 and 12 
months of age? (Do not include vaccinations or well baby checkups)  
          q No  (Go to I 9.2)  q Yes,  specify number of times: __ __ 

I 9.1.2 Have any of these symptoms been reasons for the consultations (cross all that apply): 
 q Noisy breathing (wheeze or stridor)  q  Floppy unresponsive baby 
 q Vomiting    q  Swelling of face or body 
 q Loose watery stools   q  Hives 
 q Blood stained stools   q  Generalised skin rash 
 q Poor sleeping   q  Irritability 
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I 9.2 Has a doctor medically diagnosed your baby with a food allergy between 6 and 
12 months of age?  
 q No    q Yes  (please specify all  foods) 

q Egg  q confirmed by IgE RAST     q confirmed by SPT 
q Cow’s milk     q confirmed by IgE RAST     q confirmed by SPT 
q Soy                q confirmed by IgE RAST     q confirmed by SPT  
q Wheat            q confirmed by IgE RAST     q confirmed by SPT 
q Other  (please specify) 

     _________________ q confirmed by IgE RAST   q confirmed by SPT  
     _________________ q confirmed by IgE RAST   q confirmed by SPT 
 
I9.2.6 Has your child had a reaction to any foods that have not been 
confirmed by a doctor? 
  q No      q Yes  (please specify all  foods) 
            
            
            
 
I 9.3 Has your baby taken any antibiotics between 6 and 12 months of age?  
    q No  q Yes, how many courses?  __ __ (please complete the table below) 
 

 
I 9.4 Has your baby taken any over the counter medication between 6 and 12 
months of age?  

 q No   q Yes, indicate reason and provide details 
q Fever - number of occasions __ __ 
 Medication            
q Constipation - number of occasions __ __ 
 Medication            
q Stuffy nose - number of occasions __ __ 
 Medication            
q Cough/cold - number of occasions __ __ 
 Medication            
q Other - number of occasions __ __ 
  Medication            

 Reason / Type of Infection (cross all that apply below)  
Course 1 q respiratory   q ENT  q GI   q urinary   qskin   q other    
Course 2 q respiratory   q ENT  q GI   q urinary   qskin   q other    
Course 3 q respiratory   q ENT  q GI   q urinary   qskin   q other    
Course 4 q respiratory   q ENT  q GI   q urinary   qskin   q other    
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I 9.5.1  Has your baby been admitted to hospital or attended a hospital emergency 
department between 6 and 12 months of age? 

q    No (Go to I 10) 
q    Yes, how many times? __ __ (Please complete the following table) 

 
For each admission to hospital or attendance at a hospital emergency department 
document the date, name of the hospital, length of stay and reason in the table below. 

  

Admission 
date 

Hospital 
Name 

Length of stay 
in days (any 

part of day = 1) 

Primary diagnosis or 
reason for 

hospitalisation 
Secondary diagnosis 

 
 
__ / __ / ____ 
dd   mm  yyyy 

    

 
 
__ / __ / ____ 
dd   mm  yyyy 

    

 

I 9.5.2  Has your baby had a hospital admission that required admission to intensive 
care between 6 and 12 months of age? 

 q No   q Yes, Which hospital? _________________________________ 
 Date of admission to the hospital      __ __ / __ __ / __ __ __ __ 
 Reason for admission? ______________________________________  
   
I 10 Sun exposure 

 I 10.1 What times of day do you normally take your baby outdoors? 
  □ Before 11am Estimate time in direct sunlight:    minutes 
      Estimate time in shade:     minutes 

 □ 11am to 3 pm Estimate time in direct sunlight:    minutes 
      Estimate time in shade:     minutes 

 □ After 3pm  Estimate time in direct sunlight:    minutes 
     Estimate time in shade:     minutes 
 
 I 10.2  When outdoors, does your baby wear sun screen? 
  □ Always  □ Sometimes  □ Never (go to H 10.4) 
 I 10.3   What factor sunscreen? 
  □ < Factor 30  □ Factor 30  □ > Factor 30 □ Unknown 

 I 10.4   Amount of skin exposed 

  □ Face and hands  □ Face, hands and arms   
 □ Face, hands, arms and legs 
 
 I 10.5  When outdoors, does your baby wear a hat? 
  □ Always  □ Sometimes  □ Never 
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I 11    Blood Sample Collected?  

q No, specify reasons (check one only): 
q Unsuccessful     q Refused     q Other specify: _____________________ 

q Yes, time of collection: __ __: __ __ (use 24 hr clock)     Volume:  __ . __ ml 

 
I 12 Skin prick test (refer to VITAL SPT request form) 
q No   q Yes 
 
Wheal size (mm) 
 
-ve control  __ __ x __ __ Histamine __ __ x __ __ 
Egg  __ __ x __ __ Cow’s milk __ __ x __ __ 
Wheat  __ __ x __ __ Fish  __ __ x __ __ 
Peanut __ __ x __ __ Cashew nut  __ __ x __ __ 
Rye pollen __ __ x __ __ Dust mite  __ __ x __ __ 
Cat  __ __ x __ __ 
 

I 13 Information provided on the following: 
 
q Advised caregiver that they will be contacted if blood tests are outside of 

normal range 

 

I 14.1  Has your baby had any vaccinations between 6 months and 12 months? 
q No (Go to E 10.6) q Yes, tick all that apply 

q Hepatitis B  q Diphtheria, tetanus and whooping cough (DTPa) 
q Haemophilus influenzae type b  q Polio (IPV) 
q Pneumococcal conjugate (13vPCV) q Rotavirus 
 

I 14.2  Has your baby had their 12 month vaccination? 
q No (Go to E 10.6) q Yes, tick all that apply  

q Haemophilus influenzae type b / Meningococcal C  
           q MMR 
           q Other e.g. Hepatitis B  
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I 15  Please specify which skin type has your child has? (circle the closest type) 
 
• Type I:  Pale white; blond or red hair; blue eyes; freckles — Always burns, 

 never tans 
 

• Type II:  White; fair; blond or red hair; blue, green, or hazel eyes —  
 Usually burns, tans minimally 

 
 Type III:  Cream white; fair with any hair or eye color; quite common  

           Sometimes mild burn, tans uniformly 
 
 Type IV:  Moderate brown; typical Mediterranean skin tone —  
                   Rarely burns, always tans well 
 
 Type V:  Dark brown; Middle Eastern skin types — Very rarely burns, 
   tans very easily 

 
• Type VI:  Deeply pigmented dark brown to black — Never burns, tans very easily 
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I 16 Eczema Assessment (complete at the same time as anthropometrics)      

 

Appointment completed by:  

Name: _________________________________ 

Signature: ______________________________ 

Date: __ __ / __ __ / __ __ __ __ (dd/mm/yyyy) 
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VITAL: 30 months appointment questionnaire 
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SECTION	J:		CHILD	30	MONTH	OF	AGE	APPOINTMENT	
	 	

J 1 Date of appointment   __ __ /__ __ /__ __ __ __ (dd/mm/yyyy) 

 

J 2 Curent Anthropometry 

J 2.1 Weight:  __  __ . __  kg 

  

J 2.2  Length:  __ __ __ . __   cm   

 

J 3 Signs for rickets 

q No  q Yes (Tick below where applicable)   

q Genu varum  q frontal blossing   q rachitic rosary  q craniotabes   

q widening of wrist 

 

J 4 Diet and nutrition 

J 4.1  Breastfeeding 

How old was your child when you stopped breastfeeding?   

q prior to 12 months of age   

Or  at  ___  ___  months 

Or q still breastfeeding 

 

J 4.2 Is your child drinking any of the follow on formulas (toddler milks)? 

q no    q yes 

If yes please specify average daily intake (mls): __ __ __ __ 

product name:  _________________________________________    
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J 4.3 Dietary Supplements 

Has your child taken any vitamin, mineral, fatty acid (fish oil), prebiotic, probiotic or herbal 
supplement between 12 months of age and now? 

q no  q yes, please complete table below: 

Name of supplement 1 day or 
less/ week 

2-3 days/ 
week 

4-5 days/ 
week 

6 or more 
days/week 

Age Given 
(months) 

1.      

2.      

3.      

4.      

5.      

6.      

 

J 5 Allergic Diseases 

J 5.1 Food allergy 

J 5.1.1 Are you aware of any food allergies in your child? 

q no (go to J 5.3)     q yes 

 

J 5.1.2 If yes, please specify which food(s) your child is allergic to?  

q peanut  q tree-nut  

q egg       q cow’s milk    

 q wheat      q soy     

 q sesame  q fish   

 qother, please specify: _______________________________________ 

_________________________________________________________________________ 
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J 5.1.3 What are the symptoms your child presented with after ingestion of the particular 

food?   (If multiple food allergies please specify which food you mean) 

Food (1): _______________________________________________ 

q Diarrhoea:   q always when food taken  q occasionally q not retried again 

q Vomiting: q always when food taken q occasionally q not retried again 

q Facial swelling:  q always when food taken q  occasionally  q not retried again 

q Hives/ urticarial rash: q always when food taken q  occasionally  q not retried again 

q Floppy/ listless/pale: q always when food taken q  occasionally  q not retried again 

q Wheeze or persistent cough: q always q  occasionally  q not retried again 

q hoarse voice or swollen tongue: q always  q  occasionally  q not retried again  

 

Food (2): _______________________________________________ 

q Diarrhoea:   q always when food taken  q occasionally q not retried again 

q Vomiting: q always when food taken q occasionally q not retried again 

q Facial swelling:  q always when food taken q  occasionally  q not retried again 

q Hives/ urticarial rash: q always when food taken q  occasionally  q not retried again 

q Floppy/ listless/pale: q always when food taken q  occasionally  q not retried again 

 q Wheeze or persistent cough: q always q  occasionally  q not retried again 

q hoarse voice or swollen tongue: q always q  occasionally  q not retried again   

 

Food (3): _______________________________________________ 

q Diarrhoea:   q always when food taken  q occasionally q not retried again 

q Vomiting: q always when food taken q occasionally q not retried again 

q Facial swelling:  q always when food taken q  occasionally  q not retried again 

q Hives/ urticarial rash: q always when food taken q  occasionally  q not retried again 

q Floppy/ listless/pale: q always when food taken q  occasionally  q not retried again 

 q Wheeze or persistent cough: q always q  occasionally  q not retried again 

q hoarse voice or swollen tongue: q always q  occasionally  q not retried again   
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Food (4): _______________________________________________ 

q Diarrhoea:   q always when food taken  q occasionally q not retried again 

q Vomiting: q always when food taken q occasionally q not retried again 

q Facial swelling:  q always when food taken q  occasionally  q not retried again 

q Hives/ urticarial rash: q always when food taken q  occasionally  q not retried again 

q Floppy/ listless/pale: q always when food taken q  occasionally  q not retried again 

 q Wheeze or persistent cough: q always q  occasionally  q not retried again 

q hoarse voice or swollen tongue: q always q  occasionally  q not retried again  

 

Food (5): _______________________________________________ 

q Diarrhoea:   q always when food taken  q occasionally q not retried again 

q Vomiting: q always when food taken q occasionally q not retried again 

q Facial swelling:  q always when food taken q  occasionally  q not retried again 

q Hives/ urticarial rash: q always when food taken q  occasionally  q not retried again 

q Floppy/ listless/pale: q always when food taken q  occasionally  q not retried again 

 q Wheeze or persistent cough: q always q  occasionally  q not retried again 

q hoarse voice or swollen tongue: q always q  occasionally  q not retried again   

 

J 5.1.4. Is the food allergy still current or did the child develop tolerance? (please specify if 
multiple foods) 

Food 1. q Current   q Tolerance 
Food 2. q Current   q Tolerance  
Food 3. q Current   q Tolerance  
Food 4. q Current   q Tolerance  
Food 5. q Current   q Tolerance 

 

J 5.2 Has a medical doctor diagnosed your child as having a food allergy? 

q no  (go to J 5.3)      q yes 

J 5.2.1 If yes was the doctor a  

q GP    q Paediatrician  q Allergist/Immunologist 

J 5.2.2 Has the food allergy been confirmed by an allergy testing? 

q No   q Yes, skin prick test (by SPT) q Yes, blood test (by IgE RAST) 
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J 5.2.3 What was the allergy testing positive to (please specify all foods)? 

q Egg  q confirmed by IgE RAST     q confirmed by SPT  

q Cow’s milk    q confirmed by IgE RAST     q confirmed by SPT 
q Peanut  q confirmed by IgE RAST     q confirmed by SPT  
q Tree-nut  q confirmed by IgE RAST     q confirmed by SPT 
q Soy                 q confirmed by IgE RAST     q confirmed by SPT  
q Wheat             q confirmed by IgE RAST     q confirmed by SPT 
q Other  (please specify) 

     _________________ q confirmed by IgE RAST   q confirmed by SPT  

     _________________ q confirmed by IgE RAST   q confirmed by SPT  

 

J 5.3 Eczema/Atopic dermatitis history 

J 5.3.1 Has your child shown signs of dry, red, itchy, scaly skin (eczema) between 12 months 
of age and now? 

q  No  (Go to J 5.5)    q  Yes, complete SCORAD (J 5.4) 

J 5.3.2  At what age did the symptoms first occur?  

 __ __ months  

J 5.3.3 Has a medical doctor diagnosed your child as having eczema/atopic dermatitis? 

 q no     q yes 

J 5.3.3.1 If yes was the doctor a  

q GP   q Paediatrician q Allergist/Immunologist q Dermatologist 

J 5.3.4 Is your child currently on any treatments for eczema/atopic dermatitis? 

 q no   q yes, please indicate all treatments currently used:  

q Dietary changes, please specify  
_________________________________________________________ 
 

q Oral medications, please specify  
 __________________________________________________________ 

q Prescription steroid cream, please specify 
 __________________________________________________________ 

q Over the counter steroid cream, please specify 

 __________________________________________________________
q Moisturiser use, please specify 

 __________________________________________________________ 

q Other, please specify 
         _________________________________________________________  
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J 5.4 
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J 5.5 Wheezing/ Asthma 

J 5.5.1 Has you child ever had wheezing or whistling in the chest? 

q No (go to J 5.6)    q Yes  

 

J 5.5.2 In the last 12 months, how many different episodes of wheezing has your child had? 

q none q 1-3  q 4-6  q 7-9  q 10-12 q > 12  

 

J 5.5.3 How often has your child’s sleep been disturbed due to wheeziness (on average)? 

q Never q <1 night/week    q 1-2  nights/week  q >2 nights/week 

 

J 5.5.4 Does your child’s wheeze get worse with exercise (running around)? 

q no    q yes 

 

J 5.5.5 What is the trigger of your child’s wheeze? 

q not aware of any trigger  q Cold/ URTI  q exercise    

q other, please specify______________________________________________________ 

 

J 5.5.6 Has your child suffered from a dry cough at night time which is not associated with 
an infection over the past 12 months? 

q no    q yes 

 

J 5.5.7  Does your child’s wheeze generally respond to Ventolin? 

q no    q yes 

 

J 5.5.7.1 If yes how often does your child require Ventolin? 

q daily     q once weekly    q once monthly  q < once monthly 
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J 5.5.8  Has your child been treated with a regular preventer like inhaled steroids (e.g. 
Flixotide, Serevent etc.) between 12 and 30 months of age? 

q no    q yes 

J 5.5.8.1  If yes, please specify the name and dose of the 
preventer?_____________________________________________ 

For how many months was the preventer given?       _____  ____ months 

 

J 5.5.9  Has your child ever been treated with an asthma tablet called  “Singulair” 
(leukotriene receptor antagonist) between 12 and 30 months of age? 

q no    q yes 

 

J 5.5.10 Is your child currently on a preventer (inhalative steroid or “Singulair”)? 

q no    q yes 

If yes, please specify the name, strength and dose of the preventer?   

______________________________________________________________________ 

 

J 5.5.10.2 Was your child noticed to have less episodes of wheeziness while she/he was on 
a regular preventer (either “Singulair” or inhalative steroids)? 

q no     q yes 

 

J 5.5.11  Has your child been diagnosed with asthma by a medical doctor? 

q no   q yes 

 

J 5.5.11.1 If yes who made the diagnosis?    

q GP          q Paediatrician        q Immunologist    q Respiratory Physician   

J 5.5.12  Has any allergy testing been performed due to the wheeziness (blood IgE 
RAST or skin prick test)? 

q no   q yes 

If yes  

q it was Positive (please specify to what)_______________________________________ 

q it was negative 
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J 5.5.13 Has your child ever been admitted to a hospital for his/her asthma/ wheeziness 
since 12 months of age? 

q no    q yes 

If yes for how many days?  ___________________ 

 

J 5.5.14 Has your child been admitted to the Intensive Care Unit due to his/her asthma/ 
wheeziness between 12 and 30 months of age? 

q no      q yes 

 

J 5.6  Allergic rhinitis 

J 5.6.1 Has your child ever had a problem with sneezing or a blocked nose when she/ he 
did not have a cold or flu? 

q no (go to J 6)     q yes 

J 5.6.2 How old was your child when these symptoms were first noticed?  ___ ___ months 

J 5.6.3 Were these symptoms associated with runny/watery/red eyes? 

q no      q yes 

 
J 5.6.4 Can you think of anything which makes the symptoms worse? 

q no  q yes 

grass/pollen:   q no      qyes    

cat:   q no      qyes  

dog:   q no      qyes    

other (please specify):__________________ 

 

J 5.6.5 How much do the symptoms interfere with daily activities? 

q Not at all  q little  q moderate  q a lot 

 

J 5.6.6  Is your child taking any antihistamine? 

q No   q Yes 

If yes what is the name of the antihistamine: ___________________________________ 
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J 5.6.6.2 How often does your child take antihistamine (on average): 

q every day  q once  weekly q once monthly       q less than monthly 

 

J 5.6.7. Is your child taking any nasal steroids (e.g. Nasonex, Avamys, Rhinocort)? 

q no   q yes 

If yes specify dose and brand:__________________________________________ 

If yes for how long:____________________________________________________ 

 

J 6. General Health 

J 6.1 Has your child seen a doctor because she /he was unwell for the last 18 months (since 
12 months of age)? 

q no     q yes   

if yes, please specify number of times:__  __    

J 6.2 Has your child taken any antibiotics between 12 and 30 months of age? 

qno     q yes (please complete the table below) 

Name of 
antibiotics 

Duration 
of course  

Reason/ cause of infection (cross all that apply below) 

  q respiratory  qENT   qGI   qUT qskin qother_________ 

  q respiratory  qENT   qGI   qUT qskin qother_________ 

  q respiratory  qENT   qGI   qUT qskin qother_________ 

  q respiratory  qENT   qGI   qUT qskin qother_________ 

  q respiratory  qENT   qGI   qUT qskin qother_________ 

 

J 6.3  Has you child had any vaccinations between 12 months and now? 

q No (Go to E 10.6) q Yes, tick all that apply 

q MMR (Measles, Mumps Rubella)  q Varicella  

    Other:     
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J 6.4 Has your child taken any over the counter medication between 12 and 30 months of 
age?  

 q No                           q Yes, indicate reason and provide details 

q Fever - number of occasions __ __ 

 Medication            

q Constipation - number of occasions __ __ 

 Medication            

q Blocked/ runny nose - number of occasions __ __ 

 Medication            

q Cough/ cold - number of occasions __ __ 

 Medication            

q Other - number of occasions __ __ 

  Medication            

 

J 6.5 Has your child been admitted to hospital after 12 months of age? 

q No (go to J 7)       q  Yes, how many times?  __ __   (Please complete table) 
 
J 6.6 Has your child had a hospital admission that required admission to the Intensive Care 

Unit between 12 and 30 months of age? 

 q  No     q Yes, how many times? __ __      

 
For each admission at a hospital (either to ED observation ward for >4 hours or ward, but not  
 ED presentation only) document the date, name of the hospital, length of stay and reason  
  in the table below. 

 

Admission date Hospital Length of stay 
in days 

Primary reason 
/diagnosis for 
hospitalisation 

Secondary 
reason/ 
diagnosis 

           /       /     

dd  mm  yyyy 

    

       /       /     

dd  mm  yyyy 

    

       /       /     

dd  mm  yyyy 

    

       /       /     

dd  mm  yyyy 
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J 7. Sun exposure 

J 7.1 Please specify which skin type has your child has? (circle the closest type) 

• Type I:  Pale white; blond or red hair; blue eyes; freckles — Always burns, never tans 
 

• Type II:  White; fair; blond or red hair; blue, green, or hazel eyes — Usually burns, tans  
                   minimally 
 
• Type III:  Cream white; fair with any hair or eye color; quite common — Sometimes mild  

         burn, tans uniformly 
 
 Type IV:  Moderate brown; typical Mediterranean skin tone — Rarely burns, always  
                     tans well 
 
• Type V:  Dark brown; Middle Eastern skin types — Very rarely burns, tans very easily 
 

 
• Type VI:  Deeply pigmented dark brown to black — Never burns, tans very easily 
  

J 7.2 What times of day do you normally take your child outdoors? 

 q Before 11am Estimate time in direct sunlight:    minutes 

     Estimate time in shade:     minutes 

 q 11am to 3 pm Estimate time in direct sunlight:    minutes 

     Estimate time in shade:     minutes 

 q After 3pm Estimate time in direct sunlight:    minutes 

    Estimate time in shade:     minutes 

 

J 7.3 When outdoors, does your child wear sun screen? 

 q Always   q Sometimes   q Never (go to J 7.4) 

 

J 7.3.1   What factor sunscreen? 

 q < Factor 30  q Factor 30  q > Factor 30         q Unknown 

J 7.4   Amount of skin exposed 

 q Face and hands      q Face, hands and arms     q Face, hands, arms & legs 

J 7.5   When outdoors, does your baby wear a hat? 

  □ Always  □ Sometimes  □ Never 
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J 8. Environment  

J 8.1 How many adults live in your home (≥ 16 years of age)?  ____   ____ 

J 8.2 How many other children live in your home (<16 years of age, do not include study       
child)?   ____   ____ 

J 8.3 Do you have any pets in or around the home? 

q No (go to J 8.4) 

q Yes, please specify all pets (cross all that apply) 

 q dog   q cat   qguinea pig  

q mouse/ rat  q rabbit  qreptiles ( lizards, turtles)  

q bird   q horse  q other 

If other please specify__________________________________ 

Are your pets: 

q indoor  q outdoor  q in- and outdoor 

(please specify below if multiple animals) 

_______________________________________________________________________ 

 

J 8.4 Does anybody living in your home smoke cigarettes? 

q No   q Yes 

q    mother 

q  1 person (other than mother) 

q  2 persons (other than mother) 

q  3 or more people (other than mother) 

 

J 8.5 Do you have a free-standing gas heater without chimney in your home? 

q No   q Yes 

 

J 8.6 Does your child have a dust mite protector (encasing) on their cot/ bed mattress? 

q No   q Yes 
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J 8.7 Does your child have a dust mite protector on her/his pillow? 

q No  q Yes            OR  q no pillow    

 
J 8.8  Does your child have carpeting in his/ her bedroom? 

q No   q Yes 

 
J 8.9 Does your child have soft toys in her/ his bed? 

q No   q Yes 

 
J 8.10  Does your child attend crèche, child care, family day care, playgroup, music classes 
or other activities where there is regular contact with other children? 

q No (go to J 9) 

q Yes, please specify the amount of time spent in all activities where there is regular 
contact with other children ___    ___ hours/week 

J 9.    Blood Sample Collected?  

q No, specify reasons (check one only): 

q Unsuccessful     q Refused     q Other specify: _____________________ 

q Yes, time of collection: __ __: __ __ (use 24 hr clock)     Volume:  __ . __ ml 

 

J 10. Skin prick test (refer to VITAL SPT request form) 

q No   q Yes    Wheal size (mm) 

-ve control  __ __ x __ __ Histamine  __ __ x __ __         Egg __ __ x __ __ 

Cow’s milk __ __ x __ __ Wheat  __ __ x __ __  Fish __ __ x __ __ 

Peanut __ __ x __ __ Cashew nut  __ __ x __ __ 

Rye pollen __ __ x __ __ Dust mite  __ __ x __ __    Cat __ __ x __ __ 

 

J 11. Information provided on the following: 

q Advised caregiver that they will be contacted if blood tests are outside of normal range 
q Referral to Immunology Department for allergy follow-up required and completed 
 
	
Appointment completed by:        Name: _________________________________ 

Signature: ______________________________ Date: __ __ / __ __ / __ __ 
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VITAL: Diary cards 

  



Infant diary for the infant Vitamin D supplementation study       Name: _________________________   Study ID: ______________ 
 
Month:                          Month:                            Month:                          Month:                           Month:                           Month: 
 D ☼ Comment   D ☼ Comment   D ☼ Comment   D ☼ Comment   D ☼ Comment   D ☼ Comment 
1     1     1     1     1     1    
2     2     2     2     2     2    
3     3     3     3     3     3    
4     4     4     4     4     4    
5     5     5     5     5     5    
6     6     6     6     6     6    
7     7     7     7     7     7    
8     8     8     8     8     8    
9     9     9     9     9     9    
10     10     10     10     10     10    
11     11     11     11     11     11    
12     12     12     12     12     12    
13     13     13     13     13     13    
14     14     14     14     14     14    
15     15     15     15     15     15    
16     16     16     16     16     16    
17     17     17     17     17     17    
18     18     18     18     18     18    
19     19     19     19     19     19    
20     20     20     20     20     20    
21     21     21     21     21     21    
22     22     22     22     22     22    
23     23     23     23     23     23    
24     24     24     24     24     24    
25     25     25     25     25     25    
26     26     26     26     26     26    
27     27     27     27     27     27    
28     28     28     28     28     28    
29     29     29     29     29     29    
30     30     30     30     30     30    
31     31     31     31     31     31    
 

In first small boxes please indicate whether supplement (D) was given (√) or missed (X). In second small boxes please indicate whether the sun clip (☼) was used (√) or missed (X). 

In larger ‘comments’ boxes please indicate if your child was unwell. Cold/flu (C/F), ear infection (E), stomach bug (S) or other (O) and if medication (M), doctor (D) or hospital visit (H) was 

required. Dates of childhood immunisations (2month, 4month and 6month) would be much appreciated. 

In larger ‘comments’ boxes please also indicate any major changes to feeding habits eg formula start (FS), ceased breastfeeding (CBF) or solids introduction (SI). 

If your child’s intake of infant formula approaches 1000ml per day or if you have any questions about the supplementation please contact us on 9340 8834 
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VITAL Blood processing form 

  



Childhood Allergy and Immunology Research 

VITAL  Infant blood processing sheet  v3 21.01.15 
 

VITAL Infant Blood Processing Sheet 
 
Date: ………………    Study #: VIT………      

Code:………………  Visit: ………… 

Surname:………………………… First name:…………………………… 
 
Blood volume -  Lithium heparin tube:………… ml     
          
 Collected 

(tick) # vials Volume 
(ml) 

Box # Position(s) 
e.g. A1, B1  

Plasma 
PathWest     - - 

CAIR      

DNA      

PBMC   - - - 

 
 

PBMC Count  

# Cells in 1 large square  

Calculation  

Total # PBMC  

# of vials  

# cells/vial  

 
 

Liquid Nitrogen Location 

Tank #  

Stack #  

Drawer #  

Position #  

 
 
 
PROCESSED BY: …………………………………………………………………… 
 
COMMENTS: 
…………………………………………………………………………………………
………………………………………………………………………………………… 
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Supplementary tables (chapter 5) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



SUPPLEMENTARY TABLES 

Table S1 
Antibody panel with focus on T cell lymphocytes (T panel) 
Antigen  Fluorochrome Clone Company 
Zombie NIR APC-Cy7  BioLegend 
CD3 FITC UCHT1 BD 
CD4 APC-H7 RPA-T4 BD 
CD25 PE-Cy7 M-A251 BD 
CD27 BV786 L128 BD 
CD45RA BV650 HI100 BD 
CD69 BV605 FN50 BD 
CD127 BV421 HIL-7R-M21 BD 
CCR7 PE-CF594 150503 BD 
HLA-DR BV510 G46-6 BD 
TCR-Vα24 PerCP-Cy5.5 C15 Beckman Coulter 
TCR-Vβ11 Biotin/Strep AF700 C21 Beckman Coulter 

Intracellular 
FoxP3 PE 259D/C7 BD 
 
 
 
 
Table S2 
Antibody panel with focus on myeloid/DC (DC panel) 
Antigen Fluorochrome Clone Company 
Zombie NIR APC-Cy7  BioLegend 
CD16 AF700 3G8 BD 
CD40 BV421 5C3 BD 
HLA-DR BV510 G46-6 BD 
CD19 BV605 SJ25C1 BD 
CD86 BV650 2331 BD 
CD141 BV711 1A4 BD 
CD123 BV786 9F5 BD 
CD303 FITC AC144 Miltenyi Biotec 
CD1c PE AD5-8E7 Miltenyi Biotec 
CCR7 PE-CF594 150503 BD 
CD56 PE-Cy5 B159 BD 
CD11c PE-Cy7 B-ly6 BD 
CD14 PerCP Cy5.5 Mφp9 BD 
FcεR1 APC AER-37 eBioscience 
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The Influence of Sunlight Exposure and Sun Protecting  
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Abstract: The dramatic rise in allergic disease has occurred in tandem with recent environmental 
changes and increasing indoor lifestyle culture. While multifactorial, one consistent allergy risk 
factor has been reduced sunlight exposure. However, vitamin D supplementation studies have been 
disappointing in preventing allergy, raising possible independent effects of ultraviolet (UV) light 
exposure. The aim of this study was to examine whether UV light exposure influences the 
development of allergic disease in early childhood. Direct sunlight exposure (290–380 nm) in early 
infancy was measured via UV dosimeters. Outdoor exposure, sun protective behaviours, and 
allergy outcomes were assessed over the first 2.5 years of life with clinical assessment appointments 
at 3, 6, 12 and 30 months of age. Children with eczema had less (p = 0.038) direct UV light exposure 
between 0-3 months of age (median (IQR) 747 (473–1439) J/m2) than children without eczema 
(median (IQR) 1204 (1717–1843) J/m2); and less outdoor exposure time (7 min/day) between 11 a.m. 
and 3 p.m. compared to children without eczema (20 min/day, p = 0.011). These associations were 
seen independent of vitamin D status, and after adjusting for other potential confounders. Whilst 
we could not find any associations between direct UV light exposure and other allergic disease 
outcomes, exposure to UV light appears to be beneficial in reducing the risk of eczema development 
in early childhood. Further research is required to determine optimal levels of UV light exposure 
while balancing the potential risks. 

Keywords: allergy prevention; eczema; atopic dermatitis; wheeze; food allergy; allergic 
rhinoconjunctivitis; allergen sensitisation; early childhood; sunlight 
 

1. Introduction 
The prevalence of allergic disease has dramatically increased over recent decades. 

Genetic factors certainly play a role in the genesis of allergic diseases, but cannot explain 
the rapid increase seen over this period. When looking for potential factors driving the 
increasing risk of allergic disease development, the environmental and lifestyle changes 
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of the modern age are clearly implicated [1–4]. While previously largely an issue in 
developed countries, the more recent rise of allergic disease in developing countries adds 
further evidence of the likely impact of increasing urbanization on disease risk [4,5]. While 
environmental changes are multifactorial, one consistent factor has been a shift from an 
outdoor to an increasingly indoor lifestyle culture, with greater reliance on digital 
technology for work and recreation. This global phenomenon [6] affecting all age groups, 
including during pregnancy and infancy [7–9], has led to reduced levels of UV light 
exposure. UV light plays a crucial role in vitamin D synthesis with an estimated 90 to 95% 
of human vitamin D provided by cutaneous synthesis under the influence of UVB light 
[7]. Hence, it is not unexpected that vitamin D deficiency and insufficiency have become 
global issues—now afflicting more than one billion people globally [7,10–14], including 
during the critical periods of development of pregnancy and infancy [14–17]. 

Considering the known immunomodulatory properties of vitamin D [18,19], this has 
been a logical pathway to explain the increasing propensity for allergic disease [20–22]. 
However, while epidemiological associations between sunlight exposure (as a surrogate 
marker of vitamin D status) seemed promising [23–25], randomized controlled trials 
(RCTs) using oral vitamin D supplementation for allergy prevention during pregnancy 
[26,27] or infancy [28,29] have been disappointing, suggesting that the protective effects 
of sunlight may be operating through other pathways. Specifically, these trials found 
limited or no effect on child allergic disease outcomes. A meta-analysis of the pregnancy 
supplementation RCTs [30] found no overall effect on risk of early childhood (≤4 years of 
age) atopic dermatitis (3 trials, n = 1538, with 357 cases, relative risk 0.92 (95% confidence 
intervals 0.77; 1.11) or recurrent wheeze (4 trials, n = 1781, with 358 cases, relative risk 0.76 
(95% confidence intervals 0.54; 1.08). Thus, attempting to increase vitamin D status using 
vitamin D supplementation in pregnancy or infancy as an allergy prevention strategy has 
yet to be shown to be beneficial.  

For this reason, there has been growing speculation that the epidemiological 
associations [23–25] between reduced sunlight exposure and increased risk of allergic 
disease may be mediated, at least in part, through immunological consequences of 
decreased direct UV light exposure rather than vitamin D alone. Indeed, increasing 
evidence from the field of photobiology has found that UV light can induce 
immunomodulative effects [31,32]. Exposure to UV light directly induces epidermal cells 
in the stratum corneum to produce multiple mediators that modulate cutaneous dendritic 
cells. In turn, these regulate T cell-dependent responses in the skin-draining lymph nodes, 
with less induction of effector memory cells, and greater production and increased 
function of T and B regulatory cells. Skin dendritic cells induce peripheral T regulatory 
cells which migrate from lymph nodes into circulation and back to UV-irradiated skin 
where they reduce inflammation associated with skin disease [32–34]. Likely mechanisms 
for immunomodulation also include the release of bioactive molecules, such as urocanic 
acid, from epidermal cells after direct UV light exposure [35,36]. It has been proposed that 
cis-urocanic acid modulates the production of immunosuppressive molecules which 
activate T regulatory cells in the lymph nodes and are released into the systemic 
circulation to reduce inflammatory responses to antigens [31,32]. This ability for cis-
urocanic acid to be systemically immunosuppressive has been supported by a study 
showing a reduced dermal allergic hypersensitivity response after UV exposure [37]. 

In this study, considering these potential direct immunomodulatory influences of UV 
light in the context of early life as a critical time for allergy development [20–22,38], we 
sought to further explore whether early life exposure to UV light had vitamin D-
independent effects on early childhood allergy outcomes. Specifically, we aimed to 
examine whether direct UV light exposure (measured by a personal UV dosimeter) in the 
first 3 months of life reduces the risk of allergic disease in the first 2.5 years of life, and to 
explore whether sunlight exposure and sun protecting behaviours in early childhood may 
influence the development of allergic disease in the first 2.5 years of life.  
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2. Materials and Methods 
2.1. Study Design 

This is an exploratory analysis of data collected as part of a double-blinded RCT 
investigating the effect of infant oral vitamin D supplementation for the first 6 months of 
infancy on allergic disease outcomes. Full details of participant screening and infant 
outcomes to the end of the intervention period at 6 months of age have been previously 
published [28]. Infant inclusion criteria were term delivery (>37 weeks of gestation) and a 
family history (parent and/or sibling) of allergic disease, while exclusion criteria were 
underlying maternal autoimmune disease or immunodeficiency, and maternal 25-
hydroxyvitamin D (25(OH)D) level <50 nmol/L or >100 nmol/L at 36–40 weeks of 
gestation. Written informed consent was obtained before trial participation and included 
consent to participate in follow-up clinical assessments at 1 and 2.5 years of age. Follow 
up results of this RCT have also already been published [29] and revealed that infant oral 
vitamin D supplementation (400 IU cholecalciferol/day) over the first 6 months of life had 
no influence on allergic disease outcomes over the first 2.5 years of life. Human Research 
Ethics Committee approvals were granted by the Princess Margaret Hospital for Children 
(approval number 1959/EP) and the University of Western Australia (approval number 
RA/4/1/5566). The trial was registered with the Australian New Zealand Clinical Trials 
Registry (ACTRN12612000787886). 

2.2. Direct UV Light Exposure Measurements 
UV dosimeters (VioSpor blue line Type II, Biosense, Bornheim, Germany) were 

issued to a subset of the RCT participants, with the aim to obtain objective, quantitative 
data on individual infant UV light exposure from 0–3 months of age [39–41] and provide 
data on the total UV light (290–380 nm) exposure dose (in joule per square meter [J/m2]). 
Due to funding constraints, we were unable to provide UV dosimeters to all infants 
participating in the RCT but allocated them to the first 3–4 infants enrolled per month over 
the course of two years, to distribute the data collection over the 12 months of each year 
and over the four seasons (summer, autumn, winter and spring). Compliance with the 
daily UV dosimeter use was captured on diary cards completed by a parent/guardian. 

2.3. Sunlight Exposure and Sun Protecting Behaviours 
At 3 months, 6 months, 1 year and 2.5 years of age, a parent/guardian of all RCT 

participants (both those allocated a UV dosimeter and those without) were asked 
questions to capture details on the child’s outdoor and sunlight exposure during the 
preceding week. We collected parent-reported details on any sun protective behaviours, 
including frequency of use of sunscreen (always, sometimes or never) and which sun 
protection factor (SPF) was used. Questions were based on the sunlight exposure 
questionnaire by Cargill et al. [42]. Details collected also included the question “What time 
of the day do you take your baby outdoors” distinguishing between estimated averaged 
time (in minutes/ day) spent in:  
1. direct sunlight before 11 a.m., between 11 a.m. and 3 p.m., and after 3 p.m. 
2. in shade before 11 a.m., between 11 a.m. and 3 p.m., and after 3 p.m. 

Questions also assessed the parent-reported average amount of skin exposed to 
sunlight by body parts (face and hands, or face, hands and arms, or face, hands, arms and 
legs). In addition, the skin type of each participant (type I to VI, Fitzpatrick scale [43]) was 
assessed to estimate the possible variable response of different types of skin to UV light. 

2.4. Vitamin D Supplementation 
Vitamin D supplementation ingested doses during the intervention phase of the RCT 

for each infant participant were calculated during the first 3 months, and from 3 to 6 
months of life. The daily dose of vitamin D (400 IU) of the intervention group was based 
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on parent-documented diary card reporting (completed to assess study product 
compliance) and monthly standardized questions which were also asked by our research 
team regarding any oral vitamin D supplement intake independent of the trial product 
use. In addition, information was also captured regarding medically indicated vitamin D 
supplementation, as all infants with a 25(OH)D level of < 50 nmol/L at 3 months of age 
were supplemented with appropriate treatment doses of vitamin D. 

2.5. Allergic Disease Outcome Assessments 
At 3 months, 6 months, 1 year and 2.5 years of age the participating children were 

assessed by a Paediatric Clinical Immunologist at the Princess Margaret Hospital in Perth, 
Australia. A structured history and a standardized clinical examination to diagnose any 
allergic diseases were performed. In addition, written reports regarding any hospital 
presentations/admissions, previous medical reports/assessments and the use of allergy 
related medications were considered by the assessing immunologist. At 1 and 2.5 years of 
age, skin prick testing (SPT) was performed using commercially available standardized 
allergen extracts to the most common allergens amongst young Australian children, 
including cow’s milk, hen’s egg, peanut, cashew nut, wheat, tuna, house dust mite 
(Dermatophagoides pteronyssinus), cat and rye grass pollen on the day of clinical 
assessment. Sensitization was defined as a positive SPT (wheal ≥ 3 mm above negative 
control) to at least one of the allergens assessed. The participants were assessed for eczema 
[44], asthma/wheeze, and food allergy at 3 months, 6 months, 1 year and 2.5 years of age. 
At 2.5 years of age only, the participants were also assessed for a medical diagnosis of 
allergic rhinoconjunctivitis. Eczema was defined according to the criteria of Hanifin et al. 
[45] on medical review or when a typical history was taken of an itchy rash distributed to 
the facial, extensor or flexural surface of the skin following a chronic or fluctuating course. 
Eczema severity was assessed using the SCORAD index [46] (skin area affected, intensity 
and subjective symptoms) at each clinical assessment appointment (at 3, 6, 12 and 30 
months of age). IgE-mediated food allergy was defined by a history of an immediate 
(within 90 min) skin rash (urticaria, erythema), angioedema, gastrointestinal symptoms 
(abdominal pain, vomiting, diarrhea) and/or irritability associated with or without 
cardiovascular symptoms (collapse) and/or respiratory symptoms (wheeze, stridor, 
persistent cough, hoarse voice) following the ingestion of a specific food trigger combined 
with a matching specific food allergen sensitization. Wheeze was defined by a history of 
an audible wheeze responding to inhaled beta2-agonists. Asthma was defined in children 
over one year of age only, with a history of recurrent wheeze responding to inhaled beta2-
agonists and/or use of a preventer for symptom control. Allergic rhinoconjunctivitis was 
defined in children over one year of age only with as a history of sneezing or blocked/ 
runny nose accompanied by itchy or watery/ red eyes unrelated to an upper respiratory 
tract infection. When wheeze/asthma or allergic rhinoconjunctivitis was combined with 
sensitization, it was defined as IgE-associated.  

2.6. Statistical Methods 
Statistical analysis was performed using IBM SPSS Statistics for Windows, version 26 

(IBM Corp., Armonk, NY, USA). Data was examined to be missing at random, with an 
available case analysis approach utilized and respective participant numbers (n) reported 
throughout. While a pairwise case-by-case analysis approach resulted in maximizing 
power for analysis, this also presented fluctuations in participant numbers (n) available 
for each analysis reported which should be considered when interpreting these results. 
All tests were two-sided, with a p < 0.05 considered statistically significant. Categorical 
data was described using count and percent (%). Scale data was described using mean 
(M), standard deviation (SD), median (Md), or interquartile range (IQR) with normality 
assessed using the Shapiro–Wilk test. Between group differences were examined between 
dosimeter worn and not worn, and between allergic disease and no allergic disease. For 
categorical variables, these group differences were compared using Chi-Square with a 
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Fisher’s exact 2-sided p-value reported. For continuous variables, these were computed 
using Mann–Whitney U test (not normally distributed), except for birth weight which was 
normally distributed and assessed using an independent samples t-test.  

For the dosimeter worn only group, a generalized linear model with binomial 
probability distribution and logit link function was used to examine the influence of direct 
UV light exposure in the first three months (covariate) on the development of allergic 
disease within the first 2.5 years of life (dependent variable yes/no), with confounders 
season of birth, skin type, and vitamin supplementation (yes/no). The odds ratio (OR), 
95% Wald confidence intervals (CI) and significance reported, and Bonferroni corrected 
pairwise comparison were conducted as appropriate. The relationship between direct UV 
light exposure (measured by UV dosimeter over the first 3 months of life) and eczema 
severity (measure by SCORAD Score) was investigated using Spearman rho correlation 
coefficients. 

Generalized linear mixed models (GLMM) (binomial distribution with a logit link) 
were used to examine the changes over the four time points (3 months, 6 months, 1 year 
and 2.5 years) for each of the binary outcomes (present/absent): eczema, wheeze or any 
allergic disease (atopy). The models included time as the repeated measure. An 
unstructured random effect for participants was included for the atopy models only. Fixed 
effects for confounding variables were examined in individual (unadjusted) models (due 
to sample size limitations) to identify potential confounding: skin type (due to low 
numbers Fitzpatrick categories I to VI were these collapsed to pale/normal/dark), season 
of birth, vitamin D levels, outdoor exposure (minutes), sunscreen use 
(always/sometimes/never) and skin exposed (face/ face, hands, arms/ face, hands, arms 
and legs). The model used an unstructured repeated covariance structure, with a robust 
estimation for model assumptions. Sequential Bonferroni corrected p-values are reported. 
A final adjusted GLMM model was conducted with all significant confounders identified 
from the unadjusted models. 

3. Results 
3.1. Characteristics of the Study Population 

Table 1 summarizes the baseline demographic details comparing the infants who 
were allocated the UV dosimeters (n = 86) to those who were not (n = 109). There were no 
significant differences between these groups of infants, apart from an increased 
prevalence of maternal history of allergic disease in the group who were not allocated a 
UV dosimeter, and differences in season of birth of the infants allocated a UV dosimeter 
compared to those who were not. Study participant flow details from randomisation to 
2.5 years of age follow-up have been previously published [29]. 

3.2. Clinical Allergic Disease Outcomes 
The most common allergic disease in the first 2.5 years of life was eczema, affecting 

a total of 49.1% (81/164) children. By 2.5 years of age, 22.8% (31/136) of the participants 
were sensitized to at least one allergen, 16.8% (27/161) had medically diagnosed allergic 
rhinoconjunctivitis and 43.8% (71/162) had medically diagnosed wheeze (see methods 
Section 2.5). At one year of age, 6.3% (11/175) children were diagnosed with IgE-mediated 
food allergy and 5.6% (9/162) at the 2.5 year follow up. Egg allergy was the most common 
food allergy, affecting 9/175 (5.1%) infants in the first year and as expected this had 
reduced to 5/162 (3.1%) at 2.5 years of age.   
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Table 1. Baseline Characteristics: comparing infants who wore the UV dosimeter for the first 3 months (n = 86) to those 
who did not wear the UV dosimeter (n = 109). 

Characteristic 
UV Dosimeter not Worn 

n (%) 
UV Dosimeter Worn 

n (%) 
p-Value 

Mother completed high school  100/108 (92.6)  83/86 (96.5)  0.35  
Maternal white race  90/109 (82.6) 70/86 (81.4) 0.96 

Maternal allergic disease  90/108 (83.3) 60/86 (69.8) 0.04 
Paternal allergic disease  78/108 (72.2) 68/85 (80.0) 0.24 

Infant male sex  58/109 (53.2) 46/86 (53.5) 0.99 
Infant birth weight (grams) 3438 ± 374 3395 ± 363 0.42 a 

Caesarean-section birth 43/109 (39.4) 32/86 (37.2) 0.77 
Infant season of birth   

<0.001 
Summer 13/109 (11.9) 17/86 (19.8) 
Autumn 18/109 (16.5) 26/86 (30.2) 
Winter 24/109 (22.0) 33/86 (38.4) 
Spring 54/109 (49.5) 10/86 (11.6) 

Infant Fitzpatrick Skin Type   

0.81 

Type I  1/95 (1.1) 1/84 (1.2) 
Type II  27/95 (28.4) 22/84 (26.2) 
Type III  51/95 (53.7) 40/84 (47.6) 
Type IV  13/95 (13.7) 17/84 (20.2) 

Type V and VI  3/95 (3.2) 4/84 (4.8)  
Smoking in home 6/108 (5.6) 8/85 (9.4) 0.40 

Pet cat indoors 17/108 (15.7) 15/85 (17.6) 0.85 
Pet dog indoors  56/108 (51.9) 51/85 (60.0) 0.31 

Note: a Group difference t-test statistic reported. 

3.3. Association between Direct UV Light Exposure in Early Infancy and Allergic Disease 
Outcomes in the First 2.5 Years of Life 

Non-compliance with use of the UV dosimeter occurred with three infants (none of 
whom developed eczema within the first 3 months of life), leaving 83 infants with useable 
UV light exposure data. Median (IQR) UV light exposure measured by the UV dosimeters 
was 950 (556–1577) J/m2 from 0–3 months of age, typically with face, hands and arms 
exposed.  

Sixteen infants had medically diagnosed eczema between 0 to 6 months of age, and 
as previously published we found an inverse association between direct UV light 
exposure and eczema outcome at 6 months of age, but no association with wheeze 
symptoms [28]. Another 24 new cases of eczema were medically diagnosed between 6 
months and 2.5 years of age in the subgroup of participants who wore a UV dosimeters 
in early infancy.  

Consistent with previously found eczema outcomes at 6 months of age [28] children 
with cumulative (birth to 2.5 years of age) medically diagnosed eczema had significantly 
less direct UV light exposure between 0 to 3 months of age (median (IQR) 747 (473–1439) 
J/m2) than children without eczema (median (IQR) 1204 (1717–1843 J/m2) (U -2.07; p = 
0.038) (Figure 1, Table 2). There were no associations found between UV light exposure 
levels within the first 3 months of life and eczema severity SCORAD scores at 3 months (r 
= −0.20, p = 0.08), 6 months (r = −0.19, p = 0.09), 1 year (r = −0.14, p = 0.23) and 2.5 year follow 
up appointments (r = −0.14, p = 0.26). 

No significant differences in UV light exposure in early infancy were found between 
children who had medically diagnosed asthma/wheeze, food allergy or allergic 
rhinoconjunctivitis, compared to those who did not, within the first 2.5 years of life (Figure 
1). 
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Figure 1. The influence of direct UV light exposure on allergy outcome. 

Table 2. Comparison of cumulative eczema outcomes by 2.5 years of age in association to examined key risk factors. 

Outcome  No Eczema (n = 84)  Eczema (n = 81)  
 n Median (IQR) n Median (IQR) p-Value 

UV exposure 0–3 months (J/m2) 39 1204.0 (717–1843) 40 747.0 (473–1439) 0.038 
25(OH)D blood          3 months 65 71.0 (58–90) 62 72.5 (55–88) 0.75 
levels (nmol/L)          6 months 69 89.0 (75–106) 63 87.0 (65–112) 0.61 
                      12 months 73 78.0 (66–92) 70 78.0 (62–94) 0.80 
                      30 months 68 75.0 (65–88) 56 74.0 (60–88) 0.77 
Total outdoor exposure  3 months 84 75.0 (50–116) 79 65.0 (42–105) 0.41 
time (minutes/day)      6 months 83 66.0 (40–115) 76 75.0 (41–120) 0.92 
                      12 months 81 100.0 (65–150) 74 90.0 (60–125) 0.48 
                      30 months 83 150.0 (105–225) 75 160.0 (120–210) 0.50 

  n (%)  n (%) p-value 
Sunscreen used (3 months)               
Always 

 2/84 (2.4)  3/79 (3.8)  

Sometimes  22/84 (26.2)  14/79 (17.7) 0.46 a 
Never  60/84 (71.4)  62/79 (78.5)  

Sunscreen used (6 months)               
Always 

 10/83 (12.0)  8/78 (10.3)  

Sometimes  41/83 (49.4)  29/78 (37.2) 0.21 
Never  32/83 (38.6)  41/78 (52.6)  

Sunscreen used (12 months)              
Always 

 14/81 (17.3)  14/78 (17.9)  

Sometimes   52/81 (64.2)  41/78 (52.6) 0.24 
Never  15/81 (18.5)  23/78 (29.5)  

Sunscreen used (30 months)              
Always 

 29/84 (34.5)  28/76 (36.8)  

Sometimes   53/84 (63.1)  44/76 (57.9) 0.58 
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Never  2/84 (2.4)  4/76 (5.3)  
Skin exposed (3 months)                    
Face 

 34/84 (40.5)  37/79 (46.8)  

Face, hands and arms  10/84 (11.9)  8/79 (10.1) 0.73 
Face, hands, arms and legs  40/84 (47.6)  34/79 (43.0)  

Skin exposed (6 months)                    
Face 

 32/83 (38.6)  26/78 (33.3)  

Face, hands and arms  12/83 (14.5)  9/78 (11.5) 0.58 
Face, hands, arms and legs  39/83 (47.0)  43/78 (55.1)  

Skin exposed (12 months)                   
Face 

 27/80 (33.8)  25/78 (32.1)  

Face, hands and arms  22/80 (27.5)  19/78 (24.4) 0.84 
Face, hands, arms and legs  31/80 (38.8)  34/78 (43.6)  

Skin exposed (30 months)                   
Face 

 7/84 (8.3)  10/76 (13.2)  

Face, hands and arms  37/84 (44.0)  35/76 (46.1) 0.51 
Face, hands, arms and legs  40/84 (47.6)  31/76 (40.8)  

Season of birth                         
summer 

 13/84 (15.5)  15/81 (18.5)  

autumn  19/84 (22.6)  18/81 (22.2) 0.89 
winter  23/84 (27.4)  24/81 (29.6)  
spring  29/84 (34.5)  24/81 (29.6)  

Note: a Fisher’s Exact Chi-Square test statistic reported as cell count less than five. 

3.4. Cross-Sectional Associations between Behaviours Concerning Sun Exposure and Allergic 
Outcomes within the First 2.5 Years of Life 

Total estimated outdoor exposure time by parental report at 3, 6 and 12 months, as 
well as at 2.5 years of age, was not significantly different between children who developed 
eczema or any other allergic outcomes within the first 2.5 years of life (Tables 2 and 3). 
This also applied for time in the shade or time in the sun exposure in isolation (p > 0.05). 
Examining potential confounding factors at the different time periods such as vitamin D 
levels, oral vitamin D intake, sunscreen use, exposed skin area, skin type and season of 
birth, again found no significant differences for cumulative eczema or other allergy 
outcomes within the first 2.5 years of life (Tables 2 and 3).  

However, focusing on each specific single time period (time spent outdoors before 
11 a.m., between 11 a.m. to 3 p.m., or after 3 p.m.) children with eczema diagnosed over 
the first 2.5 years of life had significantly less outdoor exposure (n = 79; mean = 7 ± 21.6 
min/day) within the first 3 months of life between 11 a.m. and 3 p.m., compared to 
children without eczema (n = 84; mean = 20 ± 29.1 min/day, p = 0.01). Figure 2 includes an 
illustrated summary of this eczema outcome finding.  

Whereas the group of children developing at least one allergic disease within the first 
2.5 years of life spent significantly more time outdoors before 11 a.m. within the first 3 
months of life (n = 90, mean = 30 ± 29.9 min/day) than the group who did not develop any 
allergic diseases (n = 69; mean = 15 ± 31.0 min/day, p = 0.03). There were no other significant 
associations concerning the other time periods spent outdoors (before 11 a.m./between 11 
a.m. and 3 p.m./ after 3 p.m.) combined with the participant age groups (0 to 3 months/3 
to 6 months/6 to 12 months/1 year to 2.5 years) or specifically time spent in the shade or 
sun and eczema or other allergic disease outcomes over the first 2.5 years. Again 
examining potential confounding factors, including vitamin D levels, oral vitamin D 
intake, sunscreen use, exposed skin, skin type and season of birth, no significant eczema 
or allergy outcome group differences within the first 2.5 years of age were detected at each 
of the different time periods.  
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Table 3. Comparison of cumulative allergic outcomes within first 2.5 years of life in association to key risk factors. 

Outcome  
Non-Allergic (n = 

69)  
 Allergic (n = 92)  

 n  Median (IQR) n Median (IQR) p-Value  
UV exposure 0–3 months (J/m2)  32 1174.5 (581–1818) 46 812.5 (511–1380) 0.11 
25(OH)D blood            3 months 51 67.0 (56–83) 73 73.0 (57–91) 0.24 
levels (nmol/L)             6 months 54 89.5 (74–106) 75 86.0 (67–107) 0.50 

                        12 months 60 78.0 (66–92) 79 78.0 (61–92) 0.99 
                         30 months 52 74.5 (62–87) 72 75.0 (65–89) 0.44 

Total outdoor exposure     3 months 69 65.0 45–93) 90 70.0 (50–111) 0.63 
time (minutes/day)         6 months 67 70.0 (40–125) 88 75.0 (46–104) 0.68 
                         12 months 66 105.0 (65–166) 85 90.0 (63–125) 0.33 
                         30 months 68 150.0 (113–210) 91 150.0 (120–240) 0.64 

 n (%)  n (%)  p-value 
Sunscreen (3 months)        Always 0/69 (0.0)  5/90 (5.6)   

                        Sometimes 16/69 (23.2)  
18/90 
(20.0) 

 0.13 

                          Never 53/69 (76.8)  
67/90 
(74.4) 

  

Sunscreen (6 months)        Always 6/68 (8.8)  
11/89 
(12.4) 

  

                     Sometimes 32/68 (47.1)  
37/89 
(41.6) 

 0.74 

                        Never 30/68 (44.1)  
41/89 
(46.1) 

  

Sunscreen (12 months)      Always 10/67 (14.9)  
17/88 
(19.3) 

  

                    Sometimes  46/67 (68.7)  
47/88 
(53.4) 

 0.16 

                        Never 11/67 (16.4)  
24/88 
(27.3) 

  

Sunscreen (30 months)      Always 24/69 (34.8)  
34/92 
(37.0) 

  

                      Sometimes 43/69 (62.3)  
54/92 
(58.7) 

 0.84 

                         Never 2/69 (2.9)  4/92 (4.3)   
Skin exposed (3 months)       Face  29/69 (42.0)  42/90 (46.7)  

            Face, hands and arms  8/69 (11.6)  8/90 (8.9) 0.78 
          Face, hands, arms + legs  32/69 (46.4)  40/90 (44.4)  

Skin exposed (6 months)       Face  25/68 (36.8)  32/89 (36.0)  
           Face, hands and arms  10/68 (14.7)  11/89 (12.4) 0.88 

          Face, hands, arms + legs  33/68 (48.5)  46/89 (51.7)  
Skin exposed (12 months)      Face  26/66 (39.4)  27/88 (30.7)  

           Face, hands and arms  17/66 (25.8)  21/88 (23.9) 0.39 
         Face, hands, arms + legs  23/66 (34.8)  40/88 (45.5)  

Skin exposed (30 months)      Face  7/69 (10.1)  11/92 (12.0)  
            Face, hands and arms  30/69 (43.5)  43/92 (46.7) 0.85 
          Face, hands, arms + legs  32/69 (46.4)  38/92 (41.3)  

Season of birth             summer  10/69 (14.5)  16/92 (17.4)  
                        autumn  16/69 (23.2)  21/92 (22.8) 0.92 
                         winter  21/69 (30.4)  24/92 (26.1)  
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                         spring  22/69 (31.9)  31/92 (33.7)  

3.5. Longitudinal Associations between Behaviours Concerning Sun Exposure and Clinical 
Allergic Outcomes during Early Childhood: Mixed-Effects Logistic Regression Modeling 

GLMM for each confounder were examined in individual unadjusted any allergic 
disease outcome models (any allergic disease development within the first 2.5 years of 
life). No significant fixed effects were detected for skin type (F = 0.54, p = 0.58); season of 
birth (F = 0.43, p = 0.73), or vitamin D levels (F = 3.60 p = 0.06). Children that were given 
vitamin D supplementation for the first 3 months of life (F = 20.6, p < 0.001) were at 
increased risk of any allergic disease (OR = 1.03 CI 1.02–1.04). However, this result did not 
remain significant after the final GLMM, which included confounding factors. Protective 
fixed effects included outdoor daily sun exposure time (F = 32.0, p < 0.001, OR = 0.98 CI 
0.98–0.99), sunscreen use (F = 9.51, p < 0.001) for always (OR = 0.38, CI 0.23–0.64, p < 0.001) 
and sometimes (OR = 0.45, CI 0.29–0.68, p < 0.001) compared to never. The final GLMM 
examined any allergic disease with adjustments for confounders and found significant 
effects for daily outdoor sun exposure, sunscreen and skin exposed (Table 4).  

Individual unadjusted eczema outcome models reported no significant fixed effects 
detected for skin type (F = 0.60, p = 0.55); season of birth (F = 0.20, p = 0.90), vitamin D 
levels (F = 0.12, p = 0.73), vitamin D supplementation in the first 3 months (F = 0.05, p = 
0.82); outdoor exposure (F = 0.10, p = 0.75), daily sun exposure (F = 0.15, p = 0.70); daily 
shade exposure (F = 0.001, p = 0.98); and skin exposed (F = 0.15, p = 0.86). Only sunscreen 
was a significant confounder (F = 3.41, p = 0.03) where children who sometimes wore 
sunscreen (as opposed to always or never) were at increased risk of eczema (OR = 1.57, CI 
1.12–2.20, p = 0.009) (Table 4). All children who wore sunscreen used SPF 50. 

Wheeze unadjusted models for each confounder were examined with no significant 
fixed effects detected for skin type (F = 0.49, p = 0.61), vitamin D levels (F = 0.18, p = 0.67), 
vitamin D supplementation in the first 3 months (F = 3.8, p = 0.05); sunscreen (F = 1.59, p = 
0.20), skin exposed (F = 2.77, p = 0.06) or daily shade exposure (F = 2.46, p = 0.12). Protective 
fixed effects included season of birth (F = 3.35, p = 0.02) with a decreased risk of wheeze 
for children born in autumn (OR = 0.39, CI 0.20–0.75, p = 0.005), time spent outdoors (F = 
9.1, p = 0.003, OR = 1.00, CI 0.99–1.00) and increased daily sun exposure (F = 8.18, p = 0.004, 
OR = 0.91, CI 0.86–0.97). Figure 2 includes an illustrated summary of these wheeze 
outcome findings. The final adjusted GLMM examined wheeze with confounders season 
of birth and outdoor exposure, with both remaining significant effects and summarised in 
Table 4. 

Longitudinal modelling was not possible to be conducted for allergic 
rhinoconjunctivitis and allergen sensitisation, as these were not collected at all four time 
points; while for food allergy the number of food allergic children was too small to be 
examined (n=15 by 2.5 years of age). 

Table 4. Generalised Linear Mixed Models (binary logit link function) for outcomes any allergic 
disease, eczema and wheeze. 

Model Term p-Value OR 95% CI for OR 
   Lower Upper 

Any Allergic Disease Model     
Daily sun exposure <0.001 0.987 0.981 0.992 
Sunscreen always a 0.05 0.494 0.244 1.000 

Sunscreen sometimes a 0.02 0.499 0.279 0.892 
Skin exposed face b 0.06 0.589 0.339 1.025 

Skin exposed face, hands and arms b 0.01 0.469 0.261 0.841 
Vitamin D supplementation 0.11 0.992 0.983 1.002 

Eczema Model     
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Sunscreen always a 0.40 1.239 0.752 2.039 
Sunscreen sometimes a 0.009 1.566 1.117 2.196 

Wheeze Model     
Season of birth summer c 0.64 1.197 0.569 2.516 

autumn c 0.009 0.417 0.217 0.800 
winter c 0.49 0.810 0.444 1.478 

Outdoor exposure 0.005 0.996 0.993 0.999 
Note: OR odds ratio; a compared to never; b compared to face, hands, arms and legs; c compared to 
spring. 

 
Figure 2. An illustrated summary of the major factors within the first 2.5 years of life that were 
associated with medically diagnosed eczema and wheeze outcomes. 

4. Discussion 
This exploratory analysis confirms our previous observations that increased direct 

UV light exposure in the first three months of life appears to decrease the risk of eczema 
development [28]. These findings are further supported by parent-reported increased 
time spent outdoors within the first 3 months of life between 11 a.m. and 3 p.m. (typically 
the highest UV light exposure time period each day in Australia) with reduced child 
eczema outcomes over the first 2.5 years of life. In short, the effects of early infancy direct 
UV light exposure appear to have continuing benefits on reducing eczema development 
risk into early childhood. 

Our findings are supported by cohort studies in the United States [47], Spain [48] and 
Korea [49], where associations were also observed between eczema prevalence in 
childhood and mean annual UV indices [47], number of sunny hours in a geographical 
region [48], or season of birth with estimated UV exposure [49]. A major strength of our 
study is that we uniquely also measured individual direct UV light exposures using 
personalized UV dosimeters. This provided objective quantifiable UV light exposure data 
to correlate with individual child eczema outcomes. Although, due to funding constraints, 
we were only able to use these personalized UV dosimeters in a sub-set of our trial 
participants from birth to three months of age, we still found a significant association with 
early childhood eczema outcomes. We recognize that there was an unbalanced 
distribution of infants allocated an UV dosimeter according to season of birth. This 
resulted from variable rates of recruitment in some months each year. We would 
recommend the use of UV dosimeters (or similar devices) to capture direct individual UV 
light exposure levels in larger future studies, where extending their use to other time 
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periods during infancy and early childhood should enable further clarification of critical 
time periods where direct UV light exposure may influence allergic disease outcomes. 
Future studies would also benefit with the inclusion of genetic profiling of the study 
participants. For example, examining filaggrin (FLG) gene mutation variants in 
association with variable UV light exposure levels may further enhance our 
understanding of this field. 

We demonstrated an association of more UV light exposure with reduced eczema 
outcomes in early childhood, but it remains to be shown as to what extent specifically 
UVA and/or UVB light is responsible for our observed findings. In this context, it also 
needs to be considered that our data revealed a longitudinally protective role of sunscreen 
use for the development of eczema if used sometimes, compared to always when outdoors 
over the first 2.5 years of life. This finding was unexpected and initially inconsistent with 
the general understanding that sunscreen protects from UV light penetration. However, 
it is possible that a specific optimal level or range of UVA and/or UVB light exposure is 
required to influence specific immune modulation and subsequently allergic disease 
protection. Thus, further investigations of detailed sunscreen use, including specific 
quantities (depth and area of skin covered), and specific types of sunscreens used 
(including composition and presence of any potential allergens, such as peanut/tree nut 
oils, which potentially could lead to allergen sensitization via a disrupted skin barrier) 
could be useful in future studies. Important related considerations also include 
geographical location (latitude) and other influences on UV light penetration like air 
pollution levels [50]. 

When examining eczema severity, we did not find a significant inverse association 
between SCORAD scores and direct UV light exposure measured by UV dosimeter. 
However, as eczema severity was only measured at the time of clinical assessment, we 
cannot exclude that the child’s eczema may have been worse at other time points. Eczema 
severity may have influenced parental decision to take their child outdoors and/or expose 
them to sunlight, however most children in our study developed eczema after 3 months 
of age, hence after the period of direct UV light exposure measurement by UV dosimeter. 

Our findings, which indicate a vitamin D independent effect of early increased UV 
light exposure on reduced eczema outcomes, have also been supported in animal models 
showing that UV radiation leads to antigen-specific-T regulatory cell [51] and dendritic 
cell expansion causing systemic immunosuppression irrespective of vitamin D [52,53]. 
Moreover, mast cells [54] and regulatory B-cells affecting dendritic cell mediated T-cell 
activation, are also involved in UV exposure triggered immunosuppression [55]. A study 
in mice by Gorman et al. demonstrated that vitamin D was not essential in mediating the 
immunosuppressive effects of erythema UV-radiation on contact hypersensitivity 
responses [56].  

While we found associations with early childhood eczema outcomes, the 
measurement of direct UV light exposure levels via UV dosimeter failed to show any 
influence on other early childhood allergy outcomes. However, as this was an exploratory 
analysis of data collected as part of a double-blinded RCT investigating the effect of infant 
oral vitamin D supplementation for the first 6 months of infancy on allergic disease 
outcomes, and not the primary aim of the RCT, this UV light exposure levels analysis was 
likely underpowered to assess associations with other early childhood allergy outcomes.  

Interestingly, our longitudinal data analysis also revealed a protective link between 
parent-reported time spent outdoors (specifically time spent in the sun) on wheeze 
outcomes. Previous cross-sectional observational studies have described an inverse 
association between vitamin D status and wheeze outcomes or atopy in childhood [57–60] 
and longitudinally this finding was also supported by Hollams et al. showing that over a 
10-year period, the number of times a child was found to be deficient in vitamin D was 
positively associated with the risk for eczema, sensitization, asthma and wheeze at age 10 
years [61]. However, none of these previous studies evaluated UV light exposure in 
addition to vitamin D status. Hence, while not specifically examined in these previous 
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studies, it remains possible that vitamin D independent UV-light induced effects may be 
responsible for their associations with wheeze outcomes. 

It is important to remain mindful of the harmful effects of UV light exposure when 
reporting these potential beneficial effects—including skin damage and malignancy. 
Balancing the benefits and harms of UV light exposure will likely be an active and 
essential research area of interest for years to come, especially with increasing 
urbanization and even global pandemics leading to less time spent outdoors. 

5. Conclusions 
Exposure to UV light in early infancy appears to be beneficial in reducing the risk of 

eczema development in early childhood. The immunomodulatory effects of UV light are 
also likely to be important for other immune-based diseases across the life course. Further 
research in large birth cohorts is required to address this, and to determine optimal levels 
and patterns of sunlight exposure in infancy and early childhood, and how to balance the 
potential advantages with risk of adverse effects such as skin damage and cancer 
outcomes. 

Author Contributions: Conceptualization, K.R., A.P.J., A.S., S.L.P. and D.J.P.; data curation, K.R., 
A.P.J., S.L.P. and D.J.P.; formal analysis, K.R. and P.C.; funding acquisition, K.R., A.P.J., A.S., S.L.P. 
and D.J.P.; investigation, K.R.; methodology, K.R., A.P.J., A.S., P.C., S.L.P. and D.J.P.; project 
administration, D.J.P.; resources, K.R., A.P.J., A.S., P.C., S.L.P. and D.J.P.; supervision, S.L.P. and 
D.J.P.; writing—original draft, K.R.; writing—review and editing, A.P.J., A.S., P.C., S.L.P. and 
D.J.P. All authors have read and agreed to the published version of the manuscript. 

Funding: D. J. Palmer is supported by a Career Development Fellowship (APP1144544) funded 
from the Medical Research Future Fund Next Generation Clinical Researchers Program. This 
study was supported by grants from the Telethon–New Children’s Hospital Research Fund, 
Asthma Foundation of Western Australia and the Princess Margaret Hospital Foundation. The 
trial intervention and placebo control products were donated by the Ddrops 
Company,Woodbridge, ON, Canada. 

Institutional Review Board Statement: The study was conducted according to the guidelines of the 
Declaration of Helsinki, and approved by the Institutional Review Board (or Ethics Committee) of 
the Princess Margaret Hospital for Children (approval number 1959/EP) and the University of 
Western Australia (approval number RA/4/1/5566). 

Informed Consent Statement: Informed consent was obtained from all subjects involved in the 
study. 

Data Availability Statement: The data presented in this study are available on request from the 
corresponding author. The data are not publicly available due to privacy restrictions. 

Acknowledgments: We thank the families who participated, the research staff who supported the 
data collection, and the staff at the Princess Margaret Hospital Research Pharmacy. 

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the 
design of the study; in the collection, analyses, or interpretation of data; in the writing of the 
manuscript, or in the decision to publish the results. 

References 
1. Okada, H.; Kuhn, C.; Feillet, H.; Bach, J.-F. The ‘hygiene hypothesis’ for autoimmune and allergic diseases: An update. Clin. 

Exp. Immunol. 2010, 160, 1–9, doi:10.1111/j.1365-2249.2010.04139.x. 
2. Prescott, S.; Allen, K.J. Food allergy: Riding the second wave of the allergy epidemic. Pediatr. Allergy Immunol. 2011, 22, 155–160, 

doi:10.1111/j.1399-3038.2011.01145.x. 
3. Nurmatov, U.; Devereux, G.; Sheikh, A. Nutrients and foods for the primary prevention of asthma and allergy: Systematic 

review and meta-analysis. J. Allergy Clin. Immunol. 2011, 127, 724–733.e30, doi:10.1016/j.jaci.2010.11.001. 
4. D’Amato, G.; Holgate, S.T.; Pawankar, R.; Ledford, D.K.; Cecchi, L.; Al-Ahmad, M.; Al-Enezi, F.; Al-Muhsen, S.; Ansotegui, I.; 

Baena-Cagnani, C.E.; et al. Meteorological conditions, climate change, new emerging factors, and asthma and related allergic 
disorders. A statement of the World Allergy Organization. World Allergy Organ. J. 2015, 8, 25–52, doi:10.1186/s40413-015-0073-
0. 



Int. J. Environ. Res. Public Health 2021, 18, 5429 14 of 16 
 

 

5. Odhiambo, J.A.; Williams, H.C.; Clayton, T.O.; Robertson, C.F.; Asher, M.I. Global variations in prevalence of eczema symptoms 
in children from ISAAC Phase Three. J. Allergy Clin. Immunol. 2009, 124, 1251–1258.e23, doi:10.1016/j.jaci.2009.10.009. 

6. Farrag, N.S.; Cheskin, L.J.; Farag, M.K. A systematic review of childhood obesity in the Middle East and North Africa (MENA) 
region: Prevalence and risk factors meta-analysis. Adv. Pediatr. Res. 2017, 4, 8, doi:10.12715/apr.2017.4.8. 

7. Holick, M.F. Vitamin D Deficiency. N. Engl. J. Med. 2007, 357, 266–281, doi:10.1056/nejmra070553. 
8. Saraf, R.; Morton, S.M.; Camargo, C.A., Jr.; Grant, C.C. Global summary of maternal and newborn vitamin D status—A 

systematic review. Matern. Child Nutr. 2015, 12, 647–668, doi:10.1111/mcn.12210. 
9. Tanvig, M.H.; Jensen, D.M.; Andersen, M.S.; Ovesen, P.G.; Jørgensen, J.S.; Vinter, C.A. Vitamin D levels were significantly 

higher during and after lifestyle intervention in pregnancy: A randomized controlled trial. Acta Obstet. Gynecol. Scand. 2020, 99, 
350–356, doi:10.1111/aogs.13722. 

10. Holick, M.F.; Chen, T.C. Vitamin D deficiency: A worldwide problem with health consequences. Am. J. Clin. Nutr. 2008, 87, 
1080S–1086S, doi:10.1093/ajcn/87.4.1080s. 

11. Holick, M.F.; Siris, E.S.; Binkley, N.; Beard, M.K.; Khan, A.; Katzer, J.T.; Petruschke, R.A.; Chen, E.; De Papp, A.E. Prevalence of 
Vitamin D Inadequacy among Postmenopausal North American Women Receiving Osteoporosis Therapy. J. Clin. Endocrinol. 
Metab. 2005, 90, 3215–3224, doi:10.1210/jc.2004-2364. 

12. Marwaha, R.K.; Tandon, N.; Reddy, D.R.H.K.; Aggarwal, R.; Singh, R.; Sawhney, R.C.; Saluja, B.; Ganie, M.A.; Singh, S. Vitamin 
D and bone mineral density status of healthy schoolchildren in northern India. Am. J. Clin. Nutr. 2005, 82, 477–482, 
doi:10.1093/ajcn.82.2.477. 

13. Wagner, C.L.; Greer, F.R.; American Academy of Pediatrics Section on Breastfeeding; American Academy of Pediatrics 
Committee on Nutrition. Prevention of Rickets and Vitamin D Deficiency in Infants, Children, and Adolescents. Pediatrics 2008, 
122, 1142–1152, doi:10.1542/peds.2008-1862. 

14. Jones, A.P.; Rueter, K.; Siafarikas, A.; Lim, E.-M.; Prescott, S.L.; Palmer, D.J. 25-hydroxyvitamin D status of pregnant women is 
associated with the use of antenatal vitamin supplements and ambient ultraviolet radiation. J. Dev. Orig. Health Dis. 2016, 7, 
350–356, doi:10.1017/s2040174416000143. 

15. Hollis, B.W.; Wagner, C.L. Vitamin D requirements during lactation: High-dose maternal supplementation as therapy to 
prevent hypovitaminosis D for both the mother and the nursing infant. Am. J. Clin. Nutr. 2004, 80, 1752S–1758S, 
doi:10.1093/ajcn/80.6.1752s. 

16. Lee, J.M.; Smith, J.R.; Philipp, B.L.; Chen, T.C.; Mathieu, J.; Holick, M. Vitamin D Deficiency in a Healthy Group of Mothers and 
Newborn Infants. Clin. Pediatr. 2007, 46, 42–44, doi:10.1177/0009922806289311. 

17. Hossein-Nezhad, A.; Holick, M.F. Vitamin D for Health: A Global Perspective. Mayo Clin. Proc. 2013, 88, 720–755, 
doi:10.1016/j.mayocp.2013.05.011. 

18. Jeffery, L.E.; Burke, F.; Mura, M.; Zheng, Y.; Qureshi, O.S.; Hewison, M.; Walker, L.S.K.; Lammas, D.A.; Raza, K.; Sansom, D.M. 
1.25-Dihydroxyvitamin D3 and IL-2 Combine to Inhibit T Cell Production of Inflammatory Cytokines and Promote 
Development of Regulatory T Cells Expressing CTLA-4 and FoxP3. J. Immunol. 2009, 183, 5458–5467, 
doi:10.4049/jimmunol.0803217. 

19. Jeffery, L.E.; Wood, A.M.; Qureshi, O.S.; Hou, T.Z.; Gardner, D.G.; Briggs, Z.; Kaur, S.; Raza, K.; Sansom, D.M. Availability of 
25-Hydroxyvitamin D3to APCs Controls the Balance between Regulatory and Inflammatory T Cell Responses. J. Immunol. 2012, 
189, 5155–5164, doi:10.4049/jimmunol.1200786. 

20. Macaubas, C.; de Klerk, N.; Holt, B.; Wee, C.; Kendall, G.; Firth, M.; Sly, P.; Holt, P. Association between antenatal cytokine 
production and the development of atopy and asthma at age 6 years. Lancet 2003, 362, 1192–1197, doi:10.1016/s0140-
6736(03)14542-4. 

21. Schaub, B.; Liu, J.; Höppler, S.; Haug, S.; Sattler, C.; Lluis, A.; Illi, S.; Von Mutius, E. Impairment of T-regulatory cells in cord 
blood of atopic mothers. J. Allergy Clin. Immunol. 2008, 121, 1491–1499.e13, doi:10.1016/j.jaci.2008.04.010. 

22. Prescott, S.L. Early-life environmental determinants of allergic diseases and the wider pandemic of inflammatory 
noncommunicable diseases. J. Allergy Clin. Immunol. 2013, 131, 23–30, doi:10.1016/j.jaci.2012.11.019. 

23. Camargo, C.A.; Clark, S.; Kaplan, M.S.; Lieberman, P.; Wood, R.A. Regional differences in EpiPen prescriptions in the United 
States: The potential role of vitamin D. J. Allergy Clin. Immunol. 2007, 120, 131–136, doi:10.1016/j.jaci.2007.03.049. 

24. Mullins, R.J.; Camargo, C.A. Latitude, Sunlight, Vitamin D, and Childhood Food Allergy/Anaphylaxis. Curr. Allergy Asthma 
Rep. 2012, 12, 64–71, doi:10.1007/s11882-011-0230-7. 

25. Osborne, N.J.; Ukoumunne, O.C.; Wake, M.; Allen, K.J. Prevalence of eczema and food allergy is associated with latitude in 
Australia. J. Allergy Clin. Immunol. 2012, 129, 865–867, doi:10.1016/j.jaci.2012.01.037. 

26. Chawes, B.L.; Bønnelykke, K.; Stokholm, J.; Vissing, N.H.; Bjarnadóttir, E.; Schoos, A.-M.M.; Wolsk, H.M.; Pedersen, T.M.; 
Vinding, R.K.; Thorsteinsdóttir, S.; et al. Effect of Vitamin D3Supplementation During Pregnancy on Risk of Persistent Wheeze 
in the Offspring. JAMA 2016, 315, 353–361, doi:10.1001/jama.2015.18318. 

27. Litonjua, A.A.; Carey, V.J.; Laranjo, N.; Harshfield, B.J.; McElrath, T.F.; O’Connor, G.T.; Sandel, M.; Iverson, R.E.; Lee-Paritz, A.; 
Strunk, R.C.; et al. Effect of Prenatal Supplementation with Vitamin D on Asthma or Recurrent Wheezing in Offspring by Age 
3 Years. JAMA 2016, 315, 362–370, doi:10.1001/jama.2015.18589. 

28. Rueter, K.; Jones, A.P.; Siafarikas, A.; Lim, E.-M.; Bear, N.; Noakes, P.S.; Prescott, S.L.; Palmer, D.J. Direct infant UV light 
exposure is associated with eczema and immune development. J. Allergy Clin. Immunol. 2019, 143, 1012–1020.e2, 
doi:10.1016/j.jaci.2018.08.037. 



Int. J. Environ. Res. Public Health 2021, 18, 5429 15 of 16 
 

 

29. Rueter, K.; Jones, A.P.; Siafarikas, A.; Lim, E.-M.; Prescott, S.L.; Palmer, D.J. In “High-Risk” Infants with Sufficient Vitamin D 
Status at Birth, Infant Vitamin D Supplementation Had No Effect on Allergy Outcomes: A Randomized Controlled Trial. 
Nutrients 2020, 12, 1747, doi:10.3390/nu12061747. 

30. Garcia-Larsen, V.; Ierodiakonou, D.; Jarrold, K.; Cunha, S.; Chivinge, J.; Robinson, Z.; Geoghegan, N.; Ruparelia, A.; Devani, P.; 
Trivella, M.; et al. Diet during pregnancy and infancy and risk of allergic or autoimmune disease: A systematic review and 
meta-analysis. PLoS Med. 2018, 15, e1002507, doi:10.1371/journal.pmed.1002507. 

31. Hart, P.H.; Gorman, S. Exposure to UV Wavelengths in Sunlight Suppresses Immunity. To What Extent is UV-induced Vitamin 
D3 the Mediator Responsible? Clin. Biochem. Rev. 2013, 34, 3–13. 

32. Hart, P.H.; Gorman, S.; Finlay-Jones, J.J. Modulation of the immune system by UV radiation: More than just the effects of vitamin 
D? Nat. Rev. Immunol. 2011, 11, 584–596, doi:10.1038/nri3045. 

33. Milliken, S.V.; Wassall, H.; Lewis, B.J.; Logie, J.; Barker, R.N.; Macdonald, H.; Vickers, M.A.; Ormerod, A.D. Effects of ultraviolet 
light on human serum 25-hydroxyvitamin D and systemic immune function. J. Allergy Clin. Immunol. 2012, 129, 1554–1561, 
doi:10.1016/j.jaci.2012.03.001. 

34. van der Aar, A.M.; Sibiryak, D.S.; Bakdash, G.; van Capel, T.M.; van der Kleij, H.P.; Opstelten, D.-J.E.; Teunissen, M.B.; 
Kapsenberg, M.L.; de Jong, E.C. Vitamin D3 targets epidermal and dermal dendritic cells for induction of distinct regulatory T 
cells. J. Allergy Clin. Immunol. 2011, 127, 1532–1540.e7, doi:10.1016/j.jaci.2011.01.068. 

35. Holán, V.; Kuffová, L.; Zajícová, A.; Krulová, M.; Filipec, M.; Holler, P.; Jancárek, A. Urocanic acid enhances IL-10 production 
in activated CD4+ T cells. J. Immunol. 1998, 161, 3237–3241. 

36. Sleijffers, A.; Kammeyer, A.; de Gruijl, F.R.; Boland, G.J.; van Hattum, J.; van Vloten, W.A.; van Loveren, H.; Teunissen, M.B.M.; 
Garssen, J. Epidermal cis-urocanic acid levels correlate with lower specific cellular immune responses after hepatitis B 
vaccination of ultraviolet B-exposed humans. Photochem. Photobiol. 2003, 77, 271–275, doi:10.1562/0031-8655(2003)0772.0.co;2. 

37. Dahl, M.V.; McEwen, G.N., Jr.; Katz, H.I. Urocanic acid suppresses induction of immunity in human skin. Photodermatol. 
Photoimmunol. Photomed. 2010, 26, 303–310, doi:10.1111/j.1600-0781.2009.00474.x. 

38. Metcalfe, J.R.; Marsh, J.A.; D’Vaz, N.; Geddes, D.T.; Lai, C.T.; Prescott, S.L.; Palmer, D.J. Effects of maternal dietary egg intake 
during early lactation on human milk ovalbumin concentration: A randomized controlled trial. Clin. Exp. Allergy 2016, 46, 1605–
1613, doi:10.1111/cea.12806. 

39. WHO Collaborating Center for Asthma and Rhinitis; Bousquet, J.; Anto, J.M.; Demoly, P.; Schünemann, H.J.; Togias, A.; Akdis, 
M.; Auffray, C.; Bachert, C.; Bieber, T.; et al. Severe Chronic Allergic (and Related) Diseases: A Uniform Approach—A 
MeDALL—GA2LEN—ARIA Position Paper. Int. Arch. Allergy Immunol. 2012, 158, 216–231, doi:10.1159/000332924. 

40. Siafarikas, A.; Piazena, H.; Feister, U.; Bulsara, M.K.; Meffert, H.; Hesse, V. Randomised controlled trial analysing 
supplementation with 250 versus 500 units of vitamin D3, sun exposure and surrounding factors in breastfed infants. Arch. Dis. 
Child. 2010, 96, 91–95, doi:10.1136/adc.2009.178301. 

41. Moehrle, M.; Korn, M.; Garbe, C. Bacillus subtilis spore film dosimeters in personal dosimetry for occupational solar ultraviolet 
exposure. Int. Arch. Occup. Environ. Health 2000, 73, 575–580, doi:10.1007/s004200000183. 

42. Cargill, J.; Lucas, R.M.; Gies, P.; King, K.; Swaminathan, A.; Allen, M.W.; Banks, E. Validation of Brief Questionnaire Measures 
of Sun Exposure and Skin Pigmentation Against Detailed and Objective Measures Including Vitamin D Status. Photochem. 
Photobiol. 2013, 89, 219–226, doi:10.1111/j.1751-1097.2012.01221.x. 

43. Fitzpatrick, T.B. The validity and practicality of sun-reactive skin types I through VI. Arch. Dermatol. 1988, 124, 869–871, 
doi:10.1001/archderm.124.6.869. 

44. Hanifin, J.M.; Cooper, K.D.; Ho, V.C.; Kang, S.; Krafchik, B.R.; Margolis, D.J.; Schachner, L.A.; Sidbury, R.; Whitmore, S.E.; Sieck, 
C.K.; et al. Guidelines of care for atopic dermatitis. J. Am. Acad. Dermatol. 2004, 50, 391–404, doi:10.1016/j.jaad.2003.08.003. 

45. Hanifin, J.M. Atopic dermatitis: Broadening the perspective. J. Am. Acad. Dermatol. 2004, 51, S23–S24, 
doi:10.1016/j.jaad.2004.01.010. 

46. Kunz, B.; Oranje, A.; Labrèze, L.; Stalder, J.-F.; Ring, J.; Taïeb, A. Clinical Validation and Guidelines for the SCORAD Index: 
Consensus Report of the European Task Force on Atopic Dermatitis. Dermatology 1997, 195, 10–19, doi:10.1159/000245677. 

47. Silverberg, J.I.; Hanifin, J.; Simpson, E.L. Climatic Factors Are Associated with Childhood Eczema Prevalence in the United 
States. J. Investig. Dermatol. 2013, 133, 1752–1759, doi:10.1038/jid.2013.19. 

48. Suárez-Varela, M.M.; Alvarez, L.G.-M.; Kogan, M.D.; González, A.L.; Gimeno, A.M.; Ontoso, I.A.; Díaz, C.G.; Pena, A.A.; 
Aurrecoechea, B.D.; Monge, R.M.B.; et al. Climate and prevalence of atopic eczema in 6- to 7-year-old school children in Spain. 
ISAAC PhASE III. Int. J. Biometeorol. 2008, 52, 833–840, doi:10.1007/s00484-008-0177-0. 

49. Hwang, J.M.; Oh, S.H.; Shin, M.Y. The relationships among birth season, sunlight exposure during infancy, and allergic disease. 
Korean J. Pediatr. 2016, 59, 218–225, doi:10.3345/kjp.2016.59.5.218. 

50. D’Amato, G.; Akdis, C.A. Global warming, climate change, air pollution and allergies. Allergy 2020, 75, 2158–2160, 
doi:10.1111/all.14527. 

51. Yamazaki, S.; Nishioka, A.; Kasuya, S.; Ohkura, N.; Hemmi, H.; Kaisho, T.; Taguchi, O.; Sakaguchi, S.; Morita, A. Homeostasis 
of Thymus-Derived Foxp3+ Regulatory T Cells Is Controlled by Ultraviolet B Exposure in the Skin. J. Immunol. 2014, 193, 5488–
5497, doi:10.4049/jimmunol.1400985. 

52. Schwarz, A.; Navid, F.; Sparwasser, T.; Clausen, B.E.; Schwarz, T. 1,25-Dihydroxyvitamin D Exerts Similar Immunosuppressive 
Effects as UVR but Is Dispensable for Local UVR-Induced Immunosuppression. J. Investig. Dermatol. 2012, 132, 2762–2769, 
doi:10.1038/jid.2012.238. 



Int. J. Environ. Res. Public Health 2021, 18, 5429 16 of 16 
 

 

53. Gorman, S.; Hart, P.H. The current state of play of rodent models to study the role of vitamin D in UV-induced 
immunomodulation. Photochem. Photobiol. Sci. 2012, 11, 1788–1796, doi:10.1039/c2pp25108f. 

54. Byrne, S.N.; Limón-Flores, A.Y.; Ullrich, S.E. Mast cell migration from the skin to the draining lymph nodes upon UV-irradiation 
represents a key step in the induction of immune suppression1. J. Immunol. 2008, 180, 4648–4655, 
doi:10.4049/jimmunol.180.7.4648. 

55. Byrne, S.N.; Halliday, G.M. B Cells Activated in Lymph Nodes in Response to Ultraviolet Irradiation or by Interleukin-10 Inhibit 
Dendritic Cell Induction of Immunity. J. Investig. Dermatol. 2005, 124, 570–578, doi:10.1111/j.0022-202x.2005.23615.x. 

56. Gorman, S.; Scott, N.M.; Tan, D.H.W.; Weeden, C.E.; Tuckey, R.C.; Bisley, J.L.; Grimbaldeston, M.A.; Hart, P.H. Acute Erythemal 
Ultraviolet Radiation Causes Systemic Immunosuppression in the Absence of Increased 25-Hydroxyvitamin D3 Levels in Male 
Mice. PLoS ONE 2012, 7, e46006, doi:10.1371/journal.pone.0046006. 

57. Bener, A.; Ehlayel, M.S.; Bener, H.Z.; Hamid, Q. The impact of Vitamin D deficiency on asthma, allergic rhinitis and wheezing 
in children: An emerging public health problem. J. Fam. Community Med. 2014, 21, 154–161, doi:10.4103/2230-8229.142967. 

58. Alyasin, S.; Momen, T.; Kashef, S.; Alipour, A.; Amin, R. The Relationship Between Serum 25 Hydroxy Vitamin D Levels and 
Asthma in Children. Allergy Asthma Immunol. Res. 2011, 3, 251–255, doi:10.4168/aair.2011.3.4.251. 

59. Freishtat, R.J.; Iqbal, S.F.; Pillai, D.K.; Klein, C.J.; Ryan, L.M.; Benton, A.S.; Teach, S.J. High Prevalence of Vitamin D Deficiency 
among Inner-City African American Youth with Asthma in Washington, DC. J. Pediatr. 2010, 156, 948–952, 
doi:10.1016/j.jpeds.2009.12.033. 

60. Baek, J.H.; Shin, Y.H.; Chung, I.H.; Kim, H.J.; Yoo, E.-G.; Yoon, J.W.; Jee, H.M.; Chang, Y.E.; Han, M.Y. The Link between Serum 
Vitamin D Level, Sensitization to Food Allergens, and the Severity of Atopic Dermatitis in Infancy. J. Pediatr. 2014, 165, 849–
854.e1, doi:10.1016/j.jpeds.2014.06.058. 

61. Hollams, E.M.; Teo, S.M.; Kusel, M.; Holt, B.J.; Holt, K.E.; Inouye, M.; De Klerk, N.H.; Zhang, G.; Sly, P.D.; Hart, P.H.; et al. 
Vitamin D over the first decade and susceptibility to childhood allergy and asthma. J. Allergy Clin. Immunol. 2017, 139, 472–
481.e9, doi:10.1016/j.jaci.2016.07.032. 

 




