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Food allergy is a common disease in infancy and early childhood.1-3 Current prevalence 

differs between 1 and 17%, due to the use of different definitions of what is a food 

aller gy, heterogeneity between studies and the use of non-gold standard diagnostic 

approaches.1;2 Several diagnostic tools are used to confirm or rule out a food allergy, but 

the current gold standard is a double blindplacebo controlled food challenge (DBPCFC). 

However, it is a time-consuming test, not without risk of a severe allergic reaction for 

the patient and it requires trained staff.4-6 However, besides the gold standard DBPCFC, 

food allergy is also regularly reported based on medical history, elevated serum specific 

IgE (sIgE) or a positive skin prick test (SPT).1;2 

Despite an unclear prevalence, particularly in infants, there is suspicion of rising food 

allergy prevalence.5;7-11 A follow-up study on self-reported peanut allergy in chil dren showed 

a prevalence of 0.4% in 1997, 0.8% in 2002 and 1.4% in 2008.10;11 A retrospective 

Australian study reported numbers for peanut allergy of 0.73% for children born in 2001, 

and 1.15% for children born in 2004.8 Another Australian study describes a 350% increase 

in food-induced anaphylaxis hospital admissions between 1994 and 2005.12 For the 0-4 

year olds the increase was most prominent for peanut followed by cow’s milk and hen’s 

egg induced anaphylaxis. Since food allergy influences quality of life negatively and causes 

higher health care costs, concern of an increasing problem is even greater.4;13-15 

Table 1: Symptoms of food allergy 4;16;17

Tract Symptoms

Cutaneous Angioedema
Urticaria
Pruritus

Erythema
Rash
Atopic dermatitis

Gastrointestinal Angioedema
Tongue swelling
Oral pruritis
Nausea
Abdominal pain
Infantile colic
Reflux

Vomiting
Diarrhoea
Irritability
Food refusal
Weight loss
Gastro-intestinal bleeding

Respiratory Nasal congestion
Pruritus
Rhinorrhea
Sneezing
Laryngeal oedema
Hoarseness

Dyspnea
Wheezing
Asthma
Chest tightness
Cough

Ocular Pruritus
Conjunctival erythema

Tearing
Periorbital edema

Cardiovascular Tachycardia
Bradycardia 
Hypotension

Dizziness
Fainting
Loss of consciousness
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Food allergy can present itself with a range of different symptoms in several different 

organs.16;17 Symptoms can vary from one symptom only to a range of symptoms in 

different organs. A list of symptoms in which food allergy should be suspected is presented 

in table 1.4;6;16 Reactions vary in severity from mild to life-threatening, depending on the 

amount of ingested food, the preparation of the food, degree of sensitization, patient’s 

age, exercise, alcohol intake and presence of other diseases.4;16 So far, the only treatment 

for food allergy is avoidance of the causal allergen.16 Trials with oral immunotherapy 

have been performed, but these are not yet available in clinical practice since long term 

effects and safety are unknown.16 Children who suffer from food allergy outgrow their 

allergy and develop tolerance in 26.6% of the cases, with a mean age of 5.4 years.18 

However, these numbers are based on all food allergies in children. For cow’s milk allergy 

(CMA) it is known that children are more likely to develop tolerance at a younger age. 

87% of the children are tolerant for cow’s milk protein at three years of age.19 

Despite the good prognosis of CMA for developing tolerance, there is a risk of 

developing other allergic diseases later in life, the so called allergic march.20;21 Asthma 

is often the next atopic disease to develop.22 Diagnosis is usually based on the clinical 

history of recurrent wheezing episodes, although lung function tests are also used, but 

so far mainly for research purposes.23-26 The other allergic disease that is part of the 

allergic march is allergic rhinitis. Diagnosis is based on clinical history, and this disease, if 

not treated adequtely, is known to have major influence on asthma control.27 However, 

also people who do or did not suffer from food allergy can develop asthma and allergic 

rhinitis. Evidence proving an “allergic march” is still too limited.28 So far, a clear cause of 

CMA, food allergy and the existence of the allergic march has not been found.

The EuroPrevall study was designed to “investigate prevalence, costs and basis of 

food allergy” to close several gaps in the current available knowledge of the rising 

food allergy problem.15 The main aim of the study is to investigate DBPCFC confirmed 

food allergy. Since the diagnosis food allergy is regularly based on non-gold standard 

tools, communication and research about food allergy is complicated.1;2 To improve 

communication about allergy, both by health care professionals as well as lay persons, 

the World Health Organisation (WHO) revised the definitions used regarding allergic 

disease in 2003.29 The WHO defined “allergy” as a hypersensitivity reaction initiated by 

a specific immunological mechanism and “hypersensitivity” as objectively reproducible 

symptoms or signs initiated by exposure to a defined stimulus at a dose tolerated by 

normal persons.29 In 2007 it turned out most researchers had not adopted the new 

definitions.5 
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The EuroPrevall study is funded by the European Union.15 Many different types of 

research from basic to clinical, in infants, children and adults have been conducted in this 

study.15;30 The EuroPrevall study is the first study to investigate food allergy preva lence, 

with a gold standard based diagnosis, in the European general population.15;30 This thesis 

describes results from the Dutch EuroPrevall birth cohort study.

Outline of this thesis:

In chapter two the study methods and aims of the EuroPrevall birth cohort study are 

presented. This is a European multi-centre study following children from birth up to 2.5 

years of age. Main aim of the study is to investigate DBPCFC confirmed food allergy for 

the main food allergens among this age group, namely cow’s milk, hen’s egg and peanut.  

Both the published baseline characteristics of the birth cohort as well as the European 

CMA numbers are presented. Also, the additional Dutch cohort specific analysis regarding 

ethnic background and the representation of the recruited population are presented. 

Chapter three compares the two infant formulas used in the Dutch cohort for the 

treatment of CMA. An extensively hydrolysed formula (eHF) is currently the standard 

treatment. It is known that about 10% of the children are not effectively treated with 

an eHF, so they are switched to an amino acid based formula (AAF). In this study we 

investigated how many children had incomplete symptom resolution upon eHF and 

whether symptoms at presentation of CMA are able to predict it.

In chapter four we comment on a publication by Taylor et al who investigated the 

cost-effectiveness of both an extensively hydrolysed formula (eHF) and an amino acid 

based formula (AAF).31 They used data from The Health Improvement Network (THIN) 

database, covering infants with CMA younger than 1 year of age and marked in the 

database by a certain code. However, it is not clear from the manuscript how CMA was 

defined. In this reply we comment on the results presented by Taylor et al.

In chapter five we describe two children with a false-negative DBPCFC and a severe 

allergic reaction upon introduction of cow’s milk. Both children were suspected of CMA 

while fully breastfed. Both children showed no symptoms during the active day of the 

DBPCFC. However, they developed severe reactions while drinking their first bottle of cow’s 

milk based partially hydrolysed formula. In this case report we discuss possible causes of 
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these false-negative food challenges and suggest a protocol change to limit the risks.

In chapter six the results of a pilot study regarding epigenetic changes as possible cause 

for CMA are discussed. Since CMA is a complex disorder, several genetic and environ-

mental factors are possible risk factors for developing CMA. There is a fast increase 

in prevalence of allergic diseases in Western countries, which cannot be explained by 

genetics alone. It is hypothesized that the increased prevalence is likely to be caused 

by alterations in the environment such as a change in diet pattern. Epigenetics include 

all modifications to DNA and proteins and are thought to regulate gene expression 

and/or protein function. Moreover, epigenetics is thought to be influenced by genetics 

and environmental circumstances. In this chapter the results of a pilot study regarding 

epigenetic changes in children with CMA compared to healthy controls as well as former, 

now tolerant CMA children are presented.

Chapter seven discusses the role of SNPs and the Filaggrin gene within CMA. Several 

SNPs are known to be involved in allergic diseases such as asthma. Furthermore, Filaggrin 

has been reported in several allergic diseases, including peanut allergy. In this small 

sample size study, six known SNPs and the role of Filaggrin was investigated in children 

who have been (previously) diagnosed with CMA and healthy controls.

In chapter eight we investigated the association of asthma-like symptoms and aero-

allergen sensitization in the first 2.5 years of life with CMA. In the literature regarding 

the allergic march, asthma is described as the next atopic disease to develop in life 

after having had a food allergy. In this study we investigated whether aero-allergen 

sensitization, asthma-like symptoms and use of asthma-medication are already different 

between children with CMA compared to age-matched healthy controls.

In chapter nine we comment on a publication by Mulder et al regarding the risk of 

allergic diseases in children and prenatal acid-suppressive drug exposure.32 They found 

an association between the development of atopic dermatitis, asthma and allergic rhinitis 

in childhood and prenatal acid-suppressive drug exposure. The association between acid-

suppressive drug exposure during pregnancy and the development of asthma and other 

allergic diseases, as reported by Mulder et al., in our opinion, has not been proven. 

Inter nationally accepted criteria for the diagnosis of asthma are essential for the reliable 

assess ment of an association.
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Chapter ten describes a study to investigate a new lung function technique in new born 

infants, with or without lung disease. Infants with CMA are described to be at risk for 

developing asthma. According to international guidelines asthma cannot be diagnosed 

at a young age. However, it could be that asthma is already present, but undiagnosed. 

Although asthma is a clinical diagnosis, lung function is of help in diagnosing asthma. 

Current available lung function techniques require the child’s cooperation, making it 

im possible to use with infants and young children. For research purposes there are 

tech niques available without requiring cooperation. However, they require the use of 

a facemask that changes the breathing pattern of the child. In this study a new lung 

function tech nique not requiring a facemask or cooperation, was compared to the 

available gold standard.

Chapter eleven contains a summary and general discussion of the results described in 

this thesis and recommendations for future studies.

This thesis is completed with a summary of the results in Dutch for non-medical trained 

readers. Furthermore, a list of publications and contributing authors, a portfolio of the 

courses undertaken by the author, a curriculum vitae of the author, and an acknow-

ledgment are included.
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Introduction

Food allergy (FA) is a major public concern. Especially since it seems that the prevalence is 

rising.1-3 However, the true prevalence of FA is currently unknown. Recent meta-analysis 

and systematic reviews show prevalence varying between 1 and 17%.4;5 Both studies 

show heterogeneity, which is known from literature about FA in young children. One of 

the reasons is the lack of uniform criteria. Self-reported FA, skin prick test (SPT), serum 

specific immunoglobulin E (sIgE), open food challenges and double blind placebo con-

trolled food challenges (DBPCFC) are all used for diagnosing FA. The relations between 

these test results and a clinical reaction after consuming the food is sometimes limited.6 

So far, DBPCFC remains the current gold standard for diagnosing FA.1;7

EuroPrevall, a population-based, multi-centre European follow-up study is designed 

to investigate the current prevalence of FA.8 Over 56 partners including patient 

organizations, food industry and research institutions are collaborating in this project. 

Studies are being performed throughout the different climatic and cultural regions of 

Europe and involve infants, school-aged children and adults.8

The main aim of the EuroPrevall birth cohort study is to investigate the current, 

DBPCFC confirmed, prevalence of FA among children between 0 and 2.5 years for 

several food allergens.1 The EuroPrevall birth cohort study is the first study in which FA is 

diagnosed by DBPCFC using the same protocol and criteria in all participating countries.1 

The secondary aim is to investigate risk factors for developing FA.1 

Based on preliminary results, additional analyses were performed within the Dutch 

cohort. Additional aims were, to investigate the maximum FA prevalence caused by 

possible bias of the cohort. Second, whether ethnic background of child and or parents 

was significantly different between food allergic and non-food allergic children within 

the Dutch cohort.

Methods

The methodology of the EuroPrevall birth cohort study has been described in detail by Keil 

et al.1 In summary, children were included at birth in nine centres across Europe, with a  

follow-up until 2.5 years of age. In cases of a suspected FA an additional questionnaire, 

phy sical examination, SPT, sIgE, blood sample for future DNA-analysis, and DBPCFC were 

per formed to confirm or exclude FA. The diagnosis FA was based on food challenge 

results only. 
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For each child undergoing a DBPCFC, two healthy, age-matched children were evaluated 

as controls with the same questionnaires, physical examination, and blood analysis.

The questionnairy included questions about allergic symptoms, feeding habits of the 

mother during pregnancy and breastfeeding, feeding habits of the child, medication and 

vitamin use, vaccinations, infections, family history of asthma and allergy, tobacco smoke 

and pet exposure. The questionnaires were based on previously validated ones. The 

questionnaires were used to identify children with possible FA and to investigate possible 

risk factors for developing FA.1 Physical examinations included severity assessment of 

atopic dermatitis by the Scoring Atopic Dermatitis Index (SCORAD).9

Study population

In the Netherlands, parents were asked to participate in the study by their own midwife/

gynaecologist during pregnancy and postnatally, until 1 week after birth. The study team 

received contact details of those interested by the midwife/gynaecologist. The study 

team was not allowed to contact pregnant mothers directly. The other European study 

centres were allowed to contact pregnant mothers directly. Inclusion criteria in all centres 

were: an APGAR score after 5 minutes of 7 or higher and a minimal gestational age 

of 34 weeks. Exclusion criteria were: insufficient communication skills of the parents 

or participation in allergy and/or atopy related interventional studies.1 Recruitment was 

performed in Almere, a city nearby Amsterdam with 190856 inhabitants and around 

2500 births per year (personal correspondence municipality of Almere). 

The Medical Ethics Committee of the Academic Medical Hospital (METC 06/005) 

approved the study. Written informed consent was obtained from both parents of each 

child, unless only one of them had parental rights.

Performing a DBPCFC

A DBPCFC consisted of two challenge parts. A basic food, mainly infant formula, served 

as placebo and the same basic food with the suspected allergen served as the active 

food. Each active food day contained 4.3 gram of allergen protein.1 Placebo and active 

food were given in a random order, with a certain time in between. Both placebo and 

active food needed to be sufficiently blinded so parents and the medical team involved 

in interpreting allergic reactions, didn’t know the order of active and placebo foods.10 For 

safety reasons, the food was given in small, increasing amounts (table 1).
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Table 1: amount of allergen protein in the different doses on the active day of the 
doubleblind placebocontrolled food challenge1

Dose amount of allergen protein (mg)

1 0.003

2 0.03

3 0.3

4 3

5 30

6 90

7 300

8 900

9 3000

Total 4300

 

Interpretation of DBPCFC

FA diagnosis was confirmed with a clear reaction to the active food and no reaction 

to the placebo food. FA was ruled out in case of no reaction to the DBPCFC and the 

suspected food could be reintroduced slowly into the child’s diet. When there was a 

reaction to the placebo food, but not to the active food, the child was a placebo-reactor. 

Since FA was ruled out the food could be reintroduced. When the child was reacting to 

both foods, or the reaction was not clear, the DBPCFC was inconclusive.1;11 Depending 

on the reaction, the DBPCFC could be repeated, a prolonged DBPCFC or an open food 

challenge could be performed. A prolonged DBPCFC consisted of 5 days 200ml placebo 

food and five days 200ml (containing 4.3 gram allergen protein per day) active food 

at home in random order with the same principals as the standard DBPCFC. An open 

food challenge consisted of increasing amounts of the suspected allergen in a general 

available form up to one serving portion of the allergen in total.

Follow-up

Children who underwent a DBPCFC were re-evaluated annually by questionnaire, 

phy si cal exam, blood analysis and SPT. The DBPCFC was repeated annually for each 

allergen until the challenge was negative, the child was eating the food regularly 

without symptoms or the child reached the end of the study at 2.5 years of age. The 

control children were re-evaluated annually after their initial evaluation by questionnaire, 
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physical examination and blood analysis. Follow-up of all children in the cohort consisted 

of telephone questionnaires at the age of 1, 2 and 2.5 years.

Bias of the Dutch cohort

There is a risk of bias because the Dutch cohort was only allowed to contact possible 

parti cipants through midwives/gynaecologists. People with allergic diseases are more 

likely to give permission for sharing contact details with the study centre compared to 

non-allergic people. These factors could generate a bias in the possible study participants 

compared to contacting the complete general population. A small amendment of the 

study was performed to investigate a possible bias. All families living in Almere, the city of 

recruitment, with a child born in the recruitment period (September 2006 – February 2010) 

were requested to answer the question whether they had “doctor-diagnosed” food allergy, 

hay fever, pet allergy, house dust mite allergy, eczema or asthma. These questions were 

also part of the baseline questionnaires in the EuroPrevall study. Data were obtained from 

father, mother and older siblings of the child born in the mentioned period. Furthermore, 

data regarding participation of the child in the Dutch EuroPrevall study and birth month 

and year of the child born within the recruitment period were obtained. Addresses were 

obtained through the city council. Participating families returned their answers on a postage 

free postcard, by email or by calling the investigators. The medical ethical committee of the 

AMC approved this amendment of the study (METC 06/005).

The proportion of allergic families in the population was obtained through these 

answers. Proportions of allergic children within allergic families and allergic children in 

non-allergic families were obtained from the EuroPrevall birth cohort data. Based on 

these proportions an estimation of allergic children within the study-population was 

calculated as estimated prevalence in case the cohort was unbiased. The difference 

between this estimated prevalence and the actual prevalence obtained in the EuroPrevall 

study is the maximum percentage of prevalence explained by cohort bias.

Ethnicity in the Dutch cohort

At baseline, demographic data including ethnic background of the parents was collected 

by questionnaire. Parental ethnicity was defined as Caucasian (Western European 

background) and non-Caucasian (all other ethnic backgrounds) and child ethnicity as 

Caucasian (both parents Caucasian), half-Caucasian (1 parent Caucasian, 1 parent non-

Caucasian) and non-Caucasian (neither parent Caucasian).

Food allergic was defined as a positive food challenge. Non-food allergic was defined  

as no signs of FA and/or a negative food challenge. The ethnic background was compared 
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between the food allergic and non-food allergic children of mothers, fathers and children 

separately using Pearson Chi-Square statistical tests.

Results

In total 12049 children were included in the nine European countries. In the Netherlands 

976 children were included between September 2006 and February 2010. Follow-up 

continued until summer 2012 and was completed by 833 (85.35%) children and their 

families. A total of 102 children underwent food challenges and of those children 64 

had one or more positive challenges. In the Dutch cohort 49 children suffer from cow’s 

milk allergy (CMA), 20 children from hen’s egg allergy and 5 children from peanut allergy 

(figure 1). 

 

Included  
n=976 

Children 
investigated with a 

food challenge 
n= 102 (10%) 

Cow's milk allergy 
challenge 
n=91 (9%) 

Positive food 
challenge 
n=49 (5%) 

Positive  according 
to case defenition 

n=10 (1%) 

Re-evaluated 1 year 
after diagnosis 

n=8 (80%) 

Tolerance 1 year 
after diagnosis 

n=6 (60%) 

Re-evaluated 1 year 
after diagnosis 

n=38 (78%) 

Tolerance 1 year 
after diagnosis 

n=26 (53%) 

Henn's egg 
challenge 
n=31 (3%) 

Postive food 
challenge 
n=20 (2%) 

Re-evaluated 1 year 
after diagnosis 

n=16 (80%) 

Tolerance 1 year 
after diagnosis 

n=5 (25%) 

Peanut challenge 
n=16(2%) 

Positive food 
challenge 
n=5 (1%) 

Re-evaluated 1 year 
after diagnosis 

n=1 (20%) 

Tolerance 1 year 
after diagnosis 

n=0 

Lost to follow-up 
untill 2.5 years of 

age 
n= 143 (15%) 

Figure 1: Participants included in the Dutch euroPrevall birth cohort study
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Baseline characteristics

Baseline characteristics of the birth cohort were published by McBride et al.12 In summary, 

considerable variation between cohorts was found in family allergies, obstetrical practices 

and home environment. For the Dutch cohort three variables were of particular interest. 

First, the prevalence of family allergies, self-reported as food hypersensitivity among 

parents, was higher in the Netherlands, United Kingdom, Germany and Spain. Second, 

parental asthma, allergic rhinitis and eczema were reported more often in Iceland, 

United Kingdom, Germany, and the Netherlands as compared to the other countries. 

Finally, there were less Caucasian fathers and mothers in the Dutch cohort compared to 

the other cohorts.

Cow’s milk allergy incidence

Results of CMA in the European cohort were described by Schoemaker et al.13 In 248 

children a DBPCFC for cow’s milk was conducted, of which 55 children were reactive. 

A stringent case definition was used to define CMA and non-IgE mediated CMA (CMA 

hypersensitivity). Numbers were adjusted for lost-to-follow-up and challenge refusing, 

leading to an adjusted incidence for CMA of 0.74% (95%CI 0.56-0.97) ranging from 

0% in the South- and Eastern-Europe to 1.3% in the North- and Western-Europe. Only 

in the United Kingdom, Poland, Italy, and the Netherlands a substantial number of the 

reactive children had no detectable sensitization for cow’s milk on sIgE or SPT, meaning 

non-IgE mediated CMA. Tolerance to cow’s milk developed in 22 out of 32 (69%) re-

evaluated children. All children with non-IgE mediated CMA and 56.5% of the children 

with IgE mediated CMA developed tolerance to cow’s milk one year later.

Bias of the Dutch cohort

Parents/caretakers of 8870 children were approached for the study and family allergy 

data were obtained from the families of 2392 children born in the mentioned period. 

Information of 1782 children and their families was complete and adequate of which 

1003 families had a positive family history for allergies (256 of these were also participants 

in the EuroPrevall study) and 779 (of which 123 were participants in the EuroPrevall 

study) had no history of allergies within the family. From the 976 children included in 

the Dutch cohort, 64 have proven FA. This means a FA prevalence of 6.56% in the first 

2.5 years of life. Allergic status in combination with family history for allergies of the 

participants of the EuroPrevall study is presented in table 2.
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Table 2: Proven food allergy status of children and their family allergy status  
of the Dutch euroPrevall birth cohort study

Food
allergic child

Non-food allergic 
child

Total

Allergic Family 60 761 821

Non-allergic Family 4 151 155

Total 64 912 976

Data are presented as number of children

Table 3: recalculation of “food allergy status of the child” based on proportions 
obtained by the additional data collection within the population used for recruitment  
of study participants

Food
allergic child

Non-food allergic 
child

Total

Allergic Family 40 509 549

Non-allergic Family 11 416 427

Total 51 925 976

Data are presented as number of children.

The proportion of allergic families in the general study population obtained was 1003/ 

1782. The proportion of allergic children within allergic families was 60/821. The amount 

of allergic children in non-allergic families was 4/155. An estimated prevalence of 5.23% 

food allergic children was calculated (table 3). Therefore, a maximum of 1.33% of the FA 

prevalence in the Dutch cohort can be explained by bias of that cohort.

Ethnicity in the Dutch cohort

72.4% of the mothers in the non-allergic group were Caucasian, compared to 64.1% 

in the allergic group (p=0.18). 69.1% of the fathers in the non-allergic group were 

Caucasian compared to 71.9% in the allergic group (p=0.59). 61.5% of the participating 

children were Caucasian, 18.2% were half-Caucasian and 20.3% non-Caucasian. In 

the non-allergic group 61.6% were Caucasian, 18.3% half-Caucasian and 20.1% non-

Caucasian, compared to 59.4%, 17.2% and 23.4% in the allergic group, respectively 

(p=0.84).
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Discussion

The EuroPrevall birth cohort study is the first worldwide study to investigate FA prevalences 

and other related aspects of food allergy in young children.1;12 However, thus far only 

CMA incidence (0.74% [95%CI 0.56-0.97]) has been published.13 

In the EuroPrevall study, FA was based on a positive food challenge, according to the 

study protocol. In the paper about CMA a stringent case definition was introduced to 

exclude centre differences, subjective symptom interpretation and physician judgements 

from analysis.13 In this incidence paper only the cases matching the case definition were 

included, in other words children with objective symptoms within 2 hours after the 

DBPCFC. However, more children were diagnosed with CMA according to a positive 

food challenge. In this thesis not only children with early objective symptoms, but all 

children with a positive challenge are included as FA. Therefore, numbers of challenged, 

allergic and tolerant children differ between the EuroPrevall CMA incidence paper and 

the other papers regarding the Dutch EuroPrevall birth cohort.13 

Parent reported allergy at baseline was high in the Dutch cohort compared to 

some of the other cohorts. This was of interest since allergy history of non-participating 

families was unknown for the Dutch cohort, and it was assumed allergic families 

were more likely to participate in a study about food allergy compared to non-allergic 

families.12 Due to the medical ethical committee regulations, the study team was not 

allowed to contact pregnant women directly, until after a woman expressed her interest 

in participating to her midwife or the study team. It turned out that in the Dutch cohort 

relatively more allergic families participated (821/976 = 84%) compared to the general 

population (1003/1782 = 56%) of the recruitment city. This was also expected based on 

the European baseline characteristics.12 Estimated bias could explain maximum 1.33% of 

the 6.56% allergic children within the Dutch cohort. Although response to the additional 

study was limited, estimates were made since only a maximum explaining percentage 

was calculated. Taking into account the limitations in contacting pregnant mothers by 

the study team, this bias was accepted as this is expected to be as good as possible with 

respect to the regulations.

Ethnicity was investigated because of the difference in baseline characteristics between 

the Dutch cohort and other cohorts.12 Furthermore, ethnic background, especially black 

race, has been described as a risk factor for FA.14;15 Non-Caucasian children in the Dutch 

cohort were slightly more often diagnosed with FA than Caucasian children, although 

this difference was not statistically significant. A difference was assumed upon seeing the 

percentages of Caucasian and non-Caucasian parents, particularly mothers, but this did 
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not reach statistical significance either. Considering the small sample size it is assumed 

that a higher sample size could have led to a p-value <0.05. Therefore, ethnicity is not 

excluded as possible influencing factor, however it is not further investigated within this 

thesis.

Conclusion

The EuroPrevall birth cohort study is the first study to investigate FA in such a large 

group of infants with the same diagnostic (gold standard) approach in every participating 

centre. Recently the first results, regarding CMA incidence, have been published.
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Abstract

The aim of this study was to investigate the cumulative incidence and predictive variables 

of treatment failure with a whey-based extensively hydrolysed formula (w-eHF) in chil dren 

with cow’s milk allergy (CMA). All children were diagnosed with CMA, using DBPCFC 

with amino acid based formula as placebo, and receive w-eHF treatment after diagnosis.

Forty-nine children with CMA were included. W-eHF treatment failure was defined as 

incomplete resolution of original CMA symptoms upon w-eHF treatment, and dis appea-

rance of these symptoms upon replacement of w-eHF with amino acid based formula.

A multiple logistic regression model was used to investigate which variables could 

predict treatment failure. Twenty-five (51%; 95% CI 38-64%) of the children with CMA 

failed on w-eHF. Only “gastrointestinal discomfort” was found to contribute indepen-

dently to the probability of failing w-eHF, odd’s ratio (95%CI) 8.994 (1.007-79.457). 

Conclusions

In half the children with proven CMA there is incomplete resolution of symptoms upon 

w-eHF treatment. This study needs to be repeated including DBPCFC with w-eHF to 

provide more definitive diagnosis, especially since “gastrointestinal discomfort” seems 

to be the sole predictive variable for treatment failure. In the meantime, a change in for-

mula should be considered in children with incomplete symptom resolution upon w-eHF 

treatment. 
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Introduction

Cow’s milk allergy (CMA) is a common food allergy in young children.1;2 Standard 

treatment for proven CMA is an intact cow’s milk protein (CMP) elimination diet.3;4 In 

most infants an extensively hydrolysed formula (eHF) is the formula of choice.3-6 It is 

known that in a subset of children with CMA an eHF is not tolerated.3;5;7-15 Frequencies 

vary between 2 to 18%, most likely due to small study populations.8;9;11;12;14;15 In five out 

of eleven publications there is only a statement about not tolerating eHF, a clear definition 

is lacking.3;5;7;10;13 In most publications the type of eHF (whey based eHF (w-eHF) or casein 

based eHF (c-eHF)) is not specified.3;5;7-15 These children are in need of an amino acid 

based formula (AAF).3;10;12;15 

There is currently no clear explanation for treatment failure. A few factors have been 

identified that might be associated with not tolerating eHF in children with CMA. Not 

tolerating eHF is more common in children with a more severe allergy, gastro-intestinal 

symptoms, children with non-IgE mediated CMA and children that were exclusively 

breastfed when the symptoms of CMA occurred.3;9;12;13;16 

During the course of the Dutch EuroPrevall birth cohort study (EuroPrevall BCS), we 

noticed more infants with incomplete symptom resolution upon w-eHF treatment than 

expected based on available literature. Therefore we investigated, in this observational 

study, the cumulative incidence and predicting variables of treatment failure with w-eHF 

in all children with CMA in the Dutch EuroPrevall BCS.

Methods

Population

All 49 children with a first time diagnosis of CMA between 0 and 2.5 years of age from 

the Dutch EuroPrevall BCS were included. In the EuroPrevall BCS, 12049 children were 

included, of which 976 were in the Dutch cohort.17 Out of the 976 children, 91 children 

were suspected of CMA and challenged accordingly. CMA was proven in 49 children. 

The Dutch EuroPrevall BCS was performed between September 2006 and July 2012. 

The EuroPrevall BCS has been described in detail previously.2;17 In summary, children 

were recruited antenatally or directly postnatal and standardized measurements were 

performed by questionnaires at 1, 2 and 2.5 years of age. All children with symptoms 

suggestive of CMA underwent Skin Prick Testing (SPT) with cow’s milk extract (ALK-

Abello, Hørsholm, Denmark), serum specific IgE (sIgE) measurement (Phadia Diagnostics, 
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Uppsala, Sweden) and a double blind placebo controlled food challenge (DBPCFC). During 

the elimination phase preceding the DBPCFC the child was given a CMP elimination diet. 

AAF was the replacement formula, according to protocol.2 A strict CMP elimination diet 

was advised in mothers during lactation, with additional AAF to enable a DBPCFC. The 

diagnosis of CMA was confirmed using an oral food challenge (FC).

The Medical Ethics Committee of the Academic Medical Hospital (METC 06/005) 

approved the Dutch EuroPrevall BCS. Written informed consent was obtained from both 

parents of each child, unless only one of them had parental rights.

Food challenges

DBPCFC was the challenge of choice according to the EuroPrevall BCS protocol.2 The 

DBPCFC protocol was described in detail previously.2 In summary, the child received 

either AAF with cow’s milk protein (active day) or AAF only (placebo day) in increasing 

doses, double blinded, in a random order, on two different days. A total dose of 4.3 

gram CMP was given on the active day. A prolonged DBPCFC consisted of two periods 

of five consecutive challenge days at home, and was only performed in case the general 

DBPCFC was not providing a clear diagnosis. The active part consisted of five days with 

one active challenge dose per day, consisting of 4.3 gram CMP dissolved in AAF formula 

up to a total volume of 200 ml. The placebo part consisted of five days with one dose of 

200 ml AAF formula a day. Active and placebo parts were in randomised order, according 

to the double blind placebo controlled principle. An open FC, only performed when the 

general DBPCFC was not providing a clear diagnosis and a prolonged DBPCFC was not 

possible, consisted of standard cow’s milk based formula starting with 1 ml (= 0.016 g 

CMP) and increasing in 7 doses to a total amount of 251 ml (= 4.016 g CMP). All children 

were first challenged with a DBPCFC. When the challenge result was inconclusive an 

additional challenge, preferably a prolonged DBPCFC, was performed. However, in 

some cases a prolonged DBPCFC at home was not possible and then an open FC was 

performed.

A challenge day was considered positive when objective symptoms appeared. Also 

when there were severe, persisting (more than 40 minutes) subjective symptoms the 

challenge day was considered positive (table 1). When the symptoms were minor or not 

clearly allergic and not worsening over 40 minutes, the last given dose was repeated. 

Symptoms within 72 hours after a challenge day were considered as possible reactions. 

The FC was classified according to the protocol described by Keil et al.2 
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Table 1: Objective and subjective symptoms during food challenges

Objective Subjective

Skin Erythema - flushed irritability
Urticaria - nettle rash 
Edema - swelling
Eczematous rash
Cold peripheries - shut down 

Pruritus - itch
Tingling - mouth / lips 

Nasal Congestion - sniffing 
Rhinorrhea - runny nose 

Sneezing - plus itchy nose 

Ophtalmic Ophthalmia - inflamed sore eyes
Runny eyes 
Swollen eyes 

Glazed expression 

Respiratory Wheeze 
Hoarse voice/stridor 
Use of accessory muscles 
Tachypnea 

Tight / itchy throat 
Tightness in chest 
Dyspnea - difficulty breathing 

Gastric Vomiting 
Diarrhea 

Abdominal pain 
Nausea 

Behavior Irritability 
Drowsiness 
Decreased activity 
Uncomfortable 
Anxiety 
Distress 

Cardiac Tachycardia 
Hypertension 
Hypotension 
Cyanosis

 

CMA Treatment

After a positive FC, considered as diagnostic for CMA, all children continued their CMP 

elimination diet.3;4 A w-eHF was prescribed, instead of the AAF the children used in the 

diagnostic phase.3;18;19 Failure of w-eHF treatment after CMA-diagnosis was defined as 

incomplete resolution and re-appearance of (some of) the child’s original symptoms upon 

w-eHF use, and disappearance of these symptoms upon replacement of w-eHF with an 

AAF. In case of incomplete symptom resolution, w-eHF was replaced by AAF according to 

our protocol. If the child had been prescribed another formula before CMA diagnosis due 

to w-eHF failure or previous anaphylaxis, this former formula was prescribed again after 

CMA diagnosis, and defined as w-eHF treatment failure. The w-eHF formula used was 

Nutrilon Pepti® (Nutricia, Zoetermeer, the Netherlands) and the AAF used was Neocate® 

(Nutricia Advanced Medical Nutrition, the Netherlands)
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Variables

Investigated variables at presentation of CMA were: sex, age at diagnosis CMA, elevated 

specific IgE against cow’s milk in serum or positive SPT for CMP, exclusive breastfeeding, 

skin symptoms, gastro-intestinal symptoms, respiratory symptoms or general symptoms 

as “gastrointestinal discomfort”. Age at CMA diagnosis was defined as the age at the 

active day of the DBPCFC, the date of the open FC or the date of decoding the prolonged 

DBPCFC. Exclusive breastfeeding was defined as breastfeeding as only source of feeding 

at appearance of CMA-symptoms. IgE-mediated was defined as either an elevated sIgE 

for CMP (sIgE ≥0.35kU/L) or a CMP-histamine ratio ≥0.6 at the SPT. Eczema, urticaria, 

angioedema, itching and persistent rash were included in skin symptoms. Vomiting, 

reflux, diarrhoea, constipation, abdominal cramps and rectal blood loss were included in 

gastro-intestinal symptoms. Shortness of breath, wheezing, use of bronchodilators and/

or use of inhaled corticosteroids not related to infections were included in respiratory 

symptoms. Symptoms of gastrointestinal discomfort included inconsolable crying, agi-

tation, restlessness, overstretching and persistent refusing of cow’s milk based foods as 

reported by the parents.

Statistical Analysis

A multiple logistic regression analysis was used to investigate which variables could be 

defined that predict incomplete symptom resolution.20 From all candidate predictors an 

univariable selection of statistically significant predictors (p<.10) was made, followed 

by a forward stepwise multivariable selection. Selection started with the predictor with 

the lowest univariable p value, and predictors were added until none of the remaining 

univariable selected predictors (with p<.10) had a multivariable p<.05. Adjusted 

odds ratios with 95% confidence intervals are presented. Finally, an ROC curve was 

constructed by calculating the sensitivity and specificity for consecutive cut-off points 

according to the predicted probabilities from the logistic regression model. The Area 

Under the Curve (AUC) was calculated as an indicator of model performance. The AUC 

is a measure of predictive discrimination: 50% is equivalent to random guessing and 

100% is perfect prediction. Thus a higher AUC indicates a better ability to discriminate 

between incomplete symptom resolution or not. SPSS version 19 (IBM SPSS Statistics for 

Windows, Armonk, NY) was used for all statistical analyses. 
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Results

General patient characteristics including symptoms at presentation of CMA are shown 

in table 2. There were no life-threatening allergic reactions upon introduction of w-eHF. 

Out of the 49 children with CMA 25 (51%, 95% CI 38-64%) had incomplete symptom 

resolution with w-eHF. The median time (25-75% interquartile range) between start of 

w-eHF treatment and reintroduction of AAF due to incomplete resolution of symptoms 

was 3.86 (2.00 – 6.57) weeks. Only three children were prescribed another formula due 

to w-eHF failure (2 children) or anaphylaxis (1 child) before CMA diagnosis. 

 
Table 2: general patient characteristics, including symptoms at presentation of cow’s 
milk allergy

w-eHF treatment 
tolerated

w-eHF treatment 
failure

Group size 24 25

Sex ♂ / ♀ 15 / 9 16 / 9

Age at diagnosis CMA in months  
(median (25 -75% interquartile range))

6.18
(4.44 – 9.09)

5.49
(3.76 – 8.72)

Type of challenge conclusive for CMA diagnosis
 DBPCFC
 Prolonged DBPCFC
 Open food challenge

16
7
1

15
6
4

Number of children that received breastfeeding 14 22

Number of children with exclusive breastfeeding  
at occurrence of CMA 

8 12

Number of children presenting with skin symptoms 18 17

Number of children presenting with gastro-intestinal symptoms 12 15

Number of children presenting with symptoms  
of gastrointestinal discomfort

1 7

Number of children presenting with respiratory symptoms 2 2

Number of children with specific IgE for cow’s milk protein  
before CMA diagnosis <0.35 kU/L / ≥ 0.35kU/L

16 / 4 21 / 3

Number of children with skin prick test cow’s milk protein  
versus histamine ratio <0.60 / ≥ 0.60

19 / 4 19 / 5

Data are presented as n, unless stated otherwise; w-eHF= whey based extensively hydrolysed formula; 
CMA=cow’s milk allergy; DBPCFC=double blind placebo controlled food challenge
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In the multiple logistic regression analysis from all candidate predictors used in the 

selection procedure only “symptoms of gastrointestinal discomfort” contributed 

independently to the probability of failing treatment (p=0.049; OR [95%CI] 8.994 

[1.007-79.457]). Other predictors did not contribute further to the model. The AUC 

for this model with “symptoms of gastrointestinal discomfort” as predictor was 0.579. 

Details of the multiple logistic regression analysis are shown in table 3.

Table 3: Crude odds ratios of candidate predictors for treatment failure,  
using univariable logistic regression 

Variable Or 95% Ci p-value

Sex 1.067 0.334 - 3.409 0.913

Age at CMA diagnosis 1.031 0.986 - 1.078 0.183

Exclusive breastfeeding at occurrence of CMA 0.900 0.233 - 3.475 0.878

CMP specific IgE ≥ 0.35kU/L or SPT with a CMP-histamine 
ratio ≥ 0.60

0.950 0.237 - 3.812 0.942

Skin symptoms 0.708 0.203 - 2.470 0.588

Gastro-intestinal symptoms 1.500 0.484 - 4.651 0.483

Respiratory symptoms 0.957 0.124 - 7.395 0.966

Symptoms of gastrointestinal discomfort 8.944 1.007 - 79.457 0.049

OR=odd’s ratio; 95% CI= 95% confidence interval; CMA=cow’s milk allergy; CMP=cow’s milk protein; SPT=skin 
prick test

Discussion

Incomplete resolution of symptoms with a w-eHF was seen in half of the children in our 

study. The only predictor of incomplete symptom resolution upon w-eHF treatment that 

we could identify in this population was “gastrointestinal discomfort”. 

As to our knowledge, we are the first to describe such a high percentage of infants 

with CMA with incomplete symptom resolution upon w-eHF treatment.3;5;7-15 This is 

important information for those who treat infants with CMA. This seems the more 

relevant since eHF in most children is the treatment of choice.3-6;10;18 Therefore each 

health care worker involved in children with CMA should be aware of this high risk of 

incomplete resolution of symptoms upon eHF treatment.21 
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We found 51 percent incomplete symptom resolution. Especially since the children used 

an AAF during the elimination phase, parents are well aware of how minimal symptoms 

can be. It could be that the parents of our children are more aware of allergies and 

specifically CMA, and are therefore more determined to seek medical attention, while 

other parents are not aware of the symptoms and their possible course.17 Since an 

incomplete resolution of symptoms with w-eHF treatment was based on development 

and disappearance of symptoms instead of a (placebo controlled) challenge, blinding 

of parents and healthcare workers for symptoms was not possible in this observational 

study. Although effort was given to record symptoms as objective as possible with a clear 

definition, a false-positive classification was still a possibility. 

Another explanation could be that more severely allergic children were selected in 

this study, and therefore they are more prone for eHF treatment failure.4;12;13;15-17 However, 

the children in our cohort were recruited from the general population and not referred to 

a tertiary hospital and therefore they are less likely to suffer from a more severe allergy. 

Furthermore, the amount of w-eHF used during treatment, when w-eHF is used 

to remain nutritional adequacy, is larger than the amount of w-eHF used to investigate 

possible reactions.11 Maybe children only start to show symptoms after a certain dosage 

of the formula. 

Lactose content of w-eHF has been considered as cause for the w-eHF treatment 

failure, especially since AAF was lactose-free. Primary lactose intolerance in infants is very 

uncommon below 3 years of age. Secondary lactose intolerance, developed after gastro-

intestinal damage for example due to an infection, usually resolves within a few weeks 

after a lactose-free diet. In our study, all infants received lactose free formula (AAF) 

during the elimination, preceding the DBPCFC, which in general was about 2-3 months. 

Therefore secondary lactose deficiency was very unlikely, since the children developed 

symptoms on w-eHF which was prescribed after the DBPCFC. Regarding primary lactose-

deficiency, all children were followed-up during the study. Most children developed 

tolerance and could consume general cow’s milk (containing) products, including lactose. 

Therefore we consider lactose-deficiency not an explanation for the high percentage of 

children who developed symptoms after prescription of w-eHF.22;23

Contamination of the w-eHF formula used during production of the formula, as 

proposed by Host and Halken, is unlikely, seen the long duration of the study.5 They also 

point out residual allergenicity might cause adverse reactions. Since w-EHF is derived 

from different cow’s milk protein sources and processed to reduce allergenicity, it is not 

unlikely there are still cow’s milk protein epitopes present in w-eHF. AAF is a pure amino 

acid mixture and not derived from cow’s milk protein, therefore this type of formula is 
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considered non-allergenic.5 There is considerable debate regarding w-eHF and casein-

based eHF. However, to our knowledge there is no evidence to prefer one type over the 

other.6;21

It could be that the children in our study respond to some specific epitopes of the 

CMP peptides, due to the type of MHC-II molecules expressed.24 Or T-cell mediated 

reactions are triggered by the residual peptides in the w-eHF formula instead of B-cells, 

since T-cell epitopes are smaller than the IgE-binding B-cell epitopes.25 

In the literature children with certain symptoms seem more likely to fail treatment 

with eHF. Especially non-IgE mediated gastro-intestinal symptoms have been described 

more in children not tolerating eHF, but also exclusive breastfeeding at presentation, 

severe eczema and multiple food allergies have been described. Prevalences however are 

scarcely reported.3;9;12;16 During breastfeeding small amounts of cow’s milk are transferred 

into the breastmilk, we hypothesized that might be an indication for tolerating eHF. 

Despite the large amount of children with non-IgE mediated CMA, non-IgE mediated 

symptoms and exclusive breastfeeding were not significantly different in our study, 

probably due to small numbers. Clear definitions of symptoms are not given in the 

available publications and since symptoms of “gastrointestinal discomfort” are prone for 

subjective interpretation, comparison of symptoms between our study and literature is 

limited, especially since “gastrointestinal discomfort” is not mentioned in the literature in 

children suffering from eHF treatment failure. Symptoms of “gastrointestinal discomfort” 

were significantly different in our study, but with a p-value of 0.049, a large confidence 

interval and an AUC close to 50% the clinical significance is limited. Therefore we would 

recommend the development of more objective measures for gastrointestinal discomfort 

and a larger sample size before initiating new studies. Severity of eczema and suffering 

from multiple food allergies have not been investigated in our study, due to the small 

sample size.

One of the strengths of our study is that CMA-diagnosis in our study is based on 

the gold standard.26 Furthermore, we have included all children with CMA from the 

Dutch EuroPrevall BCS, and therefore have, despite small numbers, a relatively large and 

well documented study population. The major limitation of our study is that incomplete 

symptom resolution with w-eHF was based on a clinical diagnosis, and not confirmed 

with a (double blind placebo controlled) food challenge. Therefore there is the risk of 

false-positives in our study. To minimize this risk, incomplete resolution of symptoms with 

w-eHF was well defined and the same combination of (w-eHF and AAF) formulas was 

used throughout the study. For future studies we recommend the use of a (double blind) 

challenge to further reduce the risk of false-positive classification. In the meantime, each 
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health care worker should consider a change in formula in children treated for CMA 

without the achieved symptom resolution.

Conclusion

In half of the children with proven CMA, there is an incomplete resolution of symptoms 

upon w-eHF treatment. This study needs to be repeated including DBPCFC with w-eHF 

to provide more definitive diagnosis. In the meantime, a change in formula should be 

considered in children with CMA with incomplete symptom resolution upon w-eHF 

treatment. Objective measures need to be developed for symptoms of gastrointestinal 

discomfort.
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Editor,

With great interest we read the paper by Taylor et al about cost-effectiveness of two 

types of infant formula in case of cow’s milk allergy (CMA).1 They compared cost-

effectiveness of treatment with extensively hydrolysed formula (eHF) or amino acid 

formula (AAF) in two groups of infants. They used data from The Health Improvement 

Network (THIN) database. Infants with CMA younger than 1 year of age, diagnosed by 

a general practitioner, and marked in the THIN-database by a certain read code were 

included in the study. It is not clear from the manuscript how CMA was defined. CMA 

seemed to be defined as symptoms suggestive of CMA and resolution of symptoms 

upon elimination diet. 

We agree with the authors that the approach to the selection of patients from the 

THIN database is fundamental to this study. However, they state that the diagnosis of 

CMA is not clear in all cases. A clear definition of CMA is required to answer the research 

question and draw valid conclusions. Based on the results described by Taylor et al, we 

have concerns about the validity of diagnosis of CMA in their study. 

First, prevalences based on perception of food allergy and not on objective 

measures are known to overestimate food allergy prevalences.2;3 Therefore, according 

to international guidelines, diagnosis of CMA should be based on a food challenge, 

preferably: a double blind placebo controlled food challenge.4 The current prevalence 

of CMA is unclear. Recent studies describe numbers between 1 and 17%.2;3 This differs 

from the 2-3% given by the authors. Their observed prevalence seems to be in line with 

these studies. However, inclusion of patients in these studies differs markedly from the 

methods used in the study of Taylor et al, and cannot be compared. Second, 19% of 

the infants treated with an AAF remained symptomatic. Since AAF is based on amino 

acids and not derived from cow’s milk protein it is considered a non-allergenic formula.5 

Diagnosis of CMA should be questioned in these 19% when symptoms persist on AAF.6 

The authors also describe a percentage of 33 and 50% in both groups of infants 

with urticaria who also had anaphylaxis. However, in the discussion the percentage of 

children who had anaphylaxis was stated as 1 and 3%, respectively. The latter is more in 

line with our experience.

Finally, a high amount of healthcare visits can be explained by a short period of 

prescriptions of dietary formulas, which might be intrinsic to the healthcare system in 

the UK. Thus a difference in duration of prescriptions for the two formulas can be in 

part responsible for the higher costs for children treated with AAF.1 Adjusting for this 

difference is necessary.
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In conclusion, it is certainly interesting to compare costs of eHF and AAF feeding in 

infants with CMA, especially since AAF is much more expensive. However, in this type of 

studies it is essential to have a clear definition of CMA in order to gain valid results. In 

our opinion a cost-analysis is unreliable when it is not based on international accepted 

criteria for the diagnosis and treatment of CMA.
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Abstract

The double blind placebo controlled food challenge (DBPCFC) is the gold standard 

for diagnosing cow’s milk allergy (CMA). However, false-negative DBPCFC have been 

reported. We present 2 cases with a false negative DBPCFC in exclusively breast fed in-

fants suspected of CMA. These cases highlight the occurrence of severe allergic reactions 

of infants who were exclusively breastfed. Several reported causes of a false negative 

DBPCFC will be discussed. However, there is currently no clear understanding of the 

cause of a false negative DBPCFC. 

This paper highlights that a negative outcome of a DBFCFC must be interpreted 

with caution, because a severe allergic reaction might occur upon re-introduction of 

cow’s milk. Therefore, an additional open food challenge under medical supervision is 

recommended in exclusively breast fed infants with a negative DBPCFC.
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Introduction

Cow’s milk allergy (CMA) is a common food allergy in infants.1;2 The double-blind placebo 

controlled food challenge (DBPCFC) is the gold standard for diagnosing CMA.3 However, 

false-negative DBPCFC have been reported with a prevalence varying from 3-13%.4-6 We 

encountered two cases of exclusively breastfed infants who underwent a DBPCFC with 

a negative outcome, followed by an allergic reaction upon introduction of cow’s milk 

protein (CMP). 

Case A

A full term boy with a normal birth weight and APGAR scores had postnatal complications 

of persisting pulmonary hypertension of the neonate and perinatal sepsis for which he 

was managed with surfactant, breathing support and antibiotics. He was exclusively 

breastfed from birth on an unrestricted maternal diet until 8 weeks of age, with the 

exception of one bottle of partially hydrolysed cow’s milk based infant formula (pHF) in 

the first week of life. At 6 weeks he developed severe irritability, persistent crying and 

eczema. CMA was suspected. Since he was taking part in the EuroPrevall birth cohort 

study, investigations were carried out according to the protocol.7 He was successfully 

managed on a maternal CMP elimination diet followed by an amino-acid based formula 

(AAF), according to protocol.7 

Both skin prick test (SPT) for CMP (ALK-Abello, Hørsholm, Denmark) and CMP specific 

IgE measurement (Phadia Diagnostics, Uppsala, Sweden) were negative. At 3 months 

of age a DBPCFC was performed.7 He developed eczema on the chest at dose 7 and 

redness/flushed skin around the nose at dose 8 at the placebo-day, and had no symptoms 

on the active day. The DBPCFC was determined negative. As he had a positive atopic 

family history, a pHF was introduced.8;9 He immediately developed urticaria, angioedema 

and wheezing. He was diagnosed with anaphylaxis and managed accordingly. Three 

weeks later, the SPT was repeated for CMP, fresh whey-based extensively hydrolyzed 

formula (w-eHF), fresh standard infant formula and fresh semi-skimmed milk, and 

showed allergen-histamine ratios of: 0.64, 0, 1 and 1.2 respectively (table 1). Specific IgE 

for cow’s milk was 8.17kU/L. As the parents refused a second DBPCFC, an open food 

challenge (OFC) was carried out to confirm CMA. After a dose of 3mg CMP (equivalent 

of 90.4 µl cow’s milk)7 he developed urticaria around the mouth and swelling of the 

right side of the lip. A CMP elimination diet was continued including an AAF to maintain 
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nutritional adequacy.9 Also an adrenaline auto injector was prescribed. He was re-

challenged annually and after 3 years he became tolerant to cow’s milk.

Table 1: Skin prick test results before and after DbPCFC for Case a

Wheal size before 
DbPCFC (mm)

allergen-histamine 
ratio before DbPCFC

Wheal size after 
DbPCFC (mm)

allergen-histamine 
ratio after DbPCFC

Histamine 3 5.5

CMP 0 0 3.5 0.64

Fresh w-eHF N.D. 0 0

Fresh standard 
infant formula

N.D. 5.5 1

Fresh semi-
skimmed milk

N.D. 6.5 1.2

DBPCFC = double blind placebo controlled food challenge; mm = milimeter; CMP = cow’s milk protein; w-eHF 
= whey-based extensively hydrolysed formula; N.D.= not done

 
Case B

A full term girl with a normal birth weight and APGAR scores presented with eczema at 

3 months. She was exclusively breastfed, had abdominal cramps since birth and she was 

vomiting on consumption of breastmilk. Family history was positive for atopic diseases. 

On physical examination she had a dry skin and moderate eczema; Scoring Atopic 

Dermatitis score was 36 out of 103 (objective score 34 out of 83).10 CMA was suspected. 

As she was taking part in the EuroPrevall birth cohort study, investigations were carried 

out according to protocol.7 SPT carried out for CMP (ALK-Abello, Hørsholm, Denmark) 

and fresh standard infant formula, w-eHF and semi-skimmed milk were negative. IgE 

for cow’s milk was negative (<0.35kU/L). Maternal CMP elimination diet was successful. 

At 4 months AAF was initiated, because of significant reduction in breastmilk supply. 

A DBPCFC was postponed until baby B was willing to drink adequate amounts of AAF, 

required for testing. The DBPCFC at 6 months of age was negative. Additionally, an 

OFC was performed with a pHF. Within 1.5 hours after receiving the top dose (251ml 

= 4.0gram CMP) she had erythema and oedema in the face as well as on the arms and 

legs, while no skin lesions were reported at the start of the OFC. Within 24 hours she 

also developed diarrhoea. CMA was confirmed, the elimination diet was continued and 

w-eHF was introduced. Within 2 weeks after introduction of w-eHF she again developed 
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diarrhoea 4-6 times a day, which persisted for 3 months. Stool cultures for Salmonella, 

Shigella, Yersinia, Campylobacter, and triple faeces test remained negative. She was 

switched from a w-eHF to a casein-based eHF, however there was no improvement in 

diarrhoea. At reintroduction of AAF the diarrhoea disappeared. At scheduled follow-up 

at 18 months, all allergy tests that were carried out, including DBPCFC, were negative 

and CMP was successfully introduced. 

Discussion

Both exclusively breastfed infants had initially a false negative outcome of a DBPCFC and a 

severe reaction during reintroduction of cow’s milk. Our cases are not the first to describe 

false negative outcomes and several explanations have been discussed.4;5;11 Firstly, the 

possibility of a masked reaction due to medication was ruled out since both infants were 

not given any medication, including so called “over the counter medication”.11 Secondly, 

the dose of challenge food could have been too small to elicit symptoms.12 In both 

cases mentioned above the infants reacted to a lower dose compared to the dose used 

in the DBPCFC. Formula samples were analysed in a laboratory and exchange of active 

and placebo foods was ruled out. Thirdly, Niggemann and Beyer described a so called 

short-term specific oral tolerance, which means that the infant develops tolerance for 

the allergenic food during the increasing doses of the DBPCFC, but loses this tolerance 

quickly after the DBPCFC.11 Another possibility may be that during the challenge the 

infants became sensitised, while the actual clinical reaction occurs upon re-introduction 

of CMP. 

We would like to add that exclusive breast feeding may be a risk factor of having a 

false negative DBPCFC. Especially since all mentioned studies were performed in children 

of several ages, while we only describe young infants who were exclusive breastfed.4;5;11;12

Implications

Despite that DBPCFC is being considered as the gold standard for diagnosing CMA, 

a false negative outcome remains possible. Exclusively breastfed infants are at risk of 

experiencing a false negative DBPCFC outcome compared to formula fed infants. This 

could result in severe allergic reactions occurring when CMP is re-introduced. Therefore, it 

is recommended that in exclusively breastfed infants an additional OFC with the formula 



Chapter 5

58

of choice (standard formula or pHF) is performed under medical supervision rather than 

introduction of the formula at home.5 

After the occurrence of these severe reactions on re-introduction of CMP we have 

adapted our protocol accordingly.

Conclusion

We described two cases of exclusively breastfed infants with a severe allergic reaction after 

a negative DBPCFC. Despite, the fact that we are not able to provide a clear explanation 

for the false negative DBPCFC. An additional OFC with the formula of choice, performed 

under medical supervision, is necessary in exclusively breastfed infants to avoid severe 

allergic reactions.
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Abstract

Background

Cow’s milk allergy (CMA) is a common disease in infancy. Early environmental factors are 

likely to contribute to CMA. It is known that epigenetic gene regulation can be altered 

by environmental factors. We have set up a proof of concept study, aiming to detect 

epigenetic associations specific with CMA.

Methods

We studied children from the Dutch EuroPrevall birth cohort study (N=20 CMA, N=23 

controls, N=10 tolerant boys), age and gender matched. CMA was challenge proven. 

Bisulfite converted DNA (blood) was analyzed using the 450K infinium DNA-methylation 

array. Four groups (combined, girls, boys and tolerant boys) were analysed between CMA 

and controls. Statistical analysis and pathway-analysis were performed in “R” using IMA, 

Minfi and the global-test package. Differentially methylated regions in DHX58, ZNF281, 

EIF42A and HTRA2 genes were validated by quantitative amplicon sequencing (ROCHE 

454®).

Results

General hypermethylation was found in the CMA group compared to control children, 

while this effect was absent in the tolerant group. Methylation differences were, among 

others, found in regions of DHX58, ZNF281, EIF42A and HTRA2 genes. Several of these 

genes are known to be involved in immunological pathways and associated with other 

allergies.

Conclusion

We show that epigenetic associations are involved in CMA. Although, the statistical 

power of our study is limited and our sample was based on whole blood, we were still 

able to detect feasible loci and pathways. Therefore our findings might contribute to 

future diagnostic or therapeutic interventions for specific CMA. Further studies have to 

confirm the findings of our study.
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Introduction

Cow’s milk allergy 

Cow’s milk allergy (CMA) is a common food allergy in young children. Although an 

accurate number is difficult to establish, because of discrepancies between self-reported 

and proper diagnosed allergy, a recent European study describes an incidence of 0.74%.1-

3 CMA has a heterogeneous clinical presentation, with a low to moderate estimated 

heritability of 15% compared to other (food) allergies.4;5 Phenotypic symptoms are 

among others: eczema, diarrhoea, reflux, vomiting, and itch. Accumulating evidence in 

the development of allergic diseases suggest involvement of gut-microbiota, maturation 

of the immune-system and epicutaneous allergen sensitization.4;6;7 Pre- and postnatal 

environmental factors but also a parent-of-origin factor are likely to be involved in the 

susceptibility and expression of allergy.8 

Young children are likely to develop tolerance for cow’s milk protein (CMP) within 

a few years.4;9 However, infants who suffered from CMA in their early childhood have 

an increased risk to develop other allergic diseases like asthma later in life, the so-called 

allergic march.9-13 So far, a clear cause for CMA has not been found.

Epigenetic compound of food allergy

Environmental factors have the ability to change epigenetic gene regulation. A limited 

number of reports on epigenetics in relation to allergy are available. In children 

suffering from asthma, down regulation, i.e. by hypermethylation, of the Th1 IFN-γ cell 

mediated immune response occurs at the maternal-foetal interface.14 Moreover, it was 

suggested that early life exposures induced long-lasting epigenetic aberrations.14 Several 

environmental components have been suggested to alter the epigenetic setting in early 

life involving maternal lifestyle, diet, stress or hygiene.15-19 Since infants develop CMA at 

a very young age, especially maternal diet is of great interest. Diet involves development 

of certain diseases in the next generations.20 Also, milk, and especially breastmilk, is 

known to influence the infants immune system. Whether this is done through a direct 

immune reaction, microRNAs, genetics or epigenetic programming is not yet clear.21;22 

A high number of non-IgE mediated CMA was found in the Dutch children compared 

to other European children.3;23;24 Since milk consumption differs across Europe, and in 

the Netherlands there is a high milk consumption rate, this would be of great interest to 

investigate further.25 
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Genetic component of food allergy

Complex diseases are characterized by a considerable heterogenic phenotype and mul tiple 

additive genetic aberrations but also include interacting components like gene-gene and 

gene-environment interactions. Reports on heritability estimations for food allergy (FA) 

range from 15% for milk to 82% for peanut allergy.5;17 Some of these reported heritability 

estimates differ largely between study populations with a different geographic origin 

while it can be assumed that these populations have a similar ethnicity representation.6;17 

The discrepancy between geographic origin and ethnicity might be the consequence of 

different study design, i.e. twins or family based, but can also indicate that different 

environmental factors are influencing the genetic compound of FA. Furthermore, the 

prevalence of FA in well-developed countries has been shown to increase rapidly.26 The 

rapid increase of FA cannot be allocated to genetic changes or drift within the population. 

Whether this increase of FA is truly occurring or is the consequence of an improved public 

awareness and/or improved and available clinical diagnosis is unclear. Nevertheless, these 

remarkable observations with regard to the geographic origin - ethnicity discrepancies 

and the rapid increase of FA, opens the possibility that a strong epigenetic component is 

involved in the expression of FA and thus of CMA. 

Allergy with respect to gender

The role of gender and sex hormones in relation to the expression of allergy has been 

studied in epidemiological surveys. The distribution between genders is greatly skewed 

with regard to the expression of asthma before and after puberty.27;28 In general, allergy 

is more prevalent in boys before puberty, while after puberty allergies are more prevalent 

in girls. Reports on differences between genders suffering from specific food allergies are 

however inconsistent.8 Especially, the studies based on self–reported allergy questionnaires 

and studies based on a food challenge (the gold standard) show different outcomes.8 For 

CMA, differences in prevalence between genders are still under debate.29;30

To summarize, it is clear that CMA is an ultimate complex disease involving different 

immunological pathways, different environmental factors and possibly gender differences. 

It has been suggested that epigenetics, especially involving the young immune system, 

is involved in CMA. In this pilot study, we investigated if (i) epigenetic differences can 

be shown between children with proven CMA and healthy controls, (ii) if epigenetic 

differences alter upon obtaining cow’s milk protein tolerance and finally (iii) whether 

epigenetic differences are reflected by phenotypic differences with regard to gender in 

the CMA population. 
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Methods

Dutch EuroPrevall birth cohort study

All children were participating in the Dutch EuroPrevall birth cohort study. The EuroPrevall 

study has been described in detail previously.31;32 In summary, children were included 

around birth and standardized measurements were performed by questionnaires until 

2.5 years of age. All children with symptoms suggestive of CMA underwent, among 

others, serum specific IgE (sIgE) measurement (Phadia Diagnostics, Uppsala, Sweden) 

and a double blind placebo controlled food challenge (DBPCFC). sIgE-values <0.35kU/L, 

were considered negative. Age-matched healthy control children were selected from 

the entire Dutch cohort. In children with CMA and healthy controls, an attempt was 

made to obtain a full blood sample (EDTA KE 2.6ml Monovette, Sarstedt BV, Etten-

Leur, Netherlands) for DNA-isolation, besides the blood used for sIgE measurement. This 

was done annually until a sample was obtained. The Medical Ethics Committee of the 

Academic Medical Hospital (METC 06/005) approved the Dutch EuroPrevall Birth Cohort 

Study. Written informed consent was obtained from both parents of each child, unless 

only one of them had parental rights.

Patient characteristics were analysed with t-test (Mann-Whitney U test when data 

was not normally distributed) for continuous parameters. Chi-square test was used for 

categorical variables and Chi-square test for trend for multiple categories categorical 

variables. P-values <0.05 were considered significant. SPSS version 20 was used (IBM 

SPSS Statistics for Windows, Armonk, NY). 

CMA Diagnosis

DBPCFC is the gold standard for diagnosing CMA and the challenge of choice according 

to the study protocol.31-33 The DBPCFC has been described in detail previously.23 In 

summary, the child receives cow’s milk protein (CMP) free formula with added CMP 

(active day) or the same CMP free formula without the added CMP (placebo day) in 

increasing doses, double blinded, in a random order, on two different days. All children 

suspected of CMA were challenged with a DBPCFC. DBPCFC was repeated annually until 

the child was tolerant for CMP.31 Meaning, the DBPCFC was negative and/or the child 

was consuming CMP regularly without symptoms. 

Samples selected for epigenetic analysis

DNA samples of 20 children with proven CMA were selected, with the most time between 

DNA-sampling and becoming CMP-tolerant. Samples of healthy controls (N=20) were 
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matched with the 20 CMA-samples based on age at DNA-sampling. Also ten samples 

were selected of boys with previous proven CMA, but who were already CMP-tolerant 

at DNA-sampling. For the tolerant-children only boys were included, due to the limited 

availability of samples of tolerant girls. 

In order to be able to validate general methylation differences (method described 

below), control samples from a different, non-allergic cohort (N=25), were analysed. In that 

cohort we expect by change that 50% of the filtered probes showing hypomethylation 

and 50% of the filtered probes hypermethylation. This validation control cohort was 

randomly split in 2 groups and analysed for general hyper- and hypomethylation. A 

flowchart of the selected samples can be found in figure 1.

 

Dutch EuroPrevall 
Birth Cohort (N=976) 

Children suspected of 
food allergy 

Children suspected of 
CMA (N=91)#)# 

Proven CMA (N=49)# 

CMP tolerant children 
selected for 450K 
Analysis (N=10) 

Selected for 
epigenetic 450K 
analysis (N=20)# 

Children with other 
proven food allergy 

(N=9)# 

Healthy Control 
Children 

Selected for 
epigenetic 450K 
analysis (N=23) 

All remaining children 

Non-Allergic Cohort 
Random Controls 

Selected for 
epigenetic 450k 

analysis 

Figure 1: Flowchart of samples selected for our epigenetic and phenotypic studies. 

CMA: Cow’s milk allergy; N: number; # selected for phenotypic factor analysis.

 

Epigenetic Analysis of selected samples

DNA was isolated from whole blood. Bisulfite treatment (ZYMO®) was applied on 

genomic DNA. DNA-methylation profiles for each sample were obtained using the 450K 

infinium array of Illumina. Raw data was processed using standard “genome studio” 
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software of Illumina. This processed data was analyzed with statistical analysis scripted 

in “R” and “Perl”. “R” packages IMA, Minfi, wateRmelon, lumi and globaltest were 

used. We corrected for the two types of probes present on the Illumina array using BMIQ 

normalization. The presence of technical and/or biological batch effects was estimated 

and evaluated by means of principal component analysis (PCA). QQ-plots were generated, 

deflation or inflation factor ranging between 0.97 - 1.3 was assumed to be acceptable. 

Relative blood cell distribution was evaluated using the Minfi package according the 

method of Houseman et al.34 Standard output of the relative blood cell distribution 

comprises only CD8+ and CD4+ T cells, Natural killer cells, B cells, Monocytes and 

Granulocytes. Since CMA is an immunological disorder, blood cell distribution is related 

to our factor of interest. Therefore adjustment for blood cell distribution was assumed 

inappropriate. Statistical analysis on individual probe differentially methylated positions 

(DMPs) and on specific annotated differentially methylated regions (DMR) within a gene 

was performed using IMA package. For association analysis a linear model was applied 

(limma; default settings) was used and where necessary the model was adjusted for 

gender and/or age. In the combined analysis probes representing chromosome X and Y 

were removed from the dataset. Analyses were conducted for children with CMA versus 

control children (combined analysis), girls with CMA versus control girls (girls), boys with 

CMA versus control boys (boys), and tolerant boys vs. control boys (tolerant). General 

methylation differences were evaluated by filtering the 450K data set on probes P < 

0.05 and an absolute methylation difference between cases and controls > 5%. Recent 

published information on the presence of common single nucleotide polymorphism 

(SNPs) beneath the Illumina 450K DNA-methylation probe and specificity of the probe was 

post-hoc added to the output using in-house developed “Perl” scripts.35 Common SNPs 

are especially effective confounding in DMPs. For the hypothesis free analysis approach 

we evaluated DMPs and DMRs, for the hypothesis driven analysis approach we extracted 

all individual probes within the candidate gene. Selection of candidate genes is described 

below. Post-hoc SNP evaluation was preferred over prior excluding common SNPs from 

the analysis dataset. The annotation of methylation regions used for DMR analysis in 

the IMA package is predefined and thus not based on biological/statistical correlation 

between CpGs. We hypothesized that such annotation definition implicated more false 

negative findings per definition. Therefore our multiple test correction was based on a 

Bonferonni correction using p-value of 0.05 devided by the maximum amount of loci 

found in association analyses of this study. As such, DMRs were considered significant 

with p< 2.6x10-6. 
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Pathway analysis was performed in the combined, girls and boys groups using a global, 

untargeted, test method and the “Gene Ontology” (GO) databases.36 Probes were 

filtered on the presence of entrez ID annotation. Entrez ID covered by less than 3 probes 

were excluded from the analysis. Biological process pathways with a p-value < 0.01, 

representing an unique set of genes, were evaluated. Illumina 450K DNA-methylation 

array profiles of all samples are available on request.

Epigenetic validation procedure

Promising aberrant methylated regions were verified using Roche ® 454 Next Generation 

Sequencing technology. The selection of these regions was based on the epigenome 

wide association results (top hits per group), feasible biological relevancy to CMA of 

the candidate and availability of DNA. Regions in the following genes were evaluated 

using multiple bisulphite primers sets: DHX58, ZNF281, EIF42A and HTRA2. Bisulphite 

primers were designed using Methprimer (http://www.urogene.org/cgi-bin/methprimer/

methprimer.cgi). Primer information is described in supplemental table 1a. Cases and 

controls were random divided over 15 ID sequences, i.e. mids (supplemental table 

1b). Concentration of polymerase chain reactions (PCR) fragments was obtained using 

“Lab on a Chip”. Subsequently PCR products were normalized and pooled. Sequence 

reactions were performed conform the Roche 454 protocol. Raw sequence data was 

mapped and aligned using the AvA software of Roche (Roche, Branford, United States). 

In-house developed scripts (PERL) were used to obtain methylation index (β) values for 

each CG position. QC of Roche 454 data was implemented in the script and was based 

on the presence of heterogeneous (non CG or TG) polymorphic sites (50% distribution). 

Since bisulfite pyro sequencing is prone to a T-stretch bias, which may result in position 

shifts of the CG site, careful evaluation of flanking positions in the Roche 454 data was 

implemented in the script. Statistical analysis of the methylation index was performed 

in SPSS v20 using a Students T test. Pearsons correlation was used to evaluated the CG 

set within every amplicon. P-values of correlated CG sites were combined using Fishers 

method combined p-value method, p-values < 0.05 were assumed significant.

Phenotypic differences between several subgroups of allergic children

To detect phenotypic differences between genders, factor analysis was performed. 

Phenotypic counts on skin, gastrointestinal, and respiratory symptoms and number of 

allergies in all subsets of patients were investigated. Symptoms included in each category 

have been described previously.23 Number of allergy was defined as more than 1 challenge 

proven food allergy. Out of the group of children suspected of CMA (N=91), there were 
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49 children with CMA and 33 children without food allergies. The 20 children with CMA 

who were selected for epigenetic analysis, were part of the group of 49 children with 

proven CMA (Figure 1)

Factor analysis for phenotypic differences in all subsets of patients were performed by 

univariate analysis. Factor regression coefficients and gender were dependent variables 

and age was a covariate. P-values <0.05 were considered significant. SPSS version 20 

was used (IBM SPSS Statistics for Windows, Armonk, NY). 

Hypothesis driven (candidate gene) epigenetic association

Candidate genes were selected from a recent review of Bønnelykke et al on allergy, 

sensitization, and related atopic disorders.37 This review discusses previously reported 

genetic associations; mainly GWAS reports, with atopic disorders and/or sensitization 

mechanisms of approximately the last decade. We selected in total 66 genes previously 

associated with atopic disorders from large genome wide studies (GWAS) and 38 genes 

were associated with monogenic allergy related syndromes of which 22 genes were 

located at 22q11.1. 8 selected genes were reported for monogenic allergy related 

syndromes as well as GWAS (supplemental table 2). Individual probes were evaluated 

according the p-value (hypothesis free) and adjusted p-values based on p-value of 0.05 

devided by the maximum amount of loci. 

Results

In table 1 the patient characteristics of the children selected for epigenetic analyses are 

shown. Controls and children with CMA were well matched except for age at DNA-

sampling, in which children with CMA were significantly younger (p=0.008) compared 

to controls. In the CMA group were more children with a slightly elevated IgE level 

(specific IgE >0.35 kU/L, p=0.044). Comparison of the 10 tolerant boys with 10 control 

boys, shows no significant difference in age at DNA-sampling (p=0.71) nor IgE status 

(p=0.56), but did show a significant difference in maternal folic acid use during pregnancy 

(p=0.012), with more folic acid use in the control group.
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Table 1: Characteristics of Dutch allergy study population 

CMa Controls p-value Tolerant Control boys p-value

N (♀) * 20 (8) 20 (10) 0.342 10 (0) 13 (0) NA

Age diagnosis CMA ± SD # 6.5 ± 2.5 NA NA 5.8 ± 2.2 NA NA

Age at Sampling ± SD # 11.8 ± 4.8 17.2 ± 7.1 0.008 18.0 ± 5.5 17.2 ± 4.3 0.714

N sIgE > 0.35 kU/L ## 7 1 0.044 2 1 0.560

Mean IgE value ± SD (kU/L) 1.15 ± 3.6 0.16 ± 0.64 0.260 0.19 ± 0.39 0.23 ± 0.79 0.693

Range IgE value (kU/L) 16.4 2.9 NA 1.0 2.9 NA

Maternal smoking ** 0.659 0.483

pregnancy 2 3 1 2

before pregnancy 5 5 2 4

never 13 12 7 7

Maternal vitamin D ** 0.317 NA

regular 0 0 0 0

period only 0 0 0 0

irregular 1 0 0 0

none 19 20 10 13

Maternal multivitamin ** 0.836 0.883

regular 12 11 1 5

period only 2 2 4 3

irregular 1 1 0 0

none 5 6 5 5

Maternal folic acid ** 0.656 0.012

regular 8 9 0 5

period only 9 9 10 6

irregular 1 0 0 0

none 2 2 0 2

* Pearson Chi-square test # age in months ANOVA; ## Fisher exact test, 2-sided; SD: standard deviation; ** 
Pearson Chi-Square test for trend; NA: not applicable.
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Epigenetic 450K analysis of selected samples

All 450K analysed samples passed quality control. PCA showed no evidence of 

confounding technical batch effects according array or array-position (data not shown).

General DNA-methylation analysis showed a hypermethylation in the patient group. 

While in the tolerant boys vs. controls we observed no deviation of the expected ratio 

hyper/hypomethylation (i.e. 50/50%). Also, in the group of non-allergic controls from a 

different cohort no deviation was found (Figure 2). A good concordance between CMA-

children and controls with regard to the mean relative distribution of different types of, 

only the most abundant, blood cells: CD8+ and CD4+ T cells, natural Killer, B lymphocytes, 

monocytes and granulocytes was found (Supplemental figure 1). Furthermore, the 

variation among blood cell type between groups (expressed as standard deviation) was 

not different. Relative cell distribution was not included as covariate in further analysis. 

      










 

 


 


 


 


 









 


 






Figure 2: Percentage hyper- and hypomethylated probes in cow’s milk allergy (CMa) 
patients vs. controls; combined, girls, boys, tolerant boys and a control set respectively

Filtering was based on a p-value < 0.05 and an absolute DNA-methylation difference (delta β values) > 5%; 
Boy*: group boys who had CMA, but are now tolerant; Control_set**: a group of random controls from a 
non-allergic cohort

Top 5 hits for DMPs between CMA and controls for all analysed groups are presented in 

table 2a. None of individual probes reached genome wide significance. Table 2b shows 

DMRs that were found to be associated in more than one group (combined, girls and 

boys) with a delta methylation difference >0.01. In total ten regions, with their respective 

gene, were found. Supplemental table 3a-c describes all DMR top 5 hits in each analysed 

group regardless of the methylation difference (delta).



Chapter 6

72

Table 2a: Top 5 differential methylated positions (DMPs) in combined, girls and boys 
analysis

Probe p-value Delta gene region

Combined

cg07687119 6,4E-06 0,009 HOXC4/5/6 5UTR/Body/Body

cg01599189 1,1E-05 0,020 NBPF1 5'UTR

cg09789536 2,8E-05 0,020 KLHL17 Body

cg11433629 2,9E-05 -0,012 IGR NA

cg23339709 2,9E-05 0,009 OR8U8/OR5M8 Body/Exon1

girls

cg23876832a 1,7E-07 0,214 IGR NA

cg13181291 1,8E-06 -0,016 GABPB2 Body

cg13700939 1,3E-05 0,065 IGR NA

cg09573389 1,3E-05 0,039 C10orf58 TSS1500

cg24691332 3,0E-05 0,024 PARD3 Body

boys

cg06644124 1,6E-06 0,034 ZNF281 1stExon/5UTR

cg11126313 1,2E-05 0,009 CCR3 5UTR

cg09357684 1,4E-05 0,064 THAP3 TSS1500

cg09175834 1,5E-05 0,018 NAV3 1stExon

cg21255128 2,1E-05 0,018 C7orf50 Body

a high frequency (CEU MAF>0.05) SNP located at position 34 of probe; Delta: expressed as β difference; IGR: 
inter genic region; 5’-UTR: 5’ untranslated region; Body: genebody; TSS1500: transcription start site 1500 bp 
upstream

Table 2b: Selection of most significant differential methylated regions found in >1 group 
with delta >0.01

gene* Chromosome Delta p-value Overlap Function obtained  
from genecards

Val **

OR5M8 11 0.010

0.012

7.7e-06

1.6E-04

exon1 
(combined)
Exon1 (girl)

Codes for olfactory receptor 
located in the nose. Is involved 
in many neurotransmitter and 

hormone receptors and are 
responsible for the recognition 
and transduction of odorant 

signals.

no

ZNF281 1 0.024

0.034

1.2E-04

1.3e-06

Exon1 
(combined)

exon1 (boy)

Transcription repressor. 
Represses the transcription of 
a number of genes including 

GAST, ODC1 and VIM.

Yes
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gene* Chromosome Delta p-value Overlap Function obtained  
from genecards

Val **

KIAA1324L 7 0.012

0.016

4.8E-04

3.2e-04

Exon1 
(combined)

exon1 (boy)

Estrogen-Induced protein-
coding gene

No

EIF4E2 2 0.027

0.036

2.6e-05

1.0E-04

gene body 
(combined)
Gene body 

(girl)

Diseases associated with 
EIF4E2 include lung cancer, 

and among its related super-
pathways are Interferon 

Signaling and Transcription 
Receptor-mediated HIF 

regulation.

Yes

HTR2A 13 0.051

0.069

6.4e-05

8.1E-05

gene body 
(combined)
Gene body 

(girl)

Receptors for serotonin, 
a hormone that functions 
as a neurotransmitter and 
a mitogen. This receptor 

is involved in tracheal 
smooth muscle contraction, 

bronchoconstriction, and 
control of aldosterone 

production

Yes

ZNF366 5 0.022

0.033

2.2e-05

1.6E-04

TSS1500 
(combined)

TSS1500 
(girl)

Transcription repressor. 
Associated diseases include 

breast cancer, and prostatitis.

No

DHX58 17 -0.061

-0.061

-0.085
-0.085

3.1e-04

3.1E-04

3.3E-04
3.4E-04

3-’uTr 
(combined)

SSHELF 
(combined)
3-’UTR (boy)
SSHELF (boy)

Involved in the innate immune 
response to various RNA 

viruses and some DNA viruses

Yes

PRB4 12 -0.012

-0.015

6.3E-04

5.2e-04

3-’UTR 
(combined)

3-’uTr (boy)

The protein encoded by this 
gene is a proline-rich salivary 

protein.

No

DNM1 9
130996210-
130996443

-0.022

-0.028

7.2e-05

2.4E-04

iSlaND 
(combined)
ISLAND (boy)

The encoded protein 
possesses unique 

mechanochemical properties 
used to tubulate and sever 

membranes, and is involved in 
clathrin-mediated endocytosis 
and other vesicular trafficking 

processes.

No

WNT10A 2
219762987-
219763537

0.038

0.039

9.0e-05

4.1E-04

SSHelF 
(combined)
SSHELF (boy)

These proteins have been 
implicated in oncogenesis 

and in several developmental 
processes, including regulation 

of cell fate and patterning 
during embryogenesis.

No

* Nearest gene; For genomic regions concerning ISLAND, NSHORE, SSHORE, NSHELF and SSHELF, UCSC browser 
was used to determine the nearest gene; ** Val: validated using Roche 454 sequencing
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We observed no overlap in loci between boys and girls. The locus ZNF281 was found 

to be hypermethylated significantly in the boys analysis (p=1.3x10-6, delta=0.034). 

The remaining 9 loci showed nominal significant methylation differences and included 

OR5M8, KIAA1324L, EIF4E2, HTR2A, ZNF366, DHX58, PRB4, DNM1 and WNT10A 

(table 2b). Although, these loci were good candidates for validation procedures, the 

availability of sufficient DNA was a strong limiting factor. Therefore only four candidate 

loci were selected for validation. The following four genes were selected for validation: 

(1) ZNF281; involved in the transcriptional regulation of several interesting genes like 

GAST, (2) EIF4E2; involved in the interferon pathway, (3) HTR2A; involved in smooth 

muscle contraction and aldosterone production and (4) DHX58; involved in the innate 

immune response to RNA and DNA (viruses). 

Pathway Evaluation of 450K data of selected samples 

Biological Process pathways, i.e. GO terms, with a nominal p-value < 0.01 were evaluated 

in the combined, girls and boys analysis according to a global, untargeted, test method. 

Entrez IDs covered by less than 3 probes were excluded from the analysis. We selected 

enrichment of GO terms representing an unique set of genes in combination with the 

number of contributing probe sets within that GO annotation. This way similar defined 

pathways but with different GO annotation were removed from the datasets. We 

hypothesized that GO terms involved in immunological, epithelial and respiratory classes 

are feasible to be involved in CMA. Therefore, we applied such class annotation to the 

detected GO terms. Figure 3 illustrates the relative percentage of the three classes within 

the filtered global test analysis in the combined, girls and boys groups. Specific GO term 

annotations are described in supplemental table 4.

The majority of detected pathways in the combined group involved immunological 

pathways (20%), epithelial (4%) and respiratory (2%) pathways. In girls, only immuno-

logical pathways were detected (20%). Boys on the other hand, showed in addition to 

immunological GO terms (23.5%), epithelial related GO terms (5.9%) as well. Interes-

tingly, GO terms showed virtual no overlap between combined and girls or between girls 

and boys, while immunological terms between combined and boys suggests overlap in 

GO terms involved in epithelial cell polarity and immunological pathways. 
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Figure 3: global test and gene set enrichment analysis in CMa combined, girls and boys 
vs. controls according gO terms. 

Y-axis: contribution (%) of CMA related pathways, i.e. immunological, respiratory and epithelium related.

 

Validation of 450K results

Validation for the following candidate regions was performed: ZNF281, EIF4E2, HTR2A 

and DHX58. Association values of the DMRs of these four genes are described in table 

2b. Bisulphite primer sets were designed overlapping or near the CpG extension site of 

(nominal) significant found 450K probes. In total we designed 12 different amplicons 

for the four loci. For ZNF281 we were able to successfully optimize two amplicons, for 

EIF4E2 and HTR2A one amplicon and for DHX58 three amplicons. The exact chromosomal 

position (HG19) of covered CpGs as well as successful primer sequences are described 

in supplemental table 1a. PCR optimization was performed using a standard annealing 

temperature gradient protocol. 454 Sequencing preparation of the library was conform 

the Roche manual. Indices are presented in supplemental table 1b. The 450K DNA-

methylation array data showed for several candidates methylation levels close to 10% or 

90%. The latter implies a lower reliability of the quantitative level of DNA methylation in 

case of a next generation sequencing (NGS) read count below 500. Therefore, we aimed 

for an average depth of 1000 reads. Amplicon 2 and 3 of the ZNF281 gene covered 

the 450K cg26678649 and cg09255666 probes and the flanking cg24347950 and 

cg0644124 probes. Unfortunately, the average methylation index of the amplicon CpGs 

did not correspond with the 450K array data, indicating a failed validation for the 450K 

array ZNF281 region data (supplement figure 2A). The second amplicon for the EIF4E2 

region flanked the 450K cg10364945 probe. Although, the methylation pattern of the 
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CpGs present in this amplicon were concordant to the 450K data we did not observe 

a similar methylation variation between girl CMA cases and girl controls (supplement 

figure 2B). For the HTR2A region one amplicon was successfully optimized, covering in 

total 6 CpG positions of which 5 covered the 450K probes cg20102280 (47470793), 

cg15894389 (47470857), cg02250787 (47470989),cg06476131 (47471052) and 

cg06476131 (47471090). The first CpG sites located at position 47470760, 47470793, 

47470857 showed high correlation and showed a significant hypermethylation (p = 

5.1E-4) in CMA patients (supplement figure 2C). The first DHX58 amplicon, showed a 

concordant DNA-methylation pattern with the upstream flanking the probe cg08577293 

and the downstream flanking probe cg01405890 covered in total 4 CpG sites. In line with 

the 450K data, the NGS data showed significant hypomethylation in CMA boys compared 

to controls (p = 1.1E-3). In CMA girls hypomethylation at this position was absent. The 

second DHX58 amplicon covered in total 22 CpG sites covering and flanking the 450K 

probe cg02450064 (40260053). Although, the NGS obtained methylation index of this 

CpG site showed moderate replication with regard to the 450K data, an interesting and 

highly significant hypomethylation was observed upstream of cg02450064 (40260053) 

in CMA boys (p=9,8E-06) and CMA girls (p= 2,8E-06) compared to controls (supplement 

figure 2D). The third DHX58 amplicon showed insignificant but concordant methylation 

indices (0-5%) compared to the 450K data (supplement figure 2D). 

Gender differences

Epigenetic results show clear differences between CMA boys and girls with respect to 

their controls with hardly any overlap in obtained loci between the groups, as shown 

in table 2, supplemental table 3 and figure 3. Although, such gender difference, even 

with exclusion of the X and Y-chromosomes is a common phenomenon in epigenetics, 

we evaluated whether such difference is also phenotypically present. A factor-analysis 

on phenotypic CMA characteristics of all 91 children suspected of CMA, showed a 

difference in the univariate analysis with gender as independent factor (p=0.05). The 

same factor-analysis model in the children selected for epigenetic analyses showed no 

difference in the univariate analysis with gender as independent factor (table 3 and 4). 

Furthermore, there were more boys compared to girls with proven CMA (table 3).
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Table 3: Characteristics subsets Dutch allergy study population

Subset N (%♀) Mean age ± 
sd (months)

Phenotype counts (%) allergies (>1)

Skin gi respiratory

Suspicion of CMA 
Allergy

91 (37.4) 36.2 ± 10.6 68 (55.7) 47 (38.5) 7 (5.7) 14

CMA 49 (36.7) 28.9 ± 13.7 35 (53.0) 27 ( 40.9) 4 (6.1) 7

CMA-subset 20 (40.0) 28.6 ± 11.4 15 (51.7) 11 (37.9) 3 (10.3) 7

FA 58 (34.5) 30.7 ± 14.2 44 (56.4) 29 (37.2) 5 (6.4) 14

No FA 33 (42.4) 45.9 ± 26.2 24 (54.5) 18 (40.9) 2 (4.5) 0

sd: Standard deviation; FA: Food allergy; CMA: Cow’s milk allergy; CMA- subset: 20 children selected for 
epigenetic analysis from the total group of children with proven CMA; GI: gastrointestinal

Table 4: association of gender with factor analysis regression coefficients using skin, 
gastro-intestinal and respiratory symptoms and number of proven allergies

Subset components # Skin gi respiratory Factor analysis## p-value ###

FA (C1 of 2)  0.85 -0.81  0.37 -0.02 0.051

FA (C2 of 2)  0.07 -0.18 -0.52  0.85 0.702

No FA (C1 of 2) -0.73  0.85  0.20 0.49 0.794

No FA (C2 of 2)  0.51  0.15  0.91 0.12 0.292

FA (C1 of 2)  0.81 -0.82  0.47 0.26 0.284

FA (C2 of 2)  0.12 -0.02 -0.54 0.85 0.249

CMA (C1 of 2)  0.81 -0.81  0.52 -0.20 0.324

CMA (C2 of 2)  0.22 -0.20 -0.29  0.91 0.107

CMA-subset (C1 of 2)  0.83 -0.86  0.30  0.51 0.843

CMA-subset (C2 of 2)  0.16  0.02  0.85 -0.72 0.213

FA: Food allergy; CMA: Cow’s milk allergy; GI: gastrointestinal; # Factor analysis, extraction of components: own 
value > 1; ## Univariate model: independent: gender, dependent: Regression coefficient factor analysis, covariate: 
age; ###Reported p-value for gender. 
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Hypothesis driven epigenetic association

For the candidate gene association studies we evaluated findings of three recent 

published reports with our dataset. First was the report of Berni Canani et al on DNA 

methylation differences of IL-4, IL-5, IL-10, and INF-γ in IgE mediated CMA patients.38 We 

did not detect any replication in any of the reported loci (data not shown). Second was 

the report of Martino et al epigenome wide association in IgE mediated food allergy.39 

We aimed for replication for 49 associated genes. In total 2281 probes were extracted 

from our dataset. The six lowest p-values (p<0.005) covered 1 probe at GALNTL4, 2 

probes at HDAC4 locus, 1 probe at KCNN3 locus and 2 probes at the RPS6KA2 locus 

(data not shown). However, we cannot claim replication for any of the probes annotated 

for these 49 genes (p< 0.001, Bonferonni, 49 independent tests). The final hypothesis 

driven evaluation was based on a review on genetic rather than epigenetic association 

studies of atopic diseases by Bønnelykke et al.37 In total we selected 66 genes covered by 

approximately 1650 individual probes (supplemental table 2a). We found no significant 

replication after correction for multiple testing (p<0.05 divided by the number of probes). 

However, using an alternative multiple test correction approach based Bonferonni and 

the total number of tested genes, we found that the probe cg03990811, located in 

the MICA gene showed significant association (p= 3.9*10-4) in the combined analysis 

(supplement table 4b). This finding is strengthened by the fact that we found a second 

probe (cg14462939, p= 3.9*10-3) present in the top5 hits and located in the MICA gene 

(supplemental table 2b).

Discussion

In this pilot study we aimed to detect DNA-methylation differences between a group 

of mixed gender CMA and healthy controls. Several differential methylated loci were 

found, suggesting aberrant DNA-methylation is involved in the expression of CMA, while 

no methylation differences were found in a group from a different non-allergic cohort. 

Additional DNA-methylation analysis between a group of former CMA (i.e. developed 

cow milk tolerance) and controls showed no DNA-methylation differences at all. We 

validate three loci of the top 10 of the 450K array results using bisulphite amplicon NGS. 

We found no evidence of confounding effects of inoculation or differences of blood 

cell distribution between cases and controls. Epigenetic gender differences were not 

reflected in a phenotypic symptom pattern in the CMA group but were present in the 

better powered total allergy cohort.
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Epigenetic Results

Although, it is a topic of high interest, we are the second to describe an epigenetic survey 

in children with CMA.17;38 General hypermethylation was found in children with CMA, 

which disappeared after developing tolerance. In addition, a difference in methylation 

between boys with CMA and control boys was found in this study. Hypermethylation 

in general is associated with repressed gene transcription.40 In case a repressed gene 

codes for a transcription factor, for examples zinc finger proteins, several of its target 

genes might show an excess of expression. In CMA the immune system is overactive, 

suggesting immunological suppressive genes should be hypermethylated in general, 

compared to non-CMA children.41

In CMA tolerant children this hypermethylation effect completely disappeared. 

Therefore, hypermethylation can only serve as biomarker during the allergic state. 

Differential methylated position (DMP) analysis revealed no significant associations, the 

lowest detected p-value was found in boys for the ZNF281 probe cg06644124. Further 

epigenetic analysis was based on combined analysis of DMPs, localized in a specific 

genetic region, a so-called differential methylated region (DMR). DMR analysis showed 

several feasible genes to be involved in CMA. One locus was found to be significantly 

hypermethylated in boys versus controls, namely ZNF281. This gene is a transcriptional 

regulator, known to repress several genes, for example GAST (located on chromosome 

17), www.genecards.org. GAST produces Gastrin, which stimulates the stomach mucosa 

to produce and secrete hydrochloric acid and the pancreas to secrete its digestive 

enzymes. It also stimulates smooth muscle contraction and increases blood circulation 

and water secretion in the stomach and intestine. Gastrin binds also to cholecystokinin B 

receptors to stimulate the release of histamines in enterochromaffin-like cells. Therefore 

hypermethylation of ZNF281 might be related to gastro-intestinal symptoms in children 

with CMA. However, since the NGS amplicon analysis showed disconcordant and 

different methylation levels in CMA patients and controls, the claim of significance of 

the 450K results for the ZNF281 locus has to be taken with caution.

We further focussed on the CMA girls hypomethylated locus EIF4E2. This gene 

encodes the eukaryotic translation initiation factor 4E Family Member 2 protein which is 

primarily involved in the initiation of protein synthesis and facilitates ribosome binding 

(www.genecards.org). This gene plays an important role in the interferon signalling and 

cytokine signalling pathways associated with antiviral mechanisms (IFN and ISG15). 

Hypomethylation of EIF4E2 might result in elevated expression of the gene and an 

excess of the protein which on turn might facilitate altered interferon/cytokine signalling 

or production. Melnik et al reported about the importance of breastmilk in early 
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development and the mTORC1 signaling pathway. The EIF4 protein family (e.g. E and B) 

play a key role in this pathway that stimulates (post natal) growth and can be regulated 

by maternal excreted exosomal miRNAs. Persistent intake of such mTORC1 regulating 

miRNAs is associated with late onset disease like cancer, obesity and diabetes.21 Our 

finding of hypomethylation of EIF4E2 might be the result of absence of these maternal 

miRNAs due to the presence of CMA and thus the absence of breastmilk or cow’s milk. 

Dysregulation of the mTORC1 pathway might be related to the methylation status of 

EIF4E2. Whether such dysregulation also affects early development of the immune 

system and/or epithelial barriers, which on turn contribute to the expression of CMA has 

to be investigated further. 

Our next focus lied on a hypermethylated region of the 5-Hydroxytryptamine 

(Serotonin) Receptor 2A (HTR2A) gene detected in the CMA girls only. The methylation 

pattern of the bsr amplicon NGS was similar to the 450K although we observed a 

consistent lower methylation index in the NGS data. In general, discrepancy between 

the NGS and 450K methylation index might be the result of a failing normalization 

procedure (BMIQ) to overcome the probe bias of the array. A suboptimal primerset, 

in case of amplicon NGS, cannot be excluded as another cause of the discrepancy. 

The protein encoded by HTR2A plays among others a role in intestinal smooth muscle 

contraction (www.genecards.org). Hypermethylation of HTR2A is likely related to less 

expressed protein and might on turn be related to gastro-intestinal symptoms in CMA 

patients via altered intestinal muscle contraction. 

Our last focus is, a locus detected in the combined and boys analysis, located in the 

DEXH (Asp-Glu-X-His) Box Polypeptide 58 (DHX58) gene. Although, not significantly 

associated according to the applied multiple test threshold, this gene showed robust 

variability in all analyses. Moreover, NGS bsr amplicon validation, involving three regions, 

showed consistent results with regard to the 450K data. The protein encoded by this 

gene plays a crucial step at the beginning of the cascade of antigen recognition in the 

innate immune response to various RNA viruses and some DNA viruses. Hypomethylation 

of DHX58 might lead to overexpression of this gene, which on turn might favour viral 

nucleoprotein recognition by DDX58/RIG-I and IFIH1/MDA5 complexes (www.genecards.

org). Deretic et al proposed that nutritional signals (mTORC pathway) and immune 

signalling (RIG-I/MDA5 pathway) might stimulate similar cascades. This suggestion might 

indicated that our findings on EIF4E2 and DHX58 underlie similar and maybe shared 

cascades.42 Future studies should therefore investigate whether cow’s milk proteins/

compounds are capable of mimicking epitopes, confirming a role of DHX58 in CMA. 

Other genes in the top 5 findings are interesting as well. Unfortunately, the availability of 
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DNA in these CMA samples was limited which disabled validation of further loci. Feasible 

biological relevance and their possible involvement in CMA have to be studied further. 

Pathway Evaluation of 450K data of selected samples

Gene set enrichment analyses based on a global test method, suggest that specific 

immunological mechanisms are involved in CMA. Interestingly, no overlap of these 

pathways between combined and girls or girls and boys were observed, suggesting 

involvement of different immunological biological processes between boys and girls with 

CMA (supplemental table 4a, figure 3). However, limited statistical power cannot be 

excluded as cause of this difference between genders. We did observe gender differences 

with regard to other, non-immunological, biological processes. A limited number of 

biological processes suggests involvement of epithelium development in combined 

CMA and boys CMA only. Furthermore, biological processes involved in the respiratory 

mechanism, was solely observed in boys. We can state that our results strongly suggest 

involvement of gender specific immunological processes and that other processes prone 

to be involved in CMA, are likely to be different between genders as well. 

Gender Difference

In this study we observed a clear difference, or in other words no overlap, of aberrant 

methylation loci, between boys and girls. These results were found in the differences in 

top-hits in the epigenetic results, but also in the number of boys with CMA and in the 

factor-analysis of all children suspected of CMA. This implies that different biological 

mechanisms underlie CMA in boys and girls. However we were not able to confirm this 

difference in the factor-analysis in our subgroup of 20 CMA-children and 20 controls. This 

is probably due to very small subgroups in a very heterogeneous disease. Furthermore, 

symptom descriptions, obtained through questionnaires answered by parents are very 

subjective, compared to epigenetic results. It is very likely that these effects are smaller in 

larger sample sizes. However, differences between boys and girls are not unexpected. It 

has been described both, in allergy studies, as well as in epigenetic studies.27-30 

Allergic March

The epigenetic results presented in this study, show methylation differences in children 

suffering from CMA relative to controls, which disappears in the children who developed 

tolerance to CMA. So far, it has been considered that children who suffer from FA, are 

at risk of developing other allergic diseases later in life.43 However, since the methylation 

differences found in our study disappear upon developing CMP tolerance, there is no 
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indication that the studied loci are involved in development of the allergic march in 

children with CMA, despite some (top hit) loci have been described in childhood asthma 

as well (www.genecards.org). Literature on the development of the allergic march is 

contradicting, with studies reporting on the development of the allergic march, as well 

as studies describing a co-manifestation instead of an allergic march.9;43-45 An epigenetic 

risk profile might also be a contributing factor. Since methylation can change back and 

forth more than once in life, certain people might be more at risk for expressing diseases 

involved by epigenetic changes. However, our results need to be interpreted with great 

caution, with a very little sample size in a heterogeneous disease. Furthermore, these 

results are based on CMA and CMP-tolerance development only, clinical data regarding 

development of other allergic diseases in life are not yet available, due to the prospective 

character of this study. It would be interesting to evaluate these children in the future in 

case of the development of other allergic diseases.

Replication other reports involving CMA

For replication analysis, three recent published reports were evaluated. Berni Canani et 

al, showed large significant differences of the delta methylation index between a group 

of active CMA patients, former CMA patients (tolerant) and healthy controls.38 We were 

not able to replicate any association of the reported loci. Several important differences 

with regard to the design of our study and the study of Berni Canani et al are probably 

underlying the absence of replication. First, their study was not based on a genome wide 

analysis platform but followed a candidate gene approach (i.e.IL-4, IL-5, IL-10, and INF-γ) 
based on high resolution melting analysis. Second, DNA-methylation of these candidates 

was analysed in peripheral blood mononuclear cells while our study was based on whole 

blood. Third, our study sample is characterized by both IgE and non-IgE mediated CMA 

while the study sample of Berni Canani et al was based solely on IgE mediated CMA 

patients with high levels of IgE only. Berni Canani et al showed intermediate DNA-

methylation involving active, former CMA patients and controls. In our study we did not 

observe any persistent aberrant DNA-methylation in former CMA patients.

The second study by Martino et al showed significant association of DMPs located 

in 49 genes, which we were not able to replicate.39 Again, important differences with 

regard to the study designs are probably underlying the absence of replication. First, the 

study by Martino et al used the CD4+T cell fraction obtained from a whole blood sample 

for analysis, while our study was based on whole blood. Second, their study was based 

on a pooled sample strategy and analysis was based on a mixed gender design. Third, 

different type of food allergies, all IgE mediated, were included in their study, while our 
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study was restricted to CMA. Also this emphasizes the importance and the great bias 

potential of epigenetic (tissue related) heterogeneity, which is very likely to block positive 

replication between studies.

The final replication survey we performed included the review of Bønnelykke et 

al.37 Although no significant replication was found according the q-value based on the 

number of selected probes, applying a multiple test correction based on the number 

of genes, showed significant replication for the MICA gene. In addition, this finding 

is strengthened by the fact that another probe located in this gene was present in the 

DMP top 5 hits. According UCSC public databases (https://genome.ucsc.edu), both 

probes are located in the first intron of the MICA gene which, also represents a strong 

H3K27AC mark that is known to be associated with an active regulatory element. MICA 

is closely positioned to HLA-B and C on chromosome 6 which both are thought to play 

an important role in MHC interactions and immune related disorders. MICA itself codes 

for a protein that functions as a stress-induced antigen. Interestingly, MICA is broadly 

recognized by intestinal epithelial gamma delta T cells, favouring an association with 

food allergy such as CMA.

Strength and weaknesses of the study

The main strength of the studied samples is that CMA is diagnosed according to the 

current available gold standard.33 Furthermore, clinical data are well documented due 

to the setup of the study with regular questionnaires.31 Unfortunately, there was only 

one DNA-sample available per child. Therefore, comparisons over time within the same 

child were not possible. Also, it was not possible to obtain DNA-samples in all children. 

Furthermore the amount of blood drawing for research purposes in infants is in the 

Netherlands limited to 2.5 ml. The latter also implies that a sufficient DNA yield in DNA 

extraction of a specific blood cell is virtual impossible. Due to the limited sample size, 

only general and large effects can be found in this study. The national Dutch vaccination 

program is extensive and starts already at young age. Since vaccination can have a 

major impact on the blood cell distribution and/or on methylation status of particular 

loci we preselected our sample and evaluated post hoc the period between vaccination 

and blood drawing (supplemental figure 3). We excluded all children who received a 

vaccination up to 4 weeks prior to DNA-sampling.46 Since no significant differences 

between CMA cases and controls and their period (> 4 weeks) between vaccination 

and blood drawing were found, we are confident vaccination plays an insignificant 

role with regard to the epigenetic aberrations we detected in this study. Finally there 

is a statistical significant difference in the folic acid consumption of mothers during 
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pregnancy between the tolerant boys and control boys. It is known that folic acid has 

the ability to influence epigenetics. Since our sample size is very limited, folic acid is 

widely used by pregnant women and this difference was only found between already 

tolerant boys and controls (and not in children still suffering from CMA), we consider the 

relevance of this difference limited.47-49

Future studies

The present study should be classified as pilot study or proof of principle study. 

Moreover, CMA can be characterized as a complex disease involving multiple loci and a 

heterogeneous phenotype. Thus, in combination with the fact we analysed only relative 

small groups, further studies in larger cohorts are essential in order to replicate or validate 

our findings. To further investigate the role of epigenetics and gender within CMA or the 

allergic march, it would be interesting to compare epigenetic analyses within boys and 

girls during infancy, school-age and later life. 

Conclusion

Current studies indicate the involvement of epigenetic mechanisms underlying the 

expression of CMA. In particular DHX58, involved in DDX58/RIG-I and IFIH1/MDA5 

immunological pathways, are involved in CMA in young boys, while in CMA girls EIF4E2, 

HTR2A seems to play a role. Our data strongly suggests a different mechanism for girls 

and boys underlying CMA. We have no indication DNA methylation aberrations play a 

crucial role in the allergic march, since all effects disappeared upon developing CMA 

tolerance in boys. However, due to small sample size further studies are necessary before 

definite conclusions can be drawn.
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SuPPleMeNTal Table 1a: Primer and amplicon descriptions 454 rOCHe bisulfite 
sequencing

Primer name Sequence a  Position b bp c Cpg

ZNF281_2_F CGTATCGCCTCCCTCGCGCCATCAG[MiD]
TTTTTTTAGTTAGGTTTTTTT

Chr:1; 200378868 83 17

ZNF281_2_R CTATGCGCCTTGCCAGCCCGCTCAG[MiD]
AATTCCATCTCTACCCTCCTACC

Chr:1; 200378785

ZNF281_3_F CGTATCGCCTCCCTCGCGCCATCAG[MiD]
GTTTTTTTTGTTTTTGTTTTTT

Chr:1; 200379370 100 10

ZNF281_3_R CTATGCGCCTTGCCAGCCCGCTCAG[MiD]
CAATATCTACTAAAAACTCCTC

Chr:1; 200379270

EIF4E2_2_F CGTATCGCCTCCCTCGCGCCATCAG[MiD]
AGTGGAGTTGGTTTAAATTAGTTAAGTGT

Chr:2; 233432989 375 5

EIF4E2_2_R CTATGCGCCTTGCCAGCCCGCTCAG[MiD]
AAAAAAATTAATAAAAAATACCTCTTTCC

Chr:2; 233433364

HTR2A_2_F CGTATCGCCTCCCTCGCGCCATCAG[MiD]
TTTTAAATGTGTGTTTGTTGAGG

Chr:13; 47471097 331 6

HTR2A_2_R CTATGCGCCTTGCCAGCCCGCTCAG[MiD]
ACAAACAACTTTCCTCCCTAAAA

Chr:13; 47470766

DHX58_1_F CGTATCGCCTCCCTCGCGCCATCAG[MiD]
GGAGAGTTTGTAGTAGATTTTAGGTTTT

Chr:17; 40253765 331 4

DHX58_1_R CTATGCGCCTTGCCAGCCCGCTCAG[MiD]
ATACCCAATTACACACTATACAAACAATTT

Chr:17; 40253434

DHX58_2_F CGTATCGCCTCCCTCGCGCCATCAG[MiD]
GTTTATTTATTTTAGGGGTGGAGT

Chr:17; 40259949 355 21

DHX58_2_R CTATGCGCCTTGCCAGCCCGCTCAG[MiD]
CCTATACCCTAACCTCTAACCTC

Chr:17; 40259594

DHX58_3_F CGTATCGCCTCCCTCGCGCCATCAG[MiD]
TGGTTATAATTGATTGTAGAAGGGTTAG

Chr:17; 40264930 335 7

DHX58_3_R CTATGCGCCTTGCCAGCCCGCTCAG[MiD]
CAAAACTCCACCCCACTTAAA

Chr:17; 40264595

a Primer sequences were constructed according as follows: Roche reverse complement sequence primer, 
mid sequence (for sequences see suplemental table 3b) and amplicon specific primer.b Positions (HG19) are 
annotated by the 5’start point. c Amplicon size including amplicon specific primers
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SuPPleMeNTal Table 1b: Primer sequences of 454 rOCHe mids. 

MiD name Sequence

MID_1 ACGAGTGCGT

MID_2 ACGCTCGACA

MID_3 AGACGCACTC

MID_4 AGCACTGTAG

MID_5 ATCAGACACG

MID_6 ATATCGCGAG

MID_7 CGTGTCTCTA

MID_8 CTCGCGTGTC

MID_9 TAGTATCAGC

MID_10 TCTCTATGCG

MID_11 TGATACGTCT

MID_12 TACTGAGCTA

MID_13 CATAGTAGTG

MID_14 CGAGAGATAC

MID_15 ATACGACGTA

SuPPleMeNTal Table 2a: 450K probe density candidate genes

Candidate gene* Probes (N)$ Probes (N)$$ Probes (N)$$$

ACTL9 12 12 12

ADA 8 8 9

ADAD1 19 20 19

BCL6 54 55 54

C11orf30 20 20 21

CARD11 76 77 77

CCDC80 19 19 20

CDK2 19 19 20

CLEC16A 67 68 67

DCLRE1C 19 19 20

DOCK8 7 7 8

FLG 10 10 10

FOXA1 19 19 19

FOXP3 0 (chr. X) 9 9

GATA3 67 72 67

GLB1 22 22 22

GSDMA 10 10 10

GSDMB 10 10 10
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Candidate gene* Probes (N)$ Probes (N)$$ Probes (N)$$$

HLA-A 39 41 39

HLA-B 46 47 50

HLA-DQB1 50 48 52

IKZF4 10 11 10

IL13 9 9 9

IL18R1 5 5 5

IL1RL1 10 10 10

IL2 2 2 2

IL2RB 9 9 9

IL33 2 2 2

IL6R 25 27 25

LPP 97 98 97

LRRC32 23 23 23

LSM3P4 0 0 0

MICA 79 80 80

MYC 34 36 35

NFATC2 37 37 37

NLRP10 6 7 6

ORMDL3 18 18 18

OVOL1 28 29 28

PFDN4 13 14 13

PGM3 20 20 21

PLCG2 33 35 33

PLCL1 16 17 16

PRR5L 44 44 44

PTGER4 23 23 24

PVT1 85 86 85

PYHIN1 9 10 9

RAG1 6 6 6

RAG2 14 14 14

RANBP6 5 5 5

RMRP 4 4 4

RORA 107 109 109

SLC25A46 16 16 17

SMAD3 57 58 57

STAT3 27 28 27

STAT6 9 9 9

TLR1 5 5 5
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Candidate gene* Probes (N)$ Probes (N)$$ Probes (N)$$$

TLR10 6 6 6

TLR6 11 11 11

TSLP 18 18 18

TTC6 0 0 0

TXLNA 22 22 22

USP38 11 11 11

WAS 0 (chr. X) 9 9

ZBTB10 15 15 15

ZNF365 39 39 39

ZNF652 15 16 15

66# 1617 1665 1655

*Candidates selected from Bønnelykke et al.37 #66 candidates were selected of which 64 were covered by the 
450K array. $ number of probes in combined analysis, $$ number of probes in girls analysis and $$$ number of 
probes in boys analysis

SuPPleMeNTal Table 2b: Candidate gene approach; top 5 probe hits in combined,  
girls and boys association analysis

gene Probe p-value q-value* bonferonni **

Combined

MICA cg03990811 3,9E-04 0,94 S

ZNF365 cg02712553 1,5E-03 0,94 NS

MICA cg14462939 3,7E-03 0,94 NS

ZNF365 cg14701867 3,9E-03 0,94 NS

TLR10 cg19398783 6,7E-03 0,94 NS

girls

IL6R cg15633035 1,2E-03 0,99 NS

SMAD3 cg17184477 3,6E-03 0,99 NS

PVT1 cg02100150 5,2E-03 0,99 NS

STAT3 cg12873903 6,8E-03 0,99 NS

PGM3 cg07964958 7,5E-03 0,99 NS

boys

MICA cg03990811 1,3E-03 0,99 NS

ZNF652 cg20461826 2,9E-03 0,99 NS

TXLNA cg04031504 3,4E-03 0,99 NS

ZNF365 cg02712553 4,8E-03 0,99 NS

CLEC16A cg06906156 4,8E-03 0,99 NS

* q-value based on FDR probe set specific analysis; ** Bonferonni multiple test correction threshold (0.05/64 
genes = 7,8E-04)
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SuPPleMeNT Table 3a: 450K analysis of combined group; regional top 5 hits 

Nearest gene Chr region Delta p-value Overlap Delta 
(T)

p-value 
(T)

Or5M8 11 exon1 0.010 7.7e-06 exon1 (girl)

ZNF281 1 exon1 0.024 1.2e-04 exon1 (boy)

Kiaa1324l 7 exon1 0.012 4.8e-04 exon1 (boy)

NNMT 11 Exon1 0.013 6.2E-04

ARHGAP23 17 Exon1 -0.015 6.4E-04

HOXC6 12 Gene body 0.009 9.1E-06 Gene body 
(boy)

eiF4e2 2 gene 
body

0.027 2.6e-05 gene body 
(girl)

NR1H3 11 Gene body 0.019 4.1E-05

HTr2a 13 gene 
body

0.051 6.4e-05 gene body 
(girl)

JPH4 14 Gene body -0.023 4.4E-04

ZNFX1 20 TSS200 0.007 3.6E-04

PDLIM7 5 TSS200 0.005 5.1E-04

ALAD 9 TSS200 0.010 6.8E-04

CNRIP1 2 TSS200 0.022 1.3E-03

SCIN 7 TSS200 0.011 1.4E-03

ZNF366 5 TSS1500 0.022 2.2e-05 TSS1500 (girl)

TWIST2 2 TSS1500 0.009 6.0E-05 TSS1500 (girl)

HSBP1 16 TSS1500 0.033 1.6E-04 NA

GSS 20 TSS1500 0.027 1.6E-04

TP53INP2 20 TSS1500 0.007 3.6E-04

DHX58 17 3-’uTr -0.061 3.1e-04 3-’uTr (boy)

RNASEH2A 19 3-’UTR -0.013 3.4E-04

LYZL4 3 3-’UTR 0.021 3.5E-04

ARL10 5 3-’UTR 0.019 3.9E-04

Prb4 12 3-’uTr -0.012 6.3e-04 3-’uTr (boy)

ZNF281 1 5-’uTr 0.012 4.0e-04 exon1 (boy)

ZZEF1 17 5-’UTR 0.030 4.0E-04

B4GALNT2 17 5-’UTR 0.005 4.1E-04

TATDN3 1 5-’UTR 0.006 5.8E-04 5-’UTR (boy)

AES 19 5-’UTR 0.006 6.2E-04

HOXC6 chr12:54423427-
54423712

ISLAND 0.009 4.3E-06 Gene body 
(boy)

TWIST2 chr2:239755096-
239758310

ISLAND 0.009 4.7E-05 TSS1500 (girl)

DNM1 chr9:130996210-
130996443

iSlaND -0.022 7.2e-05 iSlaND (boy)

EPN3 chr17:48619111-
48619794

ISLAND 0.006 2.7E-04
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Nearest gene Chr region Delta p-value Overlap Delta 
(T)

p-value 
(T)

GALNS chr16:88905509-
88905750

ISLAND 0.045 3.0E-04

ADSL chr14:55907197-
55907433

NSHELF -0.034 3.3E-05

C2ORF57 chr17:48276877-
48279008

NSHELF 0.027 9.3E-05

EFR3B chr19:1315775-
1316092

NSHELF 0.008 1.3E-04

CNNM2 chr16:2255168-
2255828

NSHELF 0.016 1.6E-04

SLC25A38 chr16:83841412-
83841988

NSHELF 0.033 1.6E-04

TBL2 chr14:55907197-
55907433

NSHORE -0.034 3.3E-05

COL1A1 chr17:48276877-
48279008

NSHORE 0.027 9.3E-05

EFNA2 chr19:1315775-
1316092

NSHORE 0.008 1.3E-04

MLST8 chr16:2255168-
2255828

NSHORE 0.016 1.6E-04

HSBP1 chr16:83841412-
83841988

NSHORE 0.033 1.6E-04

BCLAF1 chr6:136610148-
136611285

SSHELF -0.012 2.2E-05

LDLRAP1 chr1:25869893-
25871042

SSHELF -0.015 3.7E-05

EXTL3 chr8:28479635-
28480798

SSHELF 0.030 4.6E-05

WNT10a chr2:219762987-
219763537

SSHelF 0.038 9.0e-05 SSHelF (boy)

DHX58 chr17:40250272-
40250591

SSHelF -0.061 3.1e-04 3-’uTr (boy)

MT1F/G chr16:56696892-
56697293

SSHORE -0.025 9.0E-05

RTN4RL2 chr11:57243681-
57244463

SSHORE 0.018 1.4E-04

GSS chr20:33543082-
33543846

SSHORE 0.053 2.2E-04

C7ORF50 chr7:1062496-
1062966

SSHORE 0.048 2.9E-04

CHAT chr10:50822350-
50822666

SSHORE 0.021 3.1E-04

# Nearest gene; For genomic regions concerning ISLAND, NSHORE, SSHORE, NSHELF and SSHELF, UCSC 
browser was used to determine the nearest gene; Chr: chromosome; Comb: combined analysis; (T): Tolerant, 
analysis result of former CMA patients vs. controls, cases were tolerant for cow’s milk at date of sampling. Bold: 
Epigenetic top 5 region overlapping between analyses with an absolute delta difference ≥ 0.01 between cases 
and controls, gene details described in main text
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SuPPleMeNT Table 3b: 450K analysis of girls group; regional top 5 hits 

Nearest gene Chr region Delta p-value Overlap Delta 
(T)

p-value 
(T)

OR5M8 11 Exon1 0.012 1.6E-04 Exon1 (comb)

GIF 11 Exon1 -0.030 3.9E-04

WBP2 17 Exon1 0.006 5.9E-04

ZNF474 5 Exon1 0.051 1.3E-03

OLFML1 11 Exon1 -0.018 1.7E-03

GABPB2 1 Gene body -0.017 4.6E-06

HTR2A 13 Gene body 0.069 8.1E-05 Gene body 
(comb)

EIF4E2 2 Gene body 0.036 1.0E-04 Gene body 
(comb)

PIAS2 18 Gene body -0.018 1.5E-04

PSMA7 20 Gene body 0.013 3.7E-04

ZXDB X TSS200 0.071 4.5E-04

MTM1 X TSS200 0.032 7.0E-04

C2CD4A 15 TSS200 0.006 8.5E-04

MIR135B 1 TSS200 -0.015 1.3E-03

EIF3J 15 TSS200 0.006 1.3E-03

SDCBP2 20 TSS1500 0.087 5.8E-06

ZNF366 5 TSS1500 0.033 1.6E-04 TSS1500 
(comb)

UTS2R 17 TSS1500 0.067 1.7E-04 NA

PIGO 9 TSS1500 0.033 3.6E-04

TWIST2 2 TSS1500 0.013 5.1E-04 TSS1500 
(comb)

MICAL3 22 3-’UTR 0.013 8.1E-05

TRAPPC10 21 3-’UTR -0.023 2.2E-04

DULLARD 17 3-’UTR 0.017 3.1E-04

HIAT1 1 3-’UTR -0.036 3.8E-04

NUMB 14 3-’UTR -0.049 5.2E-04

GIF 11 5-’UTR -0.030 4.0E-04

ZC3H14 14 5-’UTR 0.068 4.5E-04

WBP2 17 5-’UTR 0.006 8.0E-04

ZNF474 5 5-’UTR 0.027 1.1E-03

ACTR3C 7 5-’UTR 0.082 1.4E-03

TWIST2 chr2:239755096-
239758310

ISLAND 0.013 3.5E-04 TSS1500 
(comb)

DPP6 chr7:154684402-
154684630

ISLAND 0.055 3.5E-04

SCARF2 chr22:20783466-
20786201

ISLAND 0.039 5.9E-04

TMEM121 chr14:106025533-
106026386

ISLAND -0.192 6.1E-04
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Nearest gene Chr region Delta p-value Overlap Delta 
(T)

p-value 
(T)

ARAF chrX:47382821-
47383584

ISLAND 0.046 6.8E-04

AHNAK chr11:62313282-
62314314

NSHELF 0.041 9.2E-05

GALR1 chr18:76308229-
76308578

NSHELF -0.044 1.9E-04

PWP2 chr21:45526956-
45527813

NSHELF -0.023 2.5E-04

ZNF175 chr19:52074311-
52074536

NSHELF -0.026 3.7E-04

ST14 chr11:130078173-
130078667

NSHELF -0.029 4.3E-04

FAM213A chr10:82168064-
82168917

NSHORE 0.042 1.8E-05

PIAS2 chr18:44496910-
44497832

NSHORE -0.018 1.4E-04

CENPJ chr13:25496588-
25497299

NSHORE 0.017 2.6E-04

PSMA7 chr20:60717598-
60719667

NSHORE 0.024 4.2E-04

FUBP1 chr1:78444303-
78444605

NSHORE 0.036 4.9E-04

OSBP2 chr22:31218226-
31218893

SSHELF -0.015 7.4E-04

STOX2 chr4:184826253-
184828177

SSHELF -0.020 7.7E-04

USF2 chr19:35760457-
35760865

SSHELF 0.023 8.2E-04

CACNA1B chr9:141014643-
141014870

SSHELF 0.093 9.0E-04

TXNRD1 chr12:104609397-
104610172

SSHELF 0.030 9.4E-04

ASCL5 chr1:201083458-
201084567

SSHORE -0.025 8.5E-05

EIF4E2 chr2:233415005-
233415811

SSHORE 0.042 1.7E-04 Gene body 
(comb)

NEXN chr1:78354381-
78354673

SSHORE 0.013 2.1E-04

DOT1L chr19:2163632-
2165603

SSHORE 0.068 2.2E-04

PIGO chr9:35096152-
35096673

SSHORE 0.033 3.8E-04

# Nearest gene; For genomic regions concerning ISLAND, NSHORE, SSHORE, NSHELF and SSHELF, UCSC 
browser was used to determine the nearest gene; Chr: chromosome; Comb: combined analysis; (T): Tolerant, 
analysis result of former CMA patients vs. controls, cases were tolerant for cow’s milk at date of sampling. Bold: 
Epigenetic top 5 region overlapping between analyses with an absolute delta difference ≥ 0.01 between cases 
and controls, gene details described in main text
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SuPPleMeNT Table 3C: 450K analysis of boys group; regional top 5 hits 

Nearest gene 
#

Chr region Delta p-value Overlap Delta 
(T)

p-value 
(T)

ZNF281 1 Exon1 0.034 1.3E-06 Exon1 
(comb)

0.002 9.52E-01

NAV3 12 Exon1 0.018 1.1E-05 -0.002 7.33E-01

KIAA1324L 7 Exon1 0.016 3.2E-04 Exon1 
(comb)

-0.001 9.19E-01

ZNF259 11 Exon1 0.019 4.6E-04 -0.021 1.84E-01

OR1N1 9 Exon1 0.061 5.0E-04 0.005 8.15E-01

HOXC6 12 Gene body 0.011 3.6E-04 Gene body 
(comb)

-0.001 8.68E-01

LOC284233 NA Gene body 0.038 4.3E-04 -0.001 9.40E-01

MAP7D3 X Gene body 0.021 4.9E-04 0.003 2.36E-01

SNORD116-14 15 Gene body -0.027 5.9E-04 -0.003 8.36E-01

C6orf164 6 Gene body 0.098 6.8E-04 0.027 3.50E-01

DNAJC21 5 TSS200 0.005 1.3E-04 -0.001 6.95E-01

ONECUT2 18 TSS200 0.023 2.6E-04 -0.011 4.35E-01

OR5T1 11 TSS200 0.044 3.9E-04 0.004 7.88E-01

TRADD 16 TSS200 0.009 4.7E-04 -0.001 8.37E-01

BTNL8 5 TSS200 -0.013 7.3E-04 -0.008 1.71E-01

THAP3 1 TSS1500 0.064 1.4E-05 0.032 4.54E-02

SMG5 1 TSS1500 0.046 3.3E-04 0.006 6.03E-01

ZNF559 19 TSS1500 0.040 3.4E-04 -0.012 2.25E-01

NMNAT3 3 TSS1500 0.186 3.8E-04 0.067 3.44E-01

TMEM184C 4 TSS1500 0.019 5.9E-04 0.006 6.49E-01

DHX58 17 3-’UTR -0.085 3.3E-04 3-’UTR 
(comb)

-0.009 6.37E-01

USP7 16 3-’UTR 0.024 3.7E-04 0.004 3.84E-01

PRB4 12 3-’UTR -0.015 5.2E-04 3-’UTR 
(comb)

0.005 4.78E-01

C17orf56 17 3-’UTR 0.073 5.4E-04 0.007 7.81E-01

CHL1 3 3-’UTR 0.016 5.8E-04 0.018 1.36E-01

ZNF281 1 5-’UTR 0.017 1.5E-05 Exon1 
(comb)

0.002 5.89E-01

GIPC2 1 5-’UTR 0.014 4.3E-04 -0.008 1.68E-01

TATDN3 1 5-’UTR 0.007 5.2E-04 5-’UTR 
(comb)

0.000 9.88E-01

KCNA4 11 5-’UTR 0.026 6.3E-04 0.007 5.26E-01

TPRA1 3 5-’UTR 0.025 1.1E-03 -0.004 7.89E-01

HOXC6 chr12:54423427-
54423712

ISLAND 0.011 1.5E-04 Gene body 
(comb)

-0.001 8.62E-01

RTN4R chr22:20228961-
20230275

ISLAND -0.018 2.0E-04 0.003 5.61E-01

DNM1 chr9:130996210-
130996443

ISLAND -0.028 2.4E-04 ISLAND 
(comb)

-0.017 8.10E-02
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Nearest gene 
#

Chr region Delta p-value Overlap Delta 
(T)

p-value 
(T)

COX6B2 chr19:55864130-
55864379

ISLAND 0.051 8.4E-04 0.020 1.45E-01

BTNL9 chr5:180486154-
180486892

ISLAND 0.014 9.5E-04 0.007 2.99E-01

FAM20C chr7:218309-
218951

NSHELF -0.018 3.2E-04 0.004 5.61E-01

ARHGAP22 chr10:49863620-
49864601

NSHELF -0.018 5.3E-04 -0.006 2.72E-01

POLD4 chr11:67120856-
67121228

NSHELF 0.040 7.4E-04 0.004 7.81E-01

HSPA4 chr5:132387100-
132388369

NSHELF -0.014 7.9E-04 -0.011 4.01E-02

MEOX1 chr17:41791110-
41791476

NSHELF 0.019 9.4E-04 0.002 8.30E-01

NA chr1:149224358-
149224642

NSHORE 0.021 2.9E-05 -0.004 4.41E-01

PRDM5 chr4:121843148-
121844193

NSHORE 0.061 9.5E-05 0.025 1.10E-01

MAP7D3 chrX:135332893-
135333726

NSHORE 0.040 1.4E-04 NA NA

LEPRE1 chr1:43232214-
43233359

NSHORE 0.123 1.6E-04 0.036 6.86E-02

C16ORF80 chr16:58162754-
58163682

NSHORE 0.063 1.8E-04 0.005 6.98E-01

ACHE chr7:100492217-
100494941

SSHELF -0.015 8.5E-05 0.013 5.54E-02

C22ORF34 chr22:50064655-
50064984

SSHELF 0.045 1.9E-04 0.007 5.88E-01

DHX58 chr17:40250272-
40250591

SSHELF -0.085 3.4E-04 3-’UTR 
(comb)

-0.009 6.38E-01

WNT10A chr2:219762987-
219763537

SSHELF 0.039 4.1E-04 SSHELF 
(comb)

0.014 3.79E-01

DZIP1L chr3:137833848-
137834592

SSHELF 0.028 4.6E-04 -0.025 7.51E-02

MYO10 chr5:16935555-
16936408

SSHORE -0.047 1.3E-04 -0.011 4.41E-01

LOC728554 chr5:177302423-
177302879

SSHORE 0.019 3.0E-04 0.002 7.21E-01

A4GALT chr22:43165947-
43166287

SSHORE 0.026 3.3E-04 0.005 6.53E-01

LOC100130093 chr1:227916425-
227916736

SSHORE 0.012 4.1E-04 0.001 7.50E-01

COX6C chr8:100905657-
100906003

SSHORE 0.038 4.5E-04 0.012 3.68E-01

# Nearest gene; For genomic regions concerning ISLAND, NSHORE, SSHORE, NSHELF and SSHELF, UCSC 
browser was used to determine the nearest gene; Chr: chromosome; Comb: combined analysis; (T): Tolerant, 
analysis result of former CMA patients vs. controls, cases were tolerant for cow’s milk at date of sampling. Bold: 
Epigenetic top 5 region overlapping between analyses with an absolute delta difference ≥ 0.01 between cases 
and controls, gene details described in main text
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SuPPleMeNTal Table 4a: enrichment analysis combined

gO annotation alias Class p-value

GO:1900245 positive regulation of MDA-5 signaling pathway 1 1,09E-04

GO:0039533 regulation of MDA-5 signaling pathway 1 1,30E-04

GO:0039530 MDA-5 signaling pathway 1 1,36E-04

GO:1900246 positive regulation of RIG-I signaling pathway 1 1,48E-04

GO:0039536 negative regulation of RIG-I signaling pathway 1 1,55E-04

GO:1900758 negative regulation of D-amino-acid oxidase activity 0 1,72E-04

GO:0030261 chromosome condensation 0 9,02E-04

GO:0036289 peptidyl-serine autophosphorylation 0 1,31E-03

GO:0048515 spermatid differentiation 0 2,05E-03

GO:0072229 metanephric proximal convoluted tubule development 0 2,23E-03

GO:0045824 negative regulation of innate immune response 1 2,34E-03

GO:0001895 retina homeostasis 0 2,70E-03

GO:0045008 depyrimidination 0 3,03E-03

GO:0071474 cellular hyperosmotic response 0 3,19E-03

GO:0061436 establishment of skin barrier 2 3,23E-03

GO:0006610 ribosomal protein import into nucleus 0 3,25E-03

GO:0032530 regulation of microvillus organization 0 3,26E-03

GO:0035561 regulation of chromatin binding 0 3,36E-03

GO:0035562 negative regulation of chromatin binding 0 3,43E-03

GO:0009223 pyrimidine deoxyribonucleotide catabolic process 0 3,65E-03

GO:0009992 cellular water homeostasis 0 3,70E-03

GO:0032534 regulation of microvillus assembly 0 4,00E-03

GO:0045773 positive regulation of axon extension 0 4,13E-03

GO:0061144 alveolar secondary septum development 3 4,16E-03

GO:0036159 inner dynein arm assembly 0 4,19E-03

GO:0042985 negative regulation of amyloid precursor protein 
biosynthetic process

0 4,56E-03

GO:0030240 skeletal muscle thin filament assembly 0 4,74E-03

GO:0045198 establishment of epithelial cell apical/basal polarity 2 4,75E-03

GO:0006244 pyrimidine nucleotide catabolic process 0 5,30E-03

GO:0042984 regulation of amyloid precursor protein biosynthetic 
process

0 5,46E-03

GO:0001969 regulation of activation of membrane attack complex 1 5,50E-03

GO:0032929 negative regulation of superoxide anion generation 0 5,57E-03

GO:0006323 DNA packaging 0 5,66E-03

GO:0010561 negative regulation of glycoprotein biosynthetic process 0 5,71E-03

GO:0031223 auditory behavior 0 5,86E-03

GO:2000257 regulation of protein activation cascade 0 6,20E-03

GO:0042297 vocal learning 0 6,48E-03

GO:0030516 regulation of axon extension 0 6,77E-03

GO:0045066 regulatory T cell differentiation 1 7,58E-03
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gO annotation alias Class p-value

GO:0045075 regulation of interleukin-12 biosynthetic process 1 7,64E-03

GO:0071816 tail-anchored membrane protein insertion into ER 
membrane

0 8,14E-03

GO:0045589 regulation of regulatory T cell differentiation 1 8,23E-03

GO:0044108 cellular alcohol biosynthetic process 0 8,33E-03

GO:0071470 cellular response to osmotic stress 0 8,42E-03

GO:0055107 Golgi to secretory granule transport 0 8,75E-03

GO:0043482 cellular pigment accumulation 0 8,93E-03

GO:0051041 positive regulation of calcium-independent cell-cell 
adhesion

0 9,22E-03

GO:0006285 base-excision repair, AP site formation 0 9,52E-03

GO:0035089 establishment of apical/basal cell polarity 0 9,69E-03

GO:0006564 L-serine biosynthetic process 0 9,92E-03

Class 1: immunological pathways; class 2 epithelial pathways; class 3 respiratory pathways; Class 0: other pathways

 

SuPPleMeNTal Table 4b: enrichment analysis girls

gO annotation alias Class p-value

GO:0046005 positive regulation of circadian sleep/wake cycle, REM sleep 0 1,08E-03

GO:0038032 termination of G-protein coupled receptor signaling 
pathway

0 1,29E-03

GO:0023021 termination of signal transduction 0 1,34E-03

GO:0042796 snRNA transcription from RNA polymerase III promoter 0 2,64E-03

GO:0006042 glucosamine biosynthetic process 0 2,74E-03

GO:0000966 RNA 5'-end processing 0 4,79E-03

GO:0007338 single fertilization 0 5,02E-03

GO:0071877 regulation of adrenergic receptor signaling pathway 0 5,16E-03

GO:1901253 negative regulation of egress of virus within host cell 1 5,95E-03

GO:0032859 activation of Ral GTPase activity 0 6,40E-03

GO:0051807 evasion or tolerance of defense response of other 
organism involved in symbiotic interaction

1 6,44E-03

GO:0006436 tryptophanyl-tRNA aminoacylation 0 7,07E-03

GO:0090336 positive regulation of brown fat cell differentiation 0 7,43E-03

GO:0051684 maintenance of Golgi location 0 7,52E-03

GO:0090362 positive regulation of platelet-derived growth factor 
production

0 8,13E-03

GO:0042746 circadian sleep/wake cycle, wakefulness 0 9,21E-03

GO:0009566 fertilization 0 9,27E-03

GO:0044068 modulation by symbiont of host cellular process 1 9,55E-03

GO:0045075 regulation of interleukin-12 biosynthetic process 1 9,94E-03

GO:0048515 spermatid differentiation 0 9,98E-03

Class 1: immunological pathways; class 2 epithelial pathways; class 3 respiratory pathways; Class 0: other pathways
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SuPPleMeNTal Table 4C: enrichment analysis boys

gO annotation alias Class p-value

GO:0035308 negative regulation of protein dephosphorylation 0 1,51E-03

GO:0043587 tongue morphogenesis 0 3,55E-03

GO:0035305 negative regulation of dephosphorylation 0 4,26E-03

GO:0050884 neuromuscular process controlling posture 0 4,33E-03

GO:0016344 meiotic chromosome movement towards spindle pole 0 5,43E-03

GO:0045198 establishment of epithelial cell apical/basal polarity 1 5,57E-03

GO:0070649 formin-nucleated actin cable assembly 0 5,60E-03

GO:1900245 positive regulation of MDA-5 signaling pathway 1 5,65E-03

GO:0007132 meiotic metaphase I 0 5,72E-03

GO:0061436 establishment of skin barrier 2 5,81E-03

GO:0051295 establishment of meiotic spindle localization 0 5,82E-03

GO:1901639 XDP catabolic process 0 5,88E-03

GO:0039533 regulation of MDA-5 signaling pathway 1 6,31E-03

GO:0045132 meiotic chromosome segregation 0 6,74E-03

GO:0039536 negative regulation of RIG-I signaling pathway 1 6,94E-03

GO:0043181 vacuolar sequestering 0 7,28E-03

GO:0005984 disaccharide metabolic process 0 7,37E-03

Class 1: immunological pathways; class 2 epithelial pathways; class 3 respiratory pathways; Class 0: other pathways

     



















 


 




SuPPleMeNTal Figure 1: relative blood cell type distribution estimate in CMa patients 
and controls. 

CD8T: CD8+ T cells; CD4T: CD4+ T cells; NK: natural killer cells; Bcell: B cells; Mono: monocytes; Gran: 
granulocytes
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SuPPleMeNTal Figure 2: 
average methylation index

A: ZNF281 amplicon 2 and 3  
in CMA boys and control boys
B: EIF4E2 amplicon in CMA girls 
and control girls
C: HTR2A amplicon in CMA girls 
and control girls
D: DHX58 amplicon 1-3 in CMA 
boys and control boys.
Y-axis: Methylation index expressed 
in (normalized) β-values; X-axis: 
ranked chromosomal probe 
position according HG19 
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SuPPleMeNT Figure 3: Categorical time span between vaccination and blood drawing 
(DNa) of CMa cases and controls. 
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Abstract

Background

Cow’s milk allergy (CMA) is the most common allergic disease in infancy. It is not clear, 

whether infants with CMA have an increased risk of developing other allergic diseases 

later in life, the so-called “allergic march”. We aimed to detect genetic associations of 

CMA using reported single nucleotide polymorphisms (SNP) in other allergic diseases and 

genetic mutations within the Filaggrin (FLG) gene. Both to investigate possible causes of 

CMA, which also suggests an “allergic march”. 

Methods

Thirty children from the Dutch EuroPrevall birth cohort study with CMA in infancy and 

twenty-three healthy controls were studied. Six candidate SNPs were selected (minor 

allele frequency 10- 50% combined with a large effect) based on the literature. Thirteen 

FLG candidate mutations were selected spread over repeats 1, 3, 4, 5, 6, 7, 9 and 10 

respectively.

Results

We found two SNPs, rs17616434 (p=0.002) and rs2069772 (p=0.038), significantly 

associated with CMA. One is located near the toll like receptor 6 (TLR6) gene, which 

functionally interacts with toll-like receptor 2, and is associated with an increased risk 

of other allergic diseases. One is located at the Interleukin 2 (IL2) locus. Twelve FLG 

amplicons were analyzed, but showed no significant enrichment. Nevertheless, we did 

observe more FLG mutations in the CMA-group compared to controls. 

Conclusion

We significantly associated two SNPs with CMA, suggesting that variation in the TLR6 

and IL2 genes contribute to the expression of CMA. In addition, since TLR6 and IL2 were 

earlier associated with other later onset allergies, this also favours the “allergic march” 

hypothesis. We observed more FLG mutations in the CMA-group, albeit we found no 

statistical significant enrichment of FLG mutations. Further studies are necessary to 

investigate the role of common variants and FLG or other skin barrier gene mutations 

in CMA.
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Introduction

Cow’s milk allergy

Cow’s milk allergy (CMA) is the most common food allergy in young children, although 

an accurate incidence is difficult to establish because of discrepancies between self-

reported and proper diagnosed allergy.1-4 CMA and other food allergies, have a 

heterogeneous clinical presentation, with a low to moderate estimated heritability of 

15% compared to other (food) allergies.5;6 Young children are likely to develop tolerance 

for cow’s milk protein within a few years. However, infants who suffered from CMA in 

their early childhood seem to have an increased risk to develop other allergic diseases like 

asthma later in life.6-12 Accumulating evidence suggest involvement of gut-microbiota, 

maturation of the immune-system and epicutaneous allergen sensitization.6;13;14 Pre- 

and postnatal environmental factors, parent-of-origin factor and stress are likely to be 

involved in the susceptibility and expression of allergy.15 So far, a clear cause for CMA 

has not been found.

Genetic component of food allergy

Genetic surveys on food allergy (FA) are to our knowledge still limited to candidate 

gene studies, and studies investigating CMA solely are not available. GWAS on other 

atopic diseases like asthma and eczema identified few candidate genes, as presented 

by Bonnelykke et al. However, these genes were only found in single FA allergy studies, 

as presented by Tan et al.16-18 Recently, it was shown that loss-of-function mutations 

of Filaggrin (FLG) are a major risk factor for peanut food allergy.19 FLG has already 

been described in studies on eczema.16;20 The FLG protein is an important skin barrier 

protein, but is not expressed in the gastrointestinal tract.13;19 Studies on the sensitizing 

mechanisms involved in FA, suggest that exposure to food antigens through the skin, 

i.e. epicutaneous, leads to allergic sensitization while (early) oral administration of food 

antigens just may prevent the onset of allergy.13 An impaired skin barrier is however not 

essential for epicutaneous sensitization. It has been shown that high molecular weight 

antigens can be taken up by dendritic cells, which are present in hair follicles, which 

on turn can either initiate a sensitization or repression of immunological responses.13;21 

During a sensitization period, different immunological processes may lead to the full 

expression of allergy.

To summarize, susceptibility factors among different types of allergies other than CMA 

are well investigated. It is known that CMA is an ultimate complex disease involving 
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different immunological pathways and different environmental factors. Here we aim 

to discover new insight in the genetic susceptibility of CMA by means of: (1) Genetic 

association of six allergy associated common and high effect genetic variants identified 

by GWAS and (2) genetic association of rare but high effect genetic mutations in the 

Filaggrin gene. 

Methods

Dutch EuroPrevall birth cohort study

In this study only children participating in the Dutch EuroPrevall birth cohort study 

were investigated. The EuroPrevall study has been described in detail previously.3;4;22;23 

In summary, children were included around birth and standardized measurements 

were performed by questionnaires. All children with symptoms suggestive of CMA 

underwent, among others a double blind placebo controlled food challenge (DBPCFC). 

Age-matched healthy control children were selected from the entire Dutch cohort. In 

both symptomatic and control children measurements where repeated annually. In all 

children undergoing blood drawing an attempt was made to obtain a full blood sample 

(EDTA KE 2.6ml Monovette, Sarstedt BV, Etten-Leur, Netherlands) for DNA-isolation too. 

This was done annually until a sample was obtained. The Medical Ethics Committee of 

the Academic Medical Hospital (METC 06/005) approved the Dutch EuroPrevall birth 

cohort study. Written informed consent, for both the study and genetic sampling, was 

obtained from both parents of each child, unless only one of them had parental rights.

CMA diagnosis

DBPCFC is the gold standard for diagnosing CMA and the challenge of choice according 

to the study protocol.22-24 All children suspected of CMA were challenged according to the 

international gold standard. The DBPCFC procedure was described in detail previously.3 

DBPCFC was repeated annually, in children with CMA, until the child was tolerant for 

CMP.3;22 Tolerance was defined as previously a positive DBPCFC for CMA, but at DNA-

sampling a negative DBPCFC and/or eating CMP without experiencing symptoms.

Samples selected for genetic analysis

DNA samples of 20 children with proven CMA were selected, based on the longest 

possible time between the age of DNA-sampling and the age of CMP-tolerance. Also ten 

samples of children with proven CMA who developed CMP tolerance during the course 
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of the study were selected, called former CMA children. Together these 30 samples are 

called the CMA-group. Control samples (N=23), were selected from the group of control 

children and matched on age at DNA-sampling.

Table 1a: Candidate SNPs 

SNP Chr genotype* HWP Nearby gene(s): function

rs2155219 
(#)

11 G/G: 0,30
G/T: 0,43

0.15 C11orf30: Regulator, represses transcription, possibly via 
its interaction with a multiprotein chromatin remodeling 
complex that modifies the chromatin.
LRRC32: Associated with allergic rhinitis and rhinitis.

rs17616434 
(##)

4 C/C: 0,06
C/T: 0,31
T/T: 0,62

0.371 TLR10: Toll Like Receptor 10. Pathogen activation, 
activation innate immunity. 
TLR1: Toll Like Receptor 1. Specifically recognizes 
diacylated and triacylated lipopeptide. TLR6: Toll Like 
Receptor 6. This receptor functionally interacts with toll-
like receptor 2. associated with an increased risk of asthma 
in some populations.
FAM114A1: May play a role in neuronal cell development.

rs6586513 
(#)

1 A/A: 0,51
A/C: 0,49

0.15 CROCC: Major structural component of the ciliary rootlet. 
Contributes to centrosome cohesion before mitosis. 
ATP13A2 : ATPase Type 13A2. Transports inorganic 
cations and other substrates. 
SDHB: succinate dehydrogenase complex. Complex 2 of 
respiratory chain.
MFAP2 : Microfibrillar-associated protein. Major antigen 
of elastin-associated microfibrils.

rs3860069 
(#)

4 A/A: 0,50
A/C: 0,45
C/C: 0,05

0.343 TLR6: Toll Like Receptor 6. This receptor functionally 
interacts with toll-like receptor 2. associated with an 
increased risk of asthma in some populations. 
TLR10: Toll Like Receptor 10. Pathogen activation, 
activation innate immunity.
TLR1: Toll Like Receptor 1. Specifically recognizes 
diacylated and triacylated lipopeptide. FAM114A1:  
May play a role in neuronal cell development.

rs6898653 
(#)

5 A/A: 0,59
A/G: 0.36
G/G: 0.05

1 SEMA6A: expression in developing neuronal tissue. Is 
required for proper development of the thalamocortical 
projection. 

rs2069772 
(#)

4 A/A: 0,52
A/G: 0,38
G/G: 0,10

0.527 IL2: Interleukin 2. Secreted cytokine for proliferation of  
T and B lymphocytes. Produced by T cells. 
ADAD1: binds to RNA. Plays a role in spermatogenesis.
KIAA1109: associated with celiac disease.

Chr: chromosome; * CEU genotype, NCBI database, HWP: Hardy Weinberg p-value, NCBI database. (#) candidate 
SNP earlier reported by Ramasamy. A. 201127; (##) candidate SNP earlier reported by Bønnelykke K. 201326
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Patient characteristics were analysed with t-test (Mann-Whitney U test when data was 

not normally distributed) for continuous parameters. Chi-square test was used for 

categorical variables and Chi-square test for trend for multiple categories categorical 

variables. All characteristics were analysed using SPSS version 20 (IBM SPSS Statistics for 

Windows, Armonk, NY).

Genetic association analysis

GWAS-studies reporting on SNPs associated with sensitization and/or allergy were 

selected.25 SNP inclusion criteria were based on the minor allele frequency (MAF) of 

20-50% and an Odds Ratio (OR) > 1.2.26;27 Based on the literature and our prior stated 

selection criteria, six SNPs were selected for evaluation. A description of the SNPs with 

regard nearby located genes is described in table 1a. 

Linkage disequilibrium (LD) was used to identify the most plausible involved gene, 

using LD plots per SNP on SNAP Broad institute with the following values: R2=0.8, distance 

limit=500, CEU population.28 Target reference sequences were downloaded using the 

database ENSEMBL.29 These reference sequences were subsequently submitted to the 

web tool Primer3 in order to obtain a primer set. Primers were M13 tail extended.30 

Primer sequences of all 6 SNPs are described in supplemental table 1a. Final quality 

control of the primer set was performed using the web tool SNPCheck.31 

The FLG gene involves at least ten highly homolog repeat sequences. The primer 

sequences or primer design for detection of FLG mutations was based on the report of 

Sandilands et al.32 In total we selected 13 FLG candidate mutations spread over repeats 

1, 3, 4, 5, 6, 7, 9 and 10 respectively (table 1b).32 Mutations reported only in the Chinese 

or Japanese population (3321delA and S2554X) were not included in this study. Since 

for most FLG primers specificity is based on not more than three repeat specific bases, 

the highest possible annealing temperature was used in the PCR in order to obtain the 

required regional specificity. All mutations were analysed using PCR, followed by Sanger 

sequencing. FLG Primers sequences are described in supplement table 1b. SNPs and FLG 

mutations were Sanger sequenced using standard protocols (BigDye Terminator® mix, 

Applied Biosystems) and analysed using an ABI3730® of Applied Biosystems. 

Raw sequence data was analysed using CodonCode Aligner® and Alamut® 

software. Since all tested mutations in the FLG gene result in an absent or defective 

protein, we constructed a cumulative variant score per patient. This cumulative score 

included a score of zero risk alleles versus one or more risk alleles present in exon 3 

repeats of FLG. The CMA-group was compared to controls. Since our small CMA sample 

is obtained by severe phenotypical selection, our sample is likely not to represent the 
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general population. Therefore we assumed that genotype evaluation according Hardy 

Weinberg Equilibrium (HWE) to be inappropriate. All genetic statistical analyses were 

performed in SPSS (v20) using a Pearson chi-square test or Fisher exact test. P-values < 

0.05 were considered significant.

Table 1b: Selected Filaggrin mutations according Sandilands et al.32 

Flg 
mutation

amplicon repeat g. (H19) c. aTg bp p. ethnicity**

R501X FLG-1 1 152285861 1501 2072 C>T 501 EUR/AM

2282del4 FLG-2 1 152285080 2282 2853 del4  
(CAGT-2286)

761/762 EUR/AM

3702delG FLG-3 3 152283660 3702 4273 delG 1234 IR

R1474X FLG-4 4 152282942 4420 4991 C>T 1474 IR

5360delG FLG-5 5 152282002 5360 5931 delG 1787 NL

6867delAG FLG-6 6 152280495 6867 7438 delAG  
(AG – 2268)

2289 / 
2290

AUS

E2422X FLG-7 7 152280098 7264 7835 G>T 2422 NL

7267delCA FLG-7 7 152280095 7267 7838 delCA  
(CA – 7268)

2423 NL

R2447X FLG-7 7 152280023 7339 7910 C>G 2447 IR

S3247X FLG-8 9 152277622 9740 10311 C>A 3247 IR

11029delCA FLG-9 10 152276333 11029 11600 delCA  
(CA – 11030)

3677 IR

11033del4 FLG-9 10 152276329 11033 11604 Del4 
(CAGT - 11036)

3678 / 
3679

NL

Q3683X FLG-9 10 152276312 11050 11050 C>T 3684* Ir

*Sandilands reported p. 3683.32 FLG: filaggrin; g: genomic position; c.: coding postion; ATG distance from 
transcription start site; bp: basepair change(s); p.: affected amino acid; 
**Ethnic group were mutations were first reported, adapted from Sandilands et al. 32 EUR (European), AM 
(American.), IR (Irish), AUS (Austrian), NL (Dutch)

 
Results

Patient and control characteristics are shown in table 2. Controls and children with 

CMA were well matched except for age at DNA-sampling. Children with CMA were 

significantly younger (p=0.008) compared to controls. We did observe slightly more IgE 

positive children (specific IgE>0.35 kU/L, p=0.044) in the children with CMA. Comparison 

of the former CMA group, showed no significant difference in age at DNA-sampling 

(p=0.71) nor IgE status (p=0.49). 
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Table 2: Characteristics of Dutch allergy study population; cow’s milk allergy (CMa), 
former CMa and controls 

CMa Control p-value

N (♀) 20 (8) 20 (10) NS

Age diagnosis CMA ± SD # 6.5 ± 2.5 NA NA

Age at Sampling ± SD # 11.8 ± 4.9 17.2 ± 7.1 0.008

N sIgE > 0.35 kU/L ## 7 1 0.044

Mean IgE value ± SD (kU/L) 1.15 ± 3.6 0.16 ± 0.64 NS

Range IgE value (kU/L) 16.4 2.9 NA

Former CMa Control p-value

N (♀) 10(0) 13(0) NA

Age diagnosis CMA ± SD # 5.8 ± 2.2 NA NA

Age at Sampling ± SD # 18.0 ± 5.6 17.2 ± 4.3 NS

Age at Tolerance ± SD # 17.2 ± 3.9 NA NA

N sIgE > 0.35 kU/L ## 0 0 NS

# age in months ANOVA; ## Fisher exact test, 2-sided; CMA: cow’s milk allergy; N: number; SD: standard 
deviation; NA: not applicable; NS: not significant; sIgE: serum specific IgE

 

Genetic contribution of common variants to CMA

For two SNPs we observed significant enrichment of risk genotypes in the CMA-group 

compared to controls, illustrated in table 3. For rs17616434, located on chromosome 

4; TLR10/1/6 and FAM114A1 locus, C/C risk alleles were absent in the control group 

while 9 CMA/former CMA subjects showed this genotype (p= 0.002). The rs17616434 

C/T and T/T genotypes were both enriched in the controls. For rs2069772 located on 

chromosome 4 as well, the T/T genotype was enriched in the CMA-group compared to 

the controls (80% vs. 46.7% respectively), while the heterozygotes (C/T) and common 

genotype (C/C) was enriched in the controls (p=0.038). Analysis based on the genotype 

frequencies within the CMA- group vs. controls was insignificant associated (p> 0.05) 

for rs2155219 (LRRC32 locus), rs6586513 (CROCC / ATP13A2 / SDHB / MFAP2 locus), 

rs3860069 (TLR6/10/1 and FAM114A1 locus) and rs6898653 (SEMA6A locus).



Genetic susceptibility for cow’s milk allergy in Dutch children: the start of the allergic march?

113

Table 3: Comparison of SNPs between cow’s milk allergy (CMa), former CMa and controls

SNP group genotype details p-value

rs2155219 GG GT TT Total 0.548

CMA + former CMA 6 (24%) 11 (44%) 8 (32%) 25 (100%)

  Control 7 (23.3%) 17 (56.7%) 6 (20%) 30 (100%)  

rs17616434 CC CT TT Total 0.002

CMA + former CMA 9 (36%) 5 (20%) 11 (44%) 25 (100%)

Control 0 (0%) 10 (33.3%) 20 (66.7%) 30 (100%)

rs6586513 AC AA   Total 0.456

CMA + former CMA 12 (48%) 13 (52%) 25 (100%)

Control 11 (37.9%) 18 (62.1%) 29 (100%)

rs3860069 CC AC AA Total 0.336

CMA + former CMA 4 (16%) 8 (32%) 13 (52%) 25 (100%)

Control 2 (6.7%) 7 (23.3%) 21 (70%) 30 (100%)

rs6898653 GG AG AA Total 0.951

CMA + former CMA 1 (4%) 13 (52%) 11 (44%) 25 (100%)

Control 1 (3.4%) 14 (48.3%) 14 (48.3%) 29 (100%)

rs2069772 CC CT TT Total 0.038

CMA + former CMA 1 (4%) 4 (16%) 20 (80%) 25 (100%)

  Control 2 (6.7%) 14 (46.7%) 14 (46.7%) 30 (100%)  

CMA: cow’s milk allergy

 

Genetic contribution of rare FLG mutations to CMA

The investigated FLG-mutations were covered by 9 amplicons of which we successfully 

optimized PCR conditions for 8 amplicons. The 4th amplicon, covering the R1474X 

mutation in FLG repeat 4, did not show consistent results and was therefore excluded 

from analysis (data not shown). The latter mutation is extremely rare and was only 

reported in the Irish population.32 
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Figure 1 : enrichment analysis of Filaggrin risk alleles in cow’s milk allergy patients vs. 
controls

Percent present risk alleles: total number of alleles / number of risk alleles per group (Cow’s milk allergy 
(CMA) patients, former CMA patients and controls). Dutch/EUR pop column indicates for every FLG 
mutation the discovery population according Sandilands et al. only and does not represent an actual 
percentage. 32

Figure 1 illustrates the percentage of present risk alleles per group. According the report 

of Sandilands et al. some mutations were, so far, only observed in European and/or Dutch 

populations annotated as dashed bars in this figure.32 One sample, homozygote for the 

2282del4 mutation involved a CMA patient. Geographic origin / ethnicity are known 

confounders in genetic surveys. Therefore, we evaluated the ethnic distribution (figure 

2) and observed no difference between the two groups. All FLG mutations are rare, and 

in combination with a relative small sample, this implies extremely low statistical power. 

In order to diminish this power problem we counted per sample the number of present 

mutations yielding a cumulative FLG risk allele score. Samples who carried 1 or more 

risk alleles were annotated as 1. Figure 3 illustrates the scores in the CMA-group and 

controls. Although insignificant (chi-square test), more risk alleles carriers were present 

in the CMA- group compared to controls. 
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Figure 2: ethnicity distribution among cow’s milk allergy (CMa),former CMa patients 
and controls 

Caucasian: both parents are of Caucasian background; Mixed: one parent is of Caucasian and one parent of 
non-Caucasian background; non-Caucasian: both parents are of non-Caucasian background

    














   

 









  

 


 





Figure 3: enrichment analysis of Filaggrin risk alleles in cow’s milk allergy patients  
vs. controls

Percentage ≥ 1 risk alleles represents a cumulative score of all Filaggrin mutations within cow’s milk allergy 
(CMA) + former CMA and control groups. WT: Wild type 

 

Discussion

In this study we observed an association of two earlier reported non-CMA allergies and/

or allergy sensitization associated SNPs with CMA. Although insignificant, we observed 

more FLG mutations in the CMA-group compared to controls which suggests that a role 

of the FLG-gene in CMA cannot be excluded. Since our candidates were earlier reported 
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to be associated with other types of late(r) onset allergic diseases, our data suggest not 

only that rs17616434, rs2069772 and FLG mutations are involved in CMA, but also 

suggest that these genetic variations might contribute to the so-called “allergic march”.

Genetic analysis

We analysed six SNPs which have been described previously in relation to allergic 

diseases.26;27 Out of these six, two SNPs showed significantly different genotypic 

distribution between CMA and controls. First, rs17616434 (p=0.002) was associated 

with CMA and is located near a cluster of toll like receptor (TLR1, 6, 10) genes, which 

has earlier been associated with allergic disease.33 Secondly, rs2069772 (p=0.038), was 

earlier described to be associated with allergic rhinitis, and is located near the IL2 and 

KIAA1109 genes.27 IL2 is known to be involved in cytokine secretion that stimulates 

proliferation of B and T -cells. The other gene, KIAA1109, is known to be involved 

in celiac disease, a disease in which the human body responds to food proteins in an 

unwanted way.34 Therefore, both IL2 and KIAA1109 are good candidates to be involved 

in CMA. Earlier reports involving allergic diseases have shown that a defective FLG-gene 

was involved, albeit the prevalence of these mutations is ethnicity specific.32 In our cohort 

we constructed a cumulative score of FLG-mutations. Although, the absolute number of 

mutations was higher in the CMA-group this difference was not statistical significant. 

The presence of ethnic specific mutations in our sample of mainly Dutch children was in 

concordance with the report of Sandilands et al, with exception of S3247X mutation, 

which was reported only in the Irish population.32 Since FLG mutations are rare and our 

study sample is small we cannot state that FLG is not involved in CMA. To our knowledge, 

FLG has not been studied in CMA before. Therefore, studies involving a larger sample 

size are necessary to conclusively rule out or rule in the involvement of FLG in CMA 

Allergic march

The allergic march hypothesize that children who suffered from food allergy or atopic 

dermatitis in early childhood have an increased risk of developing other allergic diseases, 

e.g. asthma and allergic rhinitis, in later in life. However, evidence for the existence of the 

allergic march is still very limited.6-12 Recent reports describe pathways involved in allergic 

diseases and implied common genetic variation behind these affected pathways, among 

others, defects involving the skin barrier. The Filaggrin protein is involved in maintaining a 

healthy skin barrier. 18;35 Although in our study rare FLG mutations were not significantly 

enriched in CMA patients, we did observe more FLG mutations in our CMA group. The 

function of regulatory T-cells and the Th2 responses have been previously reported in 
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relation to allergic diseases as well. These pathways have been associated with several 

other allergic diseases, which might favour the allergic march hypothesis, since the onset 

of these different types of allergies seem to manifest at specific ages. 18;35 In our small 

sample study, we found a significant associated locus located close to the IL2 gene 

which is involved in the Th2 response. Both our observations on FLG mutations and the 

IL2 locus favour the allergic march hypothesis but have to be confirmed in a prospective 

study design.

Strength and weaknesses of the study

The main strength of the studied samples is that CMA is diagnosed according to the 

current available, internationally recommended, gold standard.24 Furthermore, clinical 

data are well documented due to the setup of the study with regular questionnaires.22 

Unfortunately, it was not possible to obtain DNA-samples in all children. Furthermore, 

the amount of blood drawing for research purposes in infants is in the Netherlands 

limited to 2.5 ml. This is both limiting the sample size of this study. This resulted in 

missing values for statistical analysis, however there were no significant differences in 

distribution between valid and missing cases between CMA-infants and controls (data 

not shown). Since this is only a very small sample size study in a very heterogeneous 

disease, further studies in larger cohorts are necessary. Obviously, many more genetic 

and environmental factors are involved in the development of CMA. With respect to an 

epidemiological approach unravelling mechanisms involved in CMA, large cohorts are 

essential. On the other hand, using well characterized small cohorts or even single cases 

might be essential to elucidate distinct mechanisms, that underlie at the basis of the 

complex character of CMA.

Conclusion

Current studies indicates that genetic variation of TLR6 and IL2, which were earlier 

reported to be associated with non-CMA allergies and/or allergy sensitization, contribute 

to the expression of CMA in young children. In addition, this favours the “allergic march” 

hypothesis. Furthermore, we cannot exclude a possible role for FLG-mutations being 

involved in CMA or the sensitization process prior to the establishment of CMA. Follow-

up studies are necessary before definite conclusions about a link between early onset 

CMA and expression of later onset other allergic diseases can be drawn. 
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SuPPleMeNT Table 1a: Primer sequences candidate SNPs 

SNP Forward reverse

rs2155219 TGACTCATCATTTTGCAATGG TGTGCTACATGGTAGAAATAATTTGA

rs17616434 TGCCAAGGAATTCCCTATTCT AAATATACGGCTGGCACCAC

rs6586513 TCGGCTGTTAACCGAAAGAT AGCCGGTTAAGAATCTGGTC

rs3860069 CAGAGATAAGATTGATAATTTTGGCTGG CAGCAGAGAAGTTTAGGTTTACTATCAA

rs6898653 CAACCCCAAACCAACTCTTC TCACTGGGCTTCTTTTGTCC

rs2069772 CACATGAATGTTGTTTCAGATCC CAAATGAGGAAAATCTCAGCTTC

SuPPleMeNT Table 1b: Primer sequences candidate Filaggrin (Flg) mutations

Flg amplicon Forward reverse

FLG-1 CACTCATGAACAGCCTGACTC GCCTGGAGCTGTCTCGTG

FLG-2 ACAGTGGACACCGAGGGT GCTCTGCTGATGGTGACCA

FLG-3 CAAGCAGACAAACTCGTAAGGA CCGATGATTGTTCCTGTCCC

FLG-4 ACACGGACAGACTGCACC TGGTGTGGCTGTGATGGTAC

FLG-5 GACAAGATTCATCTGTAGTCG CCTGCTCGTGGCGGGATCT

FLG-6 AGAGGCGGTCTGGGTCTGCG CCAGAGGAATTCTCTGCATGAT

FLG-7 CCACACGTGGCCGGTCAGCA GTCCTGACCCTCTTGGGACGT

FLG-8 CTAGACACTCACAGGCAGTC CCTGATTGTCTGGAGCGGT

FLG-9 GTCAGAGACAGTGGACACCGA TACTGGAGGAAGACAAGGATC
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To the editor,

Cow’s milk allergy (CMA) is a common disease in infancy, with a European incidence 

of 0.74%.1 Most infants develop tolerance for cow’s milk protein within a few years.1 

In children who suffer from CMA, it is hypothesized that there is an increased risk for 

developing other allergic diseases, such as asthma, later in childhood.2 The diagnosis of 

asthma in children under five years of age is complicated, because many children under 

five wheeze, but only a minority will develop asthma.3 

It is not clear how many children who suffered from CMA will develop asthma. The 

EuroPrevall birth cohort study investigates the development of food allergies in young 

children in 9 different European countries. Healthy term born children from the general 

population are included, and followed until 2.5 years of age. Currently the “Integrated 

Approaches to Food Allergen and Allergy Risk Management”(iFAAM) study, among 

others the EuroPrevall follow-up study, is ongoing investigating school-age children who 

participated in a food allergy birth cohort study.4;5 We hypothesized that children who 

suffered from CMA more likely had an aero-allergen sensitization, asthma-like symptoms 

and inhalation medication use compared to healthy controls in the first 2.5 years of life.

All 49 children with double blind challenge proven CMA participating in the Dutch 

EuroPrevall birth cohort study were investigated.6 They were age-matched with healthy 

controls from the same cohort, and matched for age at aero-allergen sensitization 

sampling, with a ratio of 1:1 and 1:2. The second group was included to increase power. 

The parents of all children completed regular questionnaires up to 2.5 years of age 

according to the EuroPrevall study protocol.4 Furthermore, the children with CMA and 

controls underwent, besides others, serum specific IgE measurements for aero-allergens 

(Phadiatop; Phadia Diagnostics, Uppsala, Sweden). Serum specific IgE measurements 

were either considered positive or negative, according to Phadiatop reference values. 

Asthma-like symptoms were defined as having one or more of the following characteristics 

reported by the parents: doctors diagnosed wheeze, coughing at night without viral 

infections, and/or doctors diagnosed asthma during the first 2.5 years of life.7;8 Inhalation 

medication included parent reported use of prescribed inhalation medication during the 

first 2.5 years of life, both bronchodilators and inhalation cortico-steroids were included.

A logistic regression model was created for aero-allergen sensitization, asthma-like 

symptoms and inhalation medication use, separately. The models were tested for con-

founding and effect-modification by gender, smoking within the household, first gene-

ration relative with doctors diagnosed allergic disease (food and/or inhalation) and furry 

pets within the household. All statistical analyses were performed with SPSS software 
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(version 22; IBM SPSS Statistics for Windows, Armonk, NY). 

In 45 out of the 49 children aero-allergen specific serum IgE measurements were 

obtained between age 0-2.5 years. In the regression model we included either 45 or 109 

healthy controls. Characteristics of all three groups are presented in table 1. None of the 

children (CMA or controls) changed from a positive aero-allergen screening to a negative 

screening during this study.

Table 1: Characteristics of the children with cow’s milk allergy, as well as from both 
control groups

group CMa
n=45

Controls
n=45

Controls
n=109

Gender ♂ 29 (64%) 22 (49%) 50 (46%)

Positive aero-allergen IgE screening 4 (9%) 2 (4%) 6 (6%)

Asthma-like symptoms 32 (71%) 23 (51%) 50 (49%)

Inhalation medication use 25 (56%) 25 (56%) 51 (47%)

Furry pets in the household 25 (56%) 21 (47%) 49 (45%)

First generation relative with doctors diagnosed allergy 44 (98%) 34 (76%) 86 (79%)

Smoking in the household 18 (40%) 17 (38%) 39 (36%)

All data are presented as number with (percentage).

Furry pets in the household were considered a confounder in the model regarding aero-

allergen sensitization. Gender and a first generation relative with an allergic disease 

were considered confounders in the other two association models. Effect modification 

could not be tested due to too small sample size. A significant result (p=0.01) was 

obtained in the crude model regarding asthma-like symptoms, which just disappeared 

after correction for confounders (p=0.05). Therefore, children with CMA seem to have a 

higher probability of asthma-like symptoms in the first 2.5 years of life, compared to age-

matched controls. None of the other models showed significant results. The power in 

this study appeared as limited, with large confidence intervals. Results of all association 

models can be found in table 2.
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Table 2: regression models assessing the association between children with cow’s milk 
allergy (n=45) and the three outcome measures compared to healthy controls (n=45 and 
n=109)

45 controls 109 controls

Model Or (95% Ci) p-value Or (95% Ci) p-value

aero-allergen screening

Crude model 2.10 (0.36-12.08) 0.41 1.68 (0.45-6.24) 0.44

Adjusted $ 2.48 (0.42-14.83) 0.32 2.09 (0.54-8.14) 0.29

asthma-like symptoms

Crude model 2.36 (0.99-5.62) 0.05 2.91 (1.38-6.19) 0.01

Adjusted # 1.67 (0.64-4.37) 0.30 2.17 (0.99-4.76) 0.05

inhalation medication use

Crude model 1.00 (0.44-2.30) 0.73 1.42 (0.71-2.86) 0.32

Adjusted model # 0.70 (0.27-1.80) 0.46 0.95 (0.44-2.02) 0.89

$: corrected for furry pets within the household; # corrected for both gender and first generation relative with 
doctors diagnosed allergy

Although, almost all children with CMA from our Dutch EuroPrevall birth cohort 

study were included, our power was limited to draw definitive conclusions regarding 

an association between children suffering from cow’s milk allergy and aero-allergen 

sensitization, asthma-like symptoms or inhalation medication use compared to their 

healthy controls. Including a larger group of controls improved the power, leading to 

smaller confidence intervals, however, not sufficiently.

Our results suggest that there is a positive association between children with CMA 

and the development of asthma-like symptoms in the first 2.5 years of life. This would be 

in line with the allergic march hypothesis, that suggests an increased risk for developing 

asthma in children who suffered from CMA.2 However, evidence for the existence of the 

allergic march is still very limited.9 

Besides the small sample of CMA patients, the EuroPrevall birth cohort study has 

some other limitations. Parents could have been more likely to participate in the study 

when they were allergic.5 This could have resulted in more children having allergic 

symptoms compared to the general population. However, another Dutch birth cohort 

study, reported 55% asthma-like symptoms in children between 0-4 years, using the 

same criteria as in our study.7 This is comparable to the percentages of asthma-like 

symptoms in our study. 
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Furthermore, our results are based on doctors diagnosed wheeze and/or asthma repor-

ted by the parent(s), with regard to the EuroPrevall study protocol, the most objective 

measures we could obtain. However, even for medical doctors wheeze and asthma are 

difficult to diagnose.3;10 Therefore, in a future study, it would be interesting to obtain 

electronic records for judgment by experts, regarding the existence of asthma-like 

symptoms.

Nevertheless, to our knowledge, this is the first study including young children with 

double blind placebo controlled challenge proven CMA, investigating early signs of 

asthma. Therefore, we consider our results, although with limited power, relevant for 

the ongoing investigations of the allergic march hypothesis. Secondly, early preventive 

interventions in young children with both CMA and asthma-like symptoms seem more 

important, based on these findings.
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It was with great interest that we read the paper by Mulder et al, regarding the risk of 

allergic diseases in children and prenatal acid-suppressive drug exposure.1 The authors 

used clustered Cox proportional hazard regression to investigate the relationship 

between children with and without prenatal exposition to acid-suppressive drugs and 

later drug-treated allergic disease in these children. They found an association between 

the development of atopic dermatitis, asthma and allergic rhinitis with prenatal acid-

suppressive drug exposure. 

It is widely accepted that asthma and other allergic diseases, are common in 

children.2-4 This, in combination with the common use of acid-suppressive drugs during 

pregnancy, makes the hypothesis raised by Mulder et al of great interest.1 However, 

in our opinion the current study design is not suitable to investigate this hypothesis 

in children with asthma. While the criteria for the diagnoses of atopic dermatitis and 

allergic rhinitis used by the authors are not according to international guidelines, our 

concerns mainly involve the asthma hypothesis.5;6

Firstly, the authors defined asthma as “at least two prescriptions for inhaled 

corticosteroids within a 12 month period”.1 In contrast, according to international 

guidelines asthma diagnosis is largely based on clinical symptoms.4;7;8 Mulder et al 

presented no data regarding clinical symptoms, and therefore asthma-diagnosis is not 

accurate.1 

Furthermore, the children investigated by Mulder et al had a median follow-up of 4.9 

years from birth.1 Diagnosing asthma in children under 5 years of age is challenging and 

often inaccurate.8 Children at this young age often episodically suffer from respiratory 

symptoms without developing asthma.2;7;8 To distinguish between asthma and “episodic 

respiratory symptoms without asthma”, a trial of treatment with inhaled corticosteroids 

and /or short-acting bronchodilators may be necessary, especially since lung function 

measurements are unreliable in these young children.8 The Dutch Paediatric Society 

recommends a six to twelve week trial treatment in children, unable to perform lung 

function measurement, before diagnosing asthma.9 It is therefore likely that part of the 

prescriptions for inhaled corticosteroids in the database used, were for trial treatment, 

and thus the included children may not have asthma. The authors discussed the 

possibility of missing some mild cases and probably detecting children with more severe 

symptoms.1 Based on the above, we also consider the possibility of “asthmatic” children 

included in the analyses as not having asthma at all.

Finally, the authors displayed the percentage of children with asthma at different 

ages in figure 2.1 This figure is based on the age of the first prescription of inhaled 

corticosteroids. This graph is interesting since it displays the progression of the allergic 
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march in this study. In the current study the peak percentages of both atopic dermatitis 

and rhinitis are very similar compared to previously published data regarding the atopic 

march.10;11 However, the peak percentage of asthma in this study lies at one year of 

age, compared to five years of age commonly reported.1;10;11 The authors referred to the 

available data regarding the atopic march in their paper, but unfortunately they do not 

discuss this discrepancy.1;11 In our opinion, this adds further credence to the possibility 

that the authors have included children without asthma, falsely considering them 

“asthmatics”, based on their defining criteria of two inhaled corticosteroid treatment 

prescriptions within the last 12 months. 

In conclusion, the association between acid-suppressive drug exposition during 

pregnancy and the development of asthma and other allergic diseases, as reported by 

Mulder et al, while being interesting, has not been proven, in our opinion. Internationally 

accepted criteria for the diagnosis of asthma are essential for the reliable assessment of 

an association. 
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Abstract 

Introduction 

Monitoring breathing pattern is especially relevant in infants with lung disease. Recently, 

a vest-based inductive plethysmograph system (FloRight®) has been developed for tidal 

breathing measurement in infants. 

We investigated the accuracy of tidal breathing flow volume loop (TBFVL) measure-

ments in healthy term-born infants and infants with lung disease by the vest-based 

system in comparison to an ultrasonic flowmeter (USFM) with a face mask. We also in ves-

tigated whether the system discriminates between healthy infants and those with lung  

disease.

Methods

FloRight® measures changes in thoracoabdominal volume during tidal breathing through 

magnetic field changes generated by current-carrying conductor coils in an elastic vest. 

Simultaneous TBFVL measurements by the vest-based system and the USFM were per-

formed at 44 weeks corrected postmenstrual age during quiet unsedated sleep. TBFVL 

parameters derived by both techniques and within both groups were compared.

Results

We included 19 healthy infants and 18 infants with lung disease. Tidal volume per body 

weight derived by the vest-based system was significantly lower with a mean difference 

(95%CI) of -1.33 ml/kg (-1.73; -0.92), p<0.001. Respiratory rate and ratio of time to 

peak tidal expiratory flow over total expiratory time (tPTEF/tE) did not differ between the 

two techniques. Both systems were able to discriminate between healthy infants and 

those with lung disease using tPTEF/tE. 

Conclusion

FloRight® accurately measures time indices and may discriminate between healthy infants 

and those with lung disease, but demonstrates differences in tidal volume measurements. 

It may be better suited to monitor breathing pattern than for TBFVL measurements.



Accuracy of tidal breathing measurement of FloRight compared to an ultrasonic flowmeter in infants

139

Introduction

Tidal breathing measurements and monitoring of breathing pattern and apnea in infants 

have their clinical role, especially in preterm infants. Indices describing the shape of 

the tidal breathing flow volume loop (TBFVL) such as the ratio of time to peak tidal 

expiratory flow over total expiratory time (tPTEF/tE), have been shown to correlate with 

the severity of bronchopulmonary dysplasia in infants, with airway obstruction and with 

respiratory morbidity in both infants and young children.1;2 Current methods for TBFVL 

measurements, such as pneumotachometers and ultrasonic flowmeters, require the 

use of a facemask. Besides adding additional dead space, a facemask may alter the 

breathing pattern and interfere with sleep state.3 Furthermore, measurements may be 

uncomfortable for infants over a longer time period and can be technically difficult. To 

date however, they still represent the most accurate way of TBFVL measurements and 

are recommended by latest standards of the European Respiratory Society (ERS) and the 

American Thoracic Society (ATS) for infant lung function testing.4

A technique independent of a facemask is respiratory inductance plethysmography 

(RIP), which is frequently used for long-term monitoring of breathing pattern. It is a 

non-invasive method using two bands of coiled wire, one placed around the thorax and 

one around the abdomen. During breathing, the inductance of the coils proportionally 

changes with differences in the cross-sectional volume enclosed by them. Despite the 

fact that RIP has long been commercially available, difficulties related to calibration have 

limited its application in infants. So far, it has often been used without prior calibration 

in order to obtain relative volume changes.5-10 In addition to calibration issues, thoraco-

abdominal asynchrony may additionally confound results.5;10;11 

Recently, a new system for TBFVL measurements has been developed (FloRight®, 

Volu sense AS, Oslo, Norway). It is based on similar principles as RIP but allows simpler 

calibration in addition to being independent of facemask use. In comparison to RIP, 

FloRight® differs in that the thoracic and abdominal conductor coils, instead of consisting 

of two narrow elastic bands, are woven into an elastic vest worn by the infant, adding to 

its practicability. Comparison of the system with a mask-based system has been made, 

where tidal volumes were systematically underestimated by the vest-based system.12 

Williams et al. also investigated the vest-based system and found this to be within 

reasonable agreement.13 In a follow-up study, Pickerd et al. was able to show differences 

in thoracoabdominal synchrony as well as establish normative values in term and preterm 

infants using the vest-based system.14 However the influence of measurement conditions 

has not been systematically investigated. This is important to determine whether the 
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origin of the discrepancy is physiological or technical, before clinical utility can be esta-

blished.

We investigated the accuracy of TBFVL measurements comparing the new vest-

based system (FloRight®) with an ultrasonic flowmeter (USFM) requiring a facemask 

(Spiroson®, Ecomedics, Dürnten, Switzerland) according to latest ERS/ATS standards of 

lung function testing.15 We also investigated whether TBFVL indices derived by the new 

vest-based system are able to discriminate between healthy infants and infants with lung 

disease. Furthermore, we focused on the influence of measurement conditions, such as 

duration of the measurement, facemask, vest, respiratory rate and surface underneath 

the infant on TBFVL measurements.

Methods

Study Population

The study included 19 healthy, term born infants and a group of 18 infants with lung 

disease (nine preterm infants with chronic lung disease (CLD), five preterm infants without 

CLD, two term infants with diaphragmatic hernia, one term infant with a diaphragmatic 

paresis after heart surgery and one term infant with congenital cystic adenomatoid 

malformation (CCAM)).16 All infants were of white Middle-European ethnicity. Healthy 

infants were recruited as part of the ongoing Bern Infant Lung Development (BILD) Birth 

Cohort, which has previously been described in detail.17 Lung function in all 18 infants 

with lung disease was studied as part of the routine clinical work-up. All lung function 

measurements were performed at 44 weeks of corrected postmenstrual age.

The study has been approved by the ethics committees of the canton of Bern and 

the University Children’s Hospital Bern. Written informed consent was obtained from all 

parents.

Equipment and data analysis 

Vest-based system (FloRight®)

For measurements using the FloRight® system, the infant wears a vest with two separate 

woven-in flexible coils (Figure 1). Thus, the coils are wrapped five times helically around 

the infant’s chest or abdomen when the vests are closed. Depending on the vest-size, 

the spacing between the coils ranges from 1.2 to 2 cm. During the measurement, an 

alternating current of about 200 mA with a sine-wave frequency of 38.4 kHz is fed 

through the coils. A magnetic dipole moment is generated which is proportional to 
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the summed area of the loops regardless of their cross-sectional shape. An antenna 

placed above the infant detects the magnetic field generated by the vest. The signal 

measured with the antenna is translated into volume by calculating the summed area 

and multiplying this by the spacing between turns of the coils in the vest.18-20 Different 

vest-sizes were available and chosen according to the largest thoracoabdominal 

circumference of the infant. 

mattress 

magnetic field sensor 

10
0 

cm
 

coils in vest 
worn by infant; 

generating 
magnetic field 

facemask over 
infants nose 
and mouth 

computer 
 
 
 
 
 
 
 

Figure 1: Schematic of the measurement principle

During breathing a magnetic field is generated by the elastic vest with coils woven in, worn by the infant. The 
magnetic field is measured by the antennas placed above the infant. This signal is then analysed and converted 
into volumes through the computer.27

 

During the course of the study, vests (n=27) were fitted with adjustable Velcro-straps 

to ensure a snug fit. The vests covered the thorax from the level of the axilla, the full 

abdomen and, depending on the infant’s length, also a portion of the legs. The vests were 

worn on top of a diaper and either with (nine infants) or without further clothing (28 

infants). The vests we used were designed for single use only. Data was sampled at 100 

Hz. For this study, all volume data were low-pass filtered at a cut-off frequency of 10 Hz, 

all flow data at cut-off of 8 Hz, however the raw data was stored unfiltered. Data analysis 

was performed using the FloRight® software available with the system. The breaths were 

segmented, and all variables were calculated for each successive breath. Onset of a 

breathing cycle was defined as the transition from inspiration (inward airway flow) to 

expiration (outward airway flow). Discrimination between inspiratory and expiratory 
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intervals was done by using the instantaneous sign (positive or negative) of the flow 

signal. All time intervals were measured by counting of waveform samples. Tidal volume 

was calculated directly from the volume curve as the arithmetic mean of inspiratory and 

expiratory volume for each breath, using the definition of breathing cycles described 

above. The instrument measures volume by principle. Instantaneous flow is found by 

numerical differentiation of the recorded volume trace. This is in contrast to flow-based 

spirometers, in which volume is found by integration of the flow waveform. Due to 

the sensitivity of the differentiation process to noise, a digital low-pass filter was used 

and the filter delay compensated for using a matched digital delay in the volume signal 

before constructing the flow-volume loop. The software also performs drift correction by 

resetting the volume baseline every 20 seconds.

Calibration of the vest-based system

Calibration was done by connecting a coil with a known volume and recording the 

magnetic field generated by this coil. The coil area was of similar magnitude to the 

cross-sectional area of an infant’s torso, and a calibration constant was calculated which 

related the measured magnetic field to the area of the coil. This calibration can be 

performed without involving the infant, since the volume measurements are based on 

absolute physical laws. Areas, and thus volumes, were estimated in a way that did not 

depend on the cross-sectional shape of the infant’s torso. 

USFM system using a facemask

In the validated mask-based system, an USFM (Spiroson®; EcoMedics AG, Dürnten, 

Switzerland) with an infant face mask (size 1, 7.5 ml deadspace; Homedica, Cham, 

Switzerland) was used.21 This was set as the reference method for the study and has 

been described previously in detail.22 Measurements were performed according to the 

ERS/ATS standards of infant lung function testing.4 FloRight® custom-written software 

was used to match the signals from the two systems to enable analysis from in parallel 

derived data from the same breaths, using a cross-correlation method. 

Model Experiments

The two systems were first compared by a simple physical model, consisting of a plastic 

tube with a circumference of 36.2 cm with a surrounding Teflon membrane, which 

encloses an inflatable volume around the tube. Simulating changes in thoracoabdominal 

volume during breathing, this volume can be changed via a connecting 10-ml plastic 

syringe (Becton Dickinson AG, Allschwil, Switzerland). Measurements were made with 
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the vest attached around the model. Five sets with 15 slow tidal manoeuvres each were 

delivered, using the 10ml syringe, simultaneously to the mask-based and the vest-based 

systems, and the volumes measured by both systems compared.

In a second experiment, we used a standard infant ventilator (Fabian, Acutronics 

medical systems AG, Switzerland) to perform tidal manoeuvres. Here, a tidal volume (Vt) 

of 23 ml , comparable to 5-7 ml/kg for infants at the age of 44 weeks postmenstrual 

age, was delivered simultaneously to both systems. During this experiment, we also 

assessed the effect of different respiratory rates (RR) ranging from 20-80 breaths per 

minute. Measurements were performed twice for every frequency, with a minimum of 

100 breaths per measurement. 

Tidal breathing measurements

Measurements in all infants were performed during quiet, unsedated natural sleep, 

usually after feeding. Infants were studied in a supine position with the head in a midline 

position.22 Measurements were performed according to ERS/ATS standards.4;15;23 First, a 

10 minute measurement with only the mask-based system was made. Second, a simul-

taneous measurement with the two systems was made for 10 minutes whenever possible. 

The first 100 available regular, consecutive breaths were analysed according to ATS/

ERS standards.4;15;23 Sighs were excluded from analysis, including the 10 breaths before 

and after a sigh, and the first 20-30 breaths after mask placement were excluded.22 Data 

from all infants were included regardless of health or lung disease status. 

Comparison of tidal breathing parameters

In all infants studied, we compared all volumes measured over 100 breaths by the two 

systems. Secondly, we compared mean Vt and minute ventilation (Vt multiplied by RR) 

over 100 breaths between the two systems. In order to investigate the influence of the 

measurement length, the comparisons above were made not only over 100 breaths but 

also over 10 breaths. From the same measurements, mean RR, peak tidal expiratory 

flow (PTEF) and the ratio time to peak tidal expiratory flow over total expiratory time 

(tPTEF/tE) over 100 and 10 breaths were also compared between the two systems. We 

also investigated the effect of using software from the vest-based system to analyse 

data obtained by the USFM, by exporting raw flow data from the USFM software 

(EcoMedics AG, Duernten, Switzerland). Using custom-written software (VoluSense AS, 

Oslo, Norway) the raw flow data was integrated to give volume, de-trended to remove 

drift and then data was resampled to 100 Hz and reformatted to enable import by the 

FloRight analysis software. Since the FloRight software requires two volume traces (from 
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thorax and abdomen coils), the volume values were split in equal halves between the 

two locations.

Possible influencing factors on tidal breathing

One factor known to influence tidal breathing measurements is the facemask.3 We 

investigated this by measuring tidal breathing with the vest-based system for 20 breaths 

without the mask placed on the infants face and 20 breaths with the facemask placed. 

For this analysis, only ten breaths before removal and ten breaths after placement of 

the mask were excluded from analysis due to the limited time of quiet natural sleep in 

infants. 

In order to rule out a possible influence of the vest on tidal breathing, 10 minutes of 

tidal breathing were measured with the mask-based system only and 10 minutes with 

the vest- and mask-based system simultaneously. We analyzed 100 breaths from both 

measurements and compared Vt and RR with and without the vest.

The respiratory rate has the potential to influence any differences between volumes 

obtained at the mouth by the mask-based system and at the chest by the vest-based 

system. This was investigated in a model experiment as well as in the infants.

Measurements were performed with the infant sleeping on one of the three possible 

surfaces (cot, stroller or arms of mother or nurse). The mean differences between the 

two systems were compared.

Comparison between health and lung disease

For all tidal breathing parameters we investigated if the two systems were able to discri-

minate between healthy infants and infants with lung disease. 

Statistical analysis

Graphs were created and statistical analysis performed using SigmaPlot 11 (Systat 

Software Inc., Richmond, CA). With regards to comparisons of tidal breathing para-

meters between the two systems, correlation between the two methods was first 

examined, reported as the correlation coefficient r over 10 and 100 breath traces. The 

equivalence of both methods was then determined using Bland and Altman method by 

plotting differences of paired measurement against means of paired measurements.24 

Comparisons between the two systems and between measurements with and without 

a mask or vest were made using paired t-tests (Wilcoxon signed rank tests if data was 

not normally distributed). With regards to influence of various factors on the difference 

between the two systems: The relationship between the difference in tidal volume 
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assessed by the two systems (vest-based minus mask-based) and respiratory rate was 

evaluated using linear regression for both model and infant experiments. The influence 

of the measurement surface was evaluated by unpaired comparisons of the difference 

in tidal volume assessed by the two systems measured between the different surfaces. 

Comparisons between health and disease were made using t-tests (Mann-Whitney rank 

sum tests where data was not normally distributed). A p-value < 0.05 was considered 

statistically significant.

Results

Study Population

The healthy and lung disease groups were similar in postmenstrual age, but significantly 

different with respect to gestational age (p<0.001), body weight (p=0.01), body length 

(p=0.04) and body circumference (p=0.005). Characteristics of the two groups are dis-

played in Table 1.

Table 1: anthropometric characteristics of study population

Healthy infants (n=19) 
Mean (SD)

infants with lung disease (n=18) 
Mean (SD)

p-value 

Gestational Age (weeks) 39.1 (1.69) 29.9 (5.16) <0.001

Postconceptional age  
at lung function (weeks)

44.7 (1.11) 44.6 (2.90) 0.726

Body weight (kg) 4.37 (0.51) 3.82 (0.71) 0.010

Body length (cm) 53.9 (1.65) 52.0 (3.42) 0.040

Body circumference (cm) a 39.0 (1.98) 37.3 (1.37) 0.005

Sex (male/female) 12 / 7 10 / 8 0.655

a: body circumference is the largest measured circumference around chest or abdomen out of 3 measurements

 

Model Experiments

The model experiment using a syringe displayed good agreement between the two 

systems. Tidal volumes were not significantly different between the two systems with a 

mean difference (95%CI) of -0.14 ml (-0.51; 0.23), p=0.351. The influence of RR on this 

difference was minimal but significant (p=0.002), see also figure 2.
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Figure 2: Vt measured by both the vest- and mask-based system while the volume was 
delivered by an infant ventilator with increasing frequency.

●: Vt obtained by mask-based system; ■ Vt obtained by vest-based system ▲ Difference between Vt-mask and 
Vt-vest. 

 

Comparison of tidal breathing parameters

Results of simultaneously measured tidal breathing indices are found in Table 2. 

Correlation between the two systems was higher for 10 breaths with a mean r (95%CI) 

of 0.98 (0.96; 0.98) than for 100 breaths with a mean r (95%CI) of 0.79 (0.73; 0.84) . 

Table 2: Tidal breathing parameters measured simultaneously by mask- and vest-based 
system in all infants

Mask-based system 
Mean (SD)

Vest-based system 
Mean (SD)

Mean difference (95% Ci), 
p-value

Tidal volume per body weight 
(ml/kg)

7.43 (1.27) 6.10 (1.40) -1.33 (-1.73; -0.92), p < 0.001

Minute ventilation per body 
weight (ml/kg/min)

361 (63.8) 300 (76.8) -60.5 (-78.5; -42.6), p < 0.001

Respiratory rate (/min) 50.1 (11.9) 50.8 (11.9) 0.71 (0.24; 1.17), p = 0.031

Peak tidal expiratory flow 
(ml/s)

67.1 (13.4) 67.7 (19.3) 0.63 (-3.57; 4.83), p = 0.76

tPTEF/tE 33.9 (12.4) 36.6 (13.1) 2.71 (-0.47; 5.90), p = 0.14
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The Bland-Altman plots showed a systematic underestimation of Vt (mean difference (± 

2SD) -1.327 (2.446) ml/kg (Figure 3) and minute ventilation (mean difference (± 2SD) 

-60.535 (107.667) ml/kg/min by the vest-based system. This was the case for both health 

and lung disease groups.

Figure 3: bland altman plot of Tidal Volumes measured with mask- (Vtmask) and vest-
system (Vtvest). 

Showing on the x-axis the mean of the two volumes and on the y-axis the difference. ●: healthy infants;  
▼: infants with lung disease; Solid line indicating the mean, dotted line the limits of agreement at ± 2SD, dashed 
line indicating zero

There was also a significant difference when comparing analysis of the same mask-

based signal using the vest-based versus mask-based software for both Vt and minute 

ventilation. Mean difference Vt (95%CI) -0.09ml/kg (-0.12; -0.061), p<0.001, and mean 

difference minute ventilation (95%CI) -3.32ml/kg/min (-4.50; -2.14), p<0.001.

Bland-Altman plots showed an overestimation of RR by the vest-based system (mean 

difference 0.71/min, 95%CI 0.24; 1.17, p=0.031), though this was not dependent on 

the magnitude of the measurement. Comparison of PTEF and tPTEF/tE did not reveal 

a significant difference between the mask- and vest-based systems. Again here was 

a statistical difference between the values measured with the mask and the values 

measured with the mask, but analysed with the vest-software (mean difference PTEF 

-1.01ml/s, 95% CI -1.22; -0.81, p<0.001), (mean difference tPTEF/tE 2.20%, 95% CI 

1.83; 2.58, p<0.001).
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Factors influencing tidal breathing

Application of the facemask showed a significantly higher Vt compared to the breaths 

when there was no mask placed over the infants nose and mouth (mean difference 

(95%CI) 1.79 ml/kg (1.50; 2.07), p<0.001). There was no difference found in RR 

between measurements with or without facemask (mean difference (95%CI) -0.71/min 

(-3.42; 2.00), p=0.597). This comparison was done in 18 healthy infants and 15 infants 

with lung disease, due to insufficient length of sleep in the other four infants.

Measurements with or without the vest were not significantly different for Vt (mean 

difference (95%CI) -0.13 ml/kg (-0.45; 0.18), p=0.39) and RR (mean difference (95%CI) 

2.40/min (-0.55; 5.35), p=0.102). This comparison was done in 18 healthy infants and 13 

infants with lung disease, due to insufficient length of sleep in the six excluded infants.

Possible influencing factors on differences between the two systems

While the difference in Vt between the two systems was associated with RR for the 

model, this was not the case in the infants (p=0.091). 

The surface underneath the infant had a significant influence on the difference in Vt 

between the systems, with a smaller difference using a cot compared to stroller or arms 

(mean difference stroller versus cot (95%CI) -1.66 ml/kg (-2.75; 0.56), p=0.005; mean 

difference arms versus cot (95%CI) -0.84 ml/kg, (-1.65; -0.038), p=0.041. Between 

stroller and arms, there was no significant difference (mean difference Vt (95%CI) 

-0.81ml/kg (-2.30; 0.67), p=0.257).

Figure 4: Discriminating between health and lung disease using tPTeF/te with both the 
mask- and the vest-system

Columns indicating the system used and if the infant was healthy (healthy) or having lung disease (disease).
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Comparison between health and lung disease

The only parameter able to discriminate between health and disease was tPTEF/tE in 

both systems (Table 3a). Mean tPTEF/tE (SD) was 40.5% (9.10) vs 27.0% (11.8) in the 

mask-based system, and 42.5% (8.34) vs 30.4% (14.4) in the vest-based system (figure 

4). These results also held when consider only infants with CLD (mean tPTEF/tE (SD) was 

21.6% (7.93) in the mask-based system, and 28.0% (16.9) in the vest-based system) 

i.e. the majority of the disease group (table 3b). Minute ventilation was also able to 

discriminate between health and disease, but only with the mask-based system and in 

the total lung disease group.

Table 3a: Difference in tidal breathing parameters between healthy infants and infants 
with lung disease using both the mask- and vest-based system simultaneously

Mask-based system Vest-based system

Mean difference 
(95% Ci)

p-value Mean difference 
(95% Ci)

p-value

Tidal volume per body weight  
(ml/kg)

-0.074 (-0.93; 0.79) 0.86 0.11 (-0.83; 1.06) 0.81

Minute ventilation per body weight 
(ml/kg/min)

-54.6 (-93.5; 15.7) 0.007 -41.6 (-91.6; 8.39) 0.10

Respiratory rate (/min) -8.44 (-15.9; -0.95) 0.066 -8.95 (-16.4; -1.46) 0.05

Peak tidal expiratory flow (ml/s) -5.50 (-14.4; 3.36) 0.22 -5.35 (-18.3; 7.61) 0.41

tPTEF/tE 13.5 (6.45; 20.5) <0.001 12.1 (4.30; 19.9) 0.001

Table 3b: Difference in tidal breathing parameters between healthy infants and infants 
with ClD (majority of the lung disease group) using both the mask- and vest-based 
system simultaneously

Mask-based system Vest-based system

Mean difference 
(95% Ci)

p-value Mean difference 
(95% Ci)

p-value

Tidal volume per body weight  
(ml/kg)

-0.54 (-1.56; 0.48) 0.56 -0.14 (-1.41; 1.12) 0.82

Minute ventilation per body weight 
(ml/kg/min)

-40.5 (-87.5; 6.59) 0.062 -24.0 (-85.7; 37.7) 0.43

Respiratory rate (/min) -2.70 (-9.96; 4.57) 0.45 -3.81 (-11.3; 3.64) 0.43

Peak tidal expiratory flow (ml/s) -7.67 (-18.8; 3.43) 0.26 -8.94 (-25.7; 7.80) 0.28

tPTEF/tE 18.9 (11.6; 26.2) <0.001 14.5 (4.79; 24.2) 0.004
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Discussion

Summary of findings

The vest-based FloRight® system accurately measures indices like RR, PTEF and tPTEF/tE  

compared to a mask-based system. However, the volumes measured by this vest-based 

system showed a tendency to underestimate the volumes measured by the mask-based 

system. Factors significantly influencing the difference between the tidal volumes mea-

sured with the two systems were mainly RR and the surface underneath the infant. Only 

tPTEF/tE was able to discriminate between healthy infants and infants with lung disease 

for both systems. 

Significance and strengths of technique and study 

The major advantage of the vest-based system is the avoidance of a facemask, which 

was seen to significantly increase tidal volumes, as is also previously known.1;25 Also, the 

vest represents a non-invasive component of the measurement, which does not disturb 

the infant during long-term monitoring applications. However, the volumes measured 

by the vest-based system cannot be compared to volumes measured by the mask-based 

system; despite the small groups, all data showed underestimation of the volumes by 

the vest-based system, except for two, healthy infants. On the other hand, time-based 

indices measured by the systems are similar, and thus the vest-based system may be 

suitable for monitoring and apnoea detection. Another advantage is the easy calibration 

procedure compared to similar systems such as RIP. 

Limitations of the technique and study

The technique also has some practical limitations. First, a good fit of the vest is crucial. 

Any moving surface area not adequately covered by the vest will mean underestimation 

of volumes measured. The vest has to be placed as high up into the axilla as possible, 

there should be no wrinkles in the cranial-caudal direction, and it should cover the whole 

abdomen. Second, the system samples volume at a frequency of 100Hz. The standards 

recommend that a sampling rate of 200 Hz be used in order to adequately measure 

parameters such as tPTEF/tE.4;15 However, discriminative ability between health and 

disease was still apparent in the vest-based system. 

Finally, during analysis we found a small but significant difference between the ana-

lysis of the mask-based parameters using the mask-based software or the vest-based 

software. Since these differences where very small, we consider them clinically insigni-

ficant.
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Comparison between the two systems and possible influences

There was good agreement between the systems with regards to timing indices, but not 

with regards to volume measurements. Previous studies found the difference between 

the two systems to be significant but small, with a mean difference of 0.096 ml for 

Vt found by Olden et al12 and 0.4 ml found by Williams et al.13 Ours is the first study 

examining the various factors affecting the difference between the vest-based system 

and the mask-based system in more detail. Importantly, we found the vest-based system 

to have good agreement with the mask-based system in measuring timing indices, 

making the system well suited for long-term monitoring of timing indices. However, 

the difference in volume measurements compared to mask-based system was much 

larger than previous work when studied over several minutes, and the cause for the 

discrepancy could not be ascertained. It is possible that non-stationary conditions due to 

patient motion and drift, which are not accounted for during calibration, can contribute 

to this discrepancy, however care has been taken to minimise motion and these factors 

are likely to have only a minor effect. While the system may be useful for short-term 

monitoring of tidal volumes, these volumes should not be expected to be a true reflection 

of tidal volume measured at the airway opening, especially over longer term. To explain 

the underestimation we investigated possible influencing, methodological factors, i.e. 

respiratory rate, surface beneath the infant, and disease status. The effect of respiratory 

rate may provide an explanation as suggested by model experiments, however, this was 

not found to be significant in the study population. We speculate this may be due to a 

greater presence of gas compression effects in the real lung. 

The surface underneath the infant was found to be a significant contributor to the 

discrepancy. A possible reason for this could be that the vest-based system measures 

changes in volume in the cross-sectional direction and not changes in volume in the 

cranial-caudal direction, which may cause the volumes measured with the vest to 

underestimate the “true” volumes. By using a different, firmer surface underneath the 

infant, this effect was minimised. We have seen a larger discrepancy when the infant 

was placed in a stroller or the arms compared to a cot (with firmer surface) during 

measurements, however sizeable discrepancies remained when using a cot. Also the 

need for using a standardised firm surface may limit the clinical application of the system 

and may not be suitable for general bedside measurements.

The discrepancy between vest- and mask-based Vt measurements were similarly 

found in both healthy and sick infants, i.e. the disease was not a critical factor for the 

discrepancy. Thoraco-abdominal asynchrony has been described as confounder in RIP 

measurements.5;10;11 Pickerd et al also showed a difference between term and preterm 
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born infants.14 We have not been able to investigate thoraco-abdominal asynchrony in 

the present study.

Discriminating between health and disease

In our study, we found that the measurement tPTEF/tE obtained using either system was 

able to discriminate between health and lung disease. tPTEF/tE has been described as 

a sensitive parameter to distinguish between health and disease.2;25 Thus, in terms of 

time-based indices, the two systems are equivalent. However, in terms of volume-based 

indices, the mask-system was also able to discriminate using minute ventilation, where 

the vest-system could not. This is consistent with the finding that volumes measured by 

the two systems were not interchangeable. While the differences in volumes between the 

two systems could be attributable to physiological, anatomical and software or analysis 

factors, the effect of these factors on discriminative capacity could not be examined due 

to the small numbers. 

The lung disease group also includes five preterm infants. It is known that preterm 

infants show significant burden of respiratory disease in the first year of life and more 

often suffer from wheeze, more often use inhalation therapy and are more often re-

hospitalized compared to term born infants.26 Thus, we have decided to include them 

in the lung disease group, even though it may be debatable whether these infants have 

lung disease. 

Future outlook

For monitoring functions, the system ideally needs to be able to measure breathing 

parameters over long term. There was a difference in the correlation between volumes 

measured by the two systems when considering 100 versus 10 breaths. This is most likely 

attributable to the drift correction algorithm in the FloRight® software. Thus, in terms 

of long-term monitoring, while the system is ideal for detection apnoeas or calculation 

of timing-related breathing parameters, it is not suitable for tidal volume measurements 

(for example weaning of breathing support) or hypopnoea detection. Any calculation of 

tidal breathing parameters needs to be calculated over a shorter-term and continually 

updated for long-term monitoring functions.
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Conclusion

The currently investigated vest-based system (FloRight®) accurately measures time-indices 

and discriminates between health and lung disease. However, volume measurements 

can not be compared with the standard mask-based systems, and can be susceptible 

to practical limitations. Thus, the new system seems more suited as a monitoring tool 

for the detection of apnoeas or time-based breathing parameters, while its use as a 

lung function tool would require overcoming some of its current limitations and more 

validation.
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Cow’s milk allergy (CMA) is the most common food allergy in infancy, although an accurate 

prevalence is difficult to establish because of discrepancies between self-reported and 

properly diagnosed allergy.1;2 The prevalence seems to be rising, with numbers estimated 

up to a 350% increase. Unfortunately, accurate data is lacking due to the different study 

designs used in the past.3-8 CMA has a heterogeneous clinical presentation, with a broad 

range of symptoms.9;10 The current gold standard for diagnosing CMA, is a double-blind 

placebo-controlled food challenge (DBPCFC).11;12 This is a time-consuming test, with the 

risk of an anaphylactic reaction.10 However, a proper diagnosis is important because 

CMA may result in a decreased quality of life and is an economic burden.13;14

The current treatment consists of a cow’s milk protein (CMP) elimination diet.14-16 

For breastfed children, the mother needs to follow a CMP elimination diet. If the infant 

is formula fed, regular infant formula needs to be replaced by an extensively hydrolysed 

formula or amino acid based formula.14-16 These formulas are not only expensive, 

they also influence palatability of the children, which may lead to difficulties with the 

introduction of other foods.17 Finally, for older children CMP needs to be eliminated 

from their diet. If CMP is accidentally ingested then an allergic reaction develops. In 

some children this may lead to anaphylaxis and they must be treated with (auto-injector) 

intramuscular adrenalin. Less severe allergic reactions can be treated with antihistamine 

and/or steroids.14-16

Fortunately, the majority of children with CMA regain tolerance for CMP within a 

few years.18 A recent study showed numbers varying between 57% in IgE mediated 

CMA and 100% in non-IgE mediated CMA one year after diagnosis.19 Studies on oral 

immune tolerance induction are ongoing in order to try to accelerate this process. Results 

of these studies are promising, but an effective intervention is not yet available for clinical 

practice.20 

Despite the good prognosis of CMA in young infants, CMA is hypothesized to be 

the start of the so called “allergic march”. The hypothesis is that children suffering from 

CMA, other food allergies and/or atopic dermatitis early in life, will develop other allergic 

diseases, such as asthma and allergic rhinitis, later in life.21 Unfortunately, up to now, 

there is no clue what causes CMA and no proof that the allergic march exists.22

The Dutch EuroPrevall birth cohort study followed a large cohort of children during 

their first 2.5 years of life, and aims to investigate the infants with CMA who participated 

in this study in the Netherlands.23 An attempt was made to gain more insight into 

possible causes of CMA and the subsequent development of other allergic diseases. This 

chapter gives a summary and general discussion of the results presented in this thesis. In 

addition, recommendations for future studies are provided.
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Summary

Chapter two describes the results so far available from the EuroPrevall birth cohort 

study, including (not yet published) additional data of the Dutch cohort. The EuroPrevall 

study is a population-based, multi-centre European follow-up study and is designed 

to investigate the current prevalence of several food allergies. This thesis focuses on 

the Dutch birth cohort study, included in EuroPrevall. In the Netherlands 976 children 

were included, out of which 49 developed CMA during the course of the study. In the 

entire European cohort 12049 children were included. A total of 55 children with CMA 

were included in the analysis of the total EuroPrevall birth cohort study. The remarkable 

difference in prevalence between the Dutch cohort (5%) and the entire European 

cohort (0.74%) was intriguing. This was most likely due to differences in the definitions 

used. Furthermore, the high percentage of non-IgE mediated CMA in the Dutch and 

United Kingdom cohort compared to the prevalence found in the other countries was 

remarkable. Ethnic background of the study population and selection bias of the Dutch 

cohort were considered, but could not be confirmed as a cause of this large difference. 

Therefore, the explanation of this difference remains unclear and speculative.

Chapter three describes the high number of CMA children with remaining symptoms 

while being treated with an extensively hydrolysed formula (eHF). Only 10% of 

the children with CMA who are treated with an eHF are expected to continue with 

symptoms. Mainly gastro-intestinal symptoms are mentioned in the literature. 51% of 

children with CMA in the Dutch EuroPrevall birth cohort study experienced symptoms on 

eHF, while they were symptom free on amino acid based formula (AAF). Only a “general 

uncomfortable being” of the children as symptom of CMA was found to have a limited 

predictability, while gastro-intestinal symptoms were not. A weak point of our study was 

that we did not confirm that eHF was not tolerated with a DBPCFC. However, based 

on the results we recommend a switch to AAF for all children with CMA or symptoms 

indicating CMA and who are still experiencing symptoms while being treated with eHF 

(as recommended by the Dutch Paediatric Society).

In chapter four we comment on a publication by Taylor et al who investigated the 

cost-effectiveness of both, an extensively hydrolysed formula (eHF) and an amino acid 

based formula (AAF) in patients with CMA.24 They used real-life data from The Health 

Improvement Network (THIN) database. This historical cohort covered infants with CMA 

younger than 1 year of age. Our main concern was that CMA prevalence was only 
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based on perception of food allergy and not on objective measures such as an oral food 

challenge test. This indicates that this study probably overestimates the real prevalence. 

Furthermore 19% of the infants remained symptomatic while being treated with an AAF, 

and this suggests (since AAF is based on amino acids) that CMA was not the cause of the 

symptoms. In this type of study it is essential to have a clear definition of CMA in order 

to obtain valid results. A cost analysis is unreliable when it is not based on internationally 

accepted criteria for the diagnosis and treatment of CMA.

In chapter five we describe two children with a false-negative DBPCFC and a severe 

allergic reaction upon introduction of cow’s milk. Both children were suspected of CMA 

while fully breastfed. Both children showed no symptoms during the active day of the 

DBPCFC. However, they developed severe reactions while drinking their first bottle of 

cow’s milk based partially hydrolysed formula. Several possible causes for the false-

negative DBPCFC were considered. First, short-term specific oral tolerance, which means 

that the infant develops tolerance for the allergenic food during the increasing doses 

of the DBPCFC, but loses this tolerance quickly after the DBPCFC. Second, another 

possible cause may have been that during the challenge the infants became sensitised, 

and the actual clinical reaction occurred upon re-introduction of CMP. Furthermore 

exclusive breastfeeding was considered as a possible cause. Based on these two cases, 

the EuroPrevall birth cohort study protocol was adapted for exclusively breastfed infants 

with a negative DBPCFC. These children received an additional food challenge with the 

CMP containing formula of choice, while under medical supervision to avoid severe 

allergic reactions at home.

Chapter six presents the results of a pilot study regarding epigenetic changes as a possible 

cause for the increasing prevalence of CMA. CMA and other food allergy prevalence are 

rising faster than can be expected based on genetic disorders only. Epigenetic changes 

are suspected to be involved in the development of allergic diseases. Epigenetics includes 

all modifications to DNA and proteins and are thought to regulate gene expression and/

or protein function. Moreover, epigenetics is thought to be influenced by genetics and 

environmental circumstances. In this pilot study, 20 children with CMA, 10 children with 

previous proven CMA, but now CMP tolerant and matched controls were investigated. 

General hypermethylation was found in the CMA group compared to control children, 

while this effect was absent in the tolerant group. Methylation differences between 

CMA-children and controls, but not in the tolerant group, were, among others, found in 

regions of the DHX58, ZNF281, EIF42A and HTRA2 genes. These gender specific genes 
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involve immunological and related pathways that possibly contribute to the expression 

of CMA.

In chapter seven we investigated two possible genetic causes of CMA. It was aimed 

to detect genetic associations using reported single nucleotide polymorphisms (SNP) in 

other allergic diseases and genetic mutations within the Filaggrin gene. Thirty children 

from the Dutch EuroPrevall birth cohort study with (former) CMA and twenty-three 

controls were studied. Six candidate SNPs were selected based on the literature. We 

found two SNPs, rs17616434 and rs2069772, significantly associated with CMA. One is 

located near the toll like receptor 6 (TLR6) gene, which functionally interacts with toll-like 

receptor 2, and is associated with an increased risk for other allergies. One is located at 

the Interleukin 2 (IL2) locus. No significant enrichment was found in the twelve studied 

amplicons of the Filaggrin gene. Nevertheless, we did observe more FLG mutations in the 

CMA-group compared to controls. 

In chapter eight we investigated whether there is an association between children with 

CMA and healthy controls regarding aero-allergen sensitization, asthma-like symptoms 

and inhalation medication use. We developed 3 models to investigate whether there 

is already an association in children between 0-2.5 years of age. The model regarding 

asthma-like symptoms suggests a protective effect of CMA on developing asthma-like 

symptoms (p=0.02 crude/p=0.05 adjusted). This would be in contrast with the allergic 

march hypothesis. Unfortunately, power in our study was insufficient to draw definitive 

conclusions. However, considering the contradicting results regarding the allergic march 

hypothesis, a future study with adequate power would be very interesting.

In chapter nine we comment on a publication by Mulder et al regarding the risk of 

developing allergic diseases in children and prenatal acid-suppressive drug exposure.25 

It is widely accepted that asthma and other allergic diseases are common in children. 

This, in combination with the common use of acid-suppressive drugs during pregnancy, 

makes the hypothesis raised by Mulder et al. very interesting. They found an association 

between the development of atopic dermatitis, asthma and allergic rhinitis with prenatal 

acid-suppressive drug exposure. However, in our opinion, the current study design is not 

suitable to investigate this hypothesis in children with asthma. First of all, the authors 

defined asthma as ‘at least two prescriptions for inhaled corticosteroids within a 12 

month period’. According to international guidelines, asthma diagnosis is largely based 

on clinical symptoms and not only on the use of inhaled corticosteroids. Also the criteria 
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for the diagnoses of atopic dermatitis and allergic rhinitis used by the authors are not 

according to international guidelines. Furthermore, the children investigated by Mulder 

et al. had a median follow-up of 4.9 years from birth. Diagnosing asthma in children 

under 5 years of age is challenging and often inaccurate. Children at this young age 

often episodically suffer from respiratory symptoms without developing asthma. The 

peak percentage of 1 year of age at asthma diagnosis in this study contributes to the 

suggestion that children without asthma are included as asthmatic in this study. The 

Dutch Paediatric Society recommends a six- to twelve-week trial treatment in children, 

before diagnosing asthma. During this trial period inhaled corticosteroids are prescribed 

despite asthma is not yet being diagnosed. In our opinion, based on the above discussed 

concerns, the association between acid-suppressive drug exposure during pregnancy 

and the development of asthma and other allergic diseases, as reported by Mulder et al., 

while being interesting, has not been proven.

In chapter ten we describe the results of the comparison of a new lung function tech-

nique for infants with the current available standard. Infants with CMA are considered to 

be at risk for developing asthma. Although asthma is a clinical diagnosis, lung function 

might be of help. However, current available lung function techniques require the child’s 

cooperation, making it impossible to use in infants and young children. For research 

purposes there are techniques available without requiring cooperation. However the use 

of a facemask on itself changes the breathing pattern of the child. This study describes 

a new lung function technique, that does not require a facemask or cooperation of 

the child and which was compared to the available gold standard, an ultrasonic 

flowmeter (USFM). A vest-based inductive plethysmograph system (FloRight) has been 

developed for tidal breathing measurement in infants. We investigated the accuracy of 

tidal breathing flow volume loop (TBFVL) measurements in healthy term-born infants 

and infants with lung disease by the vest-based system in comparison to an USFM. We 

included 19 healthy infants and 18 infants with lung disease. Tidal volume per body 

weight derived by the vest-based system was significantly lower with a mean difference 

(95% CI) of 1.33 ml/kg (1.73; 0.92), P<0.001. Respiratory rate and ratio of time to peak 

tidal expiratory flow over total expiratory time (tPTEF/tE) did not differ between the two 

techniques. Both systems were able to discriminate between healthy infants and those 

with lung disease using tPTEF/tE. Therefore, this new technique may be better suited to 

monitoring breathing pattern than for TBFVL measurements.
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General Discussion

We observed large differences in the number of children with CMA between the Dutch 

cohort (5%) and the entire European cohort (0.74%).19;26 These differences were a result 

of differences in definition of a positive challenge test. In the EuroPrevall birth cohort 

study a stringent case definition was applied only during analysis of the data and had a 

major influence on the outcome. The original study protocol defined a positive DBPCFC, 

as when objective symptoms appeared and/or when there were severe, persisting (more 

than 40 minutes) subjective symptoms. When the symptoms were minor or not clearly 

allergic and not worsening over 40 minutes, the last given dose was repeated. Symptoms 

within 72 hours after a challenge day were considered as possible reactions. The more 

strict case definition, considered a DBPCFC positive only in case of a reaction within the 

first 2 hours after the food challenge. This case definition was introduced during the 

analysis of the European data, and was meant to exclude possible subjective differences 

between the cohorts. Since many children in the Dutch cohort developed symptoms 

between 2 and 24 hours after the challenge, many children with an initially positive 

outcome were excluded from the European analysis, but included in the Dutch analysis. 

This is according to both the study protocol and daily clinical practice. 

Most of the children in the Dutch cohort had non-IgE mediated CMA, especially 

the children excluded from the European analysis. Non-IgE mediated CMA was mainly 

seen in the cohorts from the United Kingdom and the Netherlands.19 We hypothesize 

that non-IgE mediated CMA is of a different phenotypic background compared to IgE-

mediated CMA, as has also been described for hen’s egg allergy.8 This leads to different 

and later reactions, such as more gastro-intestinal symptoms and eczema.15 Therefore 

the children with non-IgE mediated CMA are more likely to develop symptoms after the 

first two hours of the food challenge.

The difference between IgE and non-IgE mediated CMA was also seen in the epige-

netic pilot study. In the Dutch cohort a combination of both IgE and non-IgE mediated 

CMA children were included, leading to several loci with methylation differences between 

these children and their matched controls. In an Australian study, only IgE-mediated 

CMA children were included, with higher IgE levels compared to the Dutch children.27 

This study found completely different loci with methylation differences. Of course many 

other possible factors may have influenced this difference. Comparisons of methylation 

differences with regard to ethnic background would be interesting to include in future 

studies, especially since allergy prevalence differs between ethnic backgrounds.28;29 The 

Dutch cohort consisted of less Caucasian parents compared to the other 8 cohorts in the 



Summary and general discussion

165

EuroPrevall birth cohort study.30 

Feeding habits could be another factor influencing methylation differences. The 

“hunger winter studies” and Scandinavian studies revealed that feeding habits of grand-

parents are of influence not only in their children, but also in their grandchildren.31;32 

These studies mainly focussed on cardio-vascular disease and not allergic diseases. It is 

well known that feeding habits of the mother may influence the offspring. A study in 

the United States for example showed a relation between maternal peanut use during 

pregnancy and sensitization to peanuts in the offspring.6 In contrast, the LEAP-study 

showed a decrease in peanut allergy in children after early introduction.33 Feeding 

recommendations for infants within the different European countries differ greatly 

across Europe, with only limited and weak scientific evidence supporting the various 

guidelines.34 EuroPrevall has collected data regarding feeding habits of mothers during 

pregnancy and breastfeeding and of the children during the course of the study, as well 

as data regarding IgE and non-IgE mediated CMA. Since the majority of the children 

in the cohorts from the United Kingdom and the Netherlands had non-IgE mediated 

CMA, and these cohorts had more children suffering from CMA compared to the other 

countries in the EuroPrevall birth cohort study, it would be very interesting to compare 

cow’s milk consumption from these countries with the other European countries.19;26 

Allergic March

The allergic march is described as the development of food allergy or atopic dermatitis in 

infancy, followed by asthma in childhood and allergic rhinitis later in life.21 Recently, new 

insights into a possible mechanism behind the allergic march were obtained, suggesting 

that a dysfunctional skin barrier serves as a site for allergic sensitization.35 However 

evidence that the allergic march exists is still limited.22 

In this thesis we found contradicting evidence for the allergic march hypothesis. 

First, we showed a different epigenetic profile in children with CMA compared to healthy 

controls that disappeared after developing CMP tolerance. This finding suggests there is 

no indication that the studied loci are involved in development of the allergic march in 

children with CMA, even though the found loci have been described in asthma as well. 

Furthermore, we found no significant difference in the studied amplicons of the Filaggrin 

gene. Conversely, 2 significantly different SNPs were found in children with CMA. Both 

SNPs were selected because they are known to be involved in asthma and/or allergic 

rhinitis. These results favour the allergic march hypothesis. Based on our studies, it is not 

possible to make a definite conclusion regarding the existence and possible causes of the 

allergic march. Unfortunately, the follow-up of our study terminated at 2.5 years of age, 
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which is before peak age incidence of asthma or allergic rhinitis. All children are currently 

being asked to participate in a follow-up study (iFAAM) between 5 and 10 years of age. 

In the genetic analysis we followed a targeted approach, investigating only SNPs already 

described in other allergic diseases. This is a very good approach to confirm previous 

results found in a different cohort, but for identifying causes of a new or other disease it 

is narrow compared to a genome wide approach. Also the genetic and epigenetic results 

were observed in small subgroup analysis. Small subgroup analysis is very valuable in 

generating hypothesis for further studies, but it is not suitable for definite conclusions. 

In our opinion, only long term follow-up of a large group of the same children from 

childhood into adolescence is likely to provide the answers. This study would also require 

diagnosis according to the gold standard only, as is currently undertaken in the iFAAM-

study. 

With all the debate regarding the existence of the allergic march, it would be 

interesting to investigate signs of asthma already during infancy in children with and 

without CMA, as well as during childhood. The BILD-cohort performs lung function 

studies at several moments during infancy and childhood, but CMA is not involved in the 

analysis.36 The lung function measurements in the BILD-cohort are performed with an 

USFM, the current gold standard.37;38 The new technique we investigated was unable to 

measure tidal volumes accurately.39 Breathomics are another technique, so far showing 

promising results, especially in detecting differences in young children with lower 

respiratory tract diseases, although studies are still ongoing.40;41 Although breathomics 

do not provide lung function indices, they may be able to detect a biomarker for asthma 

at a young age. 

In conclusion, our studies show promising results in gaining insight in the patho-

physiological mechanisms in CMA. A large difference between IgE and non-IgE mediated 

CMA was found across Europe, suggesting different disease entities. Furthermore, we 

found different hypermethylated loci in children with CMA, suggesting an epigenetic 

involvement in CMA. Moreover, we confirmed two SNPs, known from other allergic 

diseases, involved in CMA. Further studies are needed though: first, because the 

epigenetic results are obtained from a pilot study. Second, because sample sizes in our 

studies were rather small. Third, the targeted approach in the genetic studies narrows 

the possibility of finding a different locus involved.
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Recommendations for future studies

First, following of all children participating in the EuroPrevall birth cohort study into 

adolescence would be very interesting. Ideally these studies would, besides ques-

tionnaires and DBPCFC, also include epigenetic evaluation to evaluate the observed 

methylation differences over time. 

Second, a genome wide association study (GWAS) in the children with proven CMA 

would be interesting. Since it is preferred to perform GWAS only with large sample sizes, 

this probably needs to be a multi-centre study to obtain results within a reasonable 

timeframe. A uniform definition of a positive DBPCFC would then be very important.

Finally, it would also be interesting to perform lung function measurements and 

breathomics in infants and at school age. Changes in these measurements over time in 

case of developing CMA, asthma and other allergic diseases, may provide more insight 

in the existence of the allergic march. However, since these measurements were not 

performed in the EuroPrevall birth cohort study, a new cohort needs to be recruited.

In the meantime, we recommend an elimination diet in all children suspected of 

CMA, with an extensively hydrolysed formula or an amino acid formula if necessary, 

including a DBPCFC to confirm CMA diagnosis.
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Onderzoek naar koemelkallergie: resultaten van het Nederlandse EuroPrevall 

geboortecohort

Koemelkallergie is een veel voorkomend probleem. Op de zuigelingenleeftijd is het zelfs 

de meest voorkomende voedselallergie. Daarbij is er de afgelopen jaren sprake van een 

flinke toename van kinderen met een voedselallergie. Koemelkallergie kan zich met veel 

verschillende symptomen presenteren, zoals spugen, diarree, obstipatie, huiduitslag 

(eczeem), galbulten, ontroostbaar huilen, en zelfs ernstige allergische reacties met 

opzwellen van de lippen, tong en luchtwegen.

De beste manier (“gouden standaard”) om koemelkallergie vast te stellen is met een 

“dubbelblinde placebo gecontroleerde voedselprovocatietest”. Bij dit onderzoek krijgt 

het kind gedurende 2 verschillende dagen een koemelkvrije flesvoeding te drinken. Op 

een van de twee dagen wordt daar koemelkeiwit aan toegevoegd, waarbij de voeding er 

hetzelfde uitziet, ruikt en smaakt. Zowel de ouders, verpleegkundigen als artsen weten 

niet op welke dag het kind de koemelk bevattende voeding krijgt, waardoor objectief 

kan worden gekeken naar de symptomen die het kind ontwikkelt. Helaas is dit onderzoek 

niet ideaal. Het is bijvoorbeeld tijdrovend, arbeidsintensief, kostbaar en niet zonder 

risico voor de patiënt. Tijdens zo’n provocatietest kunnen patiënten allergische reacties 

ontwikkelen uiteenlopend van mild tot zeer ernstig. Naast deze voedselprovocatie wordt 

ook vaak bloedonderzoek verricht bij een verdenking op een voedselallergie. Hierbij wordt 

gekeken naar antistoffen tegen bepaalde bestanddelen van het voedingsmiddel, het 

zogenaamde specifiek IgE. Met het bloedonderzoek wordt echter alleen aangetoond dat 

ons afweersysteem een bepaald onderdeel van een voedingsmiddel (allergeen) herkent 

(“sensibilisatie”). Je spreekt pas van een allergie als ons afweersysteem het allergeen 

herkent en er ook een orgaan in je lichaam is dat daarop reageert met symptomen. 

Bijvoorbeeld, bij mensen die allergisch zijn voor huisstof kan er benauwdheid optreden 

nadat ze dat ingeademd hebben en er kan in het bloed gemeten worden dat hun 

afweersysteem dat allergeen herkent. Kinderen die alleen gesensibiliseerd zijn kunnen 

het voedingsmiddel soms prima verdragen als ze het eten. Terwijl er ook kinderen zijn met 

een allergische reactie bij het eten van een voedingsmiddel, waarbij geen sensibilisatie 

aantoonbaar is. In diverse, tot op heden, gepubliceerde wetenschappelijke onderzoeken 

werd dit bloedonderzoek, naast het verhaal (“anamnese”) regelmatig gebruikt als 

vervanger van de voedselprovocatie. Hoofdstuk 4-5.
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Hoeveel kinderen er last hebben van een koemelkallergie is niet precies duidelijk. Dit 

heeft te maken met het gebruik van verschillende vormen van onderzoeken waarmee 

werd vastgesteld of er sprake was van koemelkallergie. Om meer duidelijkheid te krijgen 

over het voorkomen van voedselallergieën werd het Europese onderzoek “EuroPrevall” 

opgezet. Onderdeel van dit Europese onderzoek is een geboortecohort onderzoek in 

9 verschillende Europese landen (Nederland, Verenigd Koninkrijk, IJsland, Duitsland, 

Polen, Litouwen, Spanje, Italië en Griekenland). In dit onderzoek worden kinderen vanaf 

de geboorte tot de leeftijd van 2,5 jaar gevolgd. Het Emma Kinderziekenhuis AMC is 

namens Nederland deelnemer aan dit geboortecohort onderzoek. Het bijzondere aan 

het EuroPrevall geboortecohort onderzoek is, dat in alle 9 landen op precies dezelfde 

manier, met dezelfde vragenlijsten, soorten onderzoek en criteria is gekeken naar 

verschillende aspecten van voedselallergie. Dit is de eerste keer dat er wereldwijd zo’n 

onderzoek werd gedaan. 

In totaal deden er ruim 12.000 kinderen mee. Van deze kinderen ontwikkelde 0.74% 

een koemelkallergie. Daarbij viel op dat er in Nederland en in het Verenigd Koninkrijk 

meer kinderen waren, waarbij geen sensibilisatie in het bloed kon worden aangetoond, 

dan in de andere Europese landen. Binnen het Nederlandse cohort ontwikkelde echter 

5% van de kinderen een koemelkallergie. Een van de verklaringen voor dit verschil is, 

dat in Nederland alle kinderen met een positieve voedselprovocatietest zijn meegeteld, 

terwijl bij de Europese berekeningen alleen die kinderen zijn meegeteld, die bij de 

voedselprovocatietest een reactie kregen binnen 2 uur nadat zij de laatste dosis hadden 

genomen. Hoofdstuk 2.

De behandeling van koemelkallergie bestaat uit het volgen van een koemelkvrij dieet. 

Als de baby borstvoeding krijgt, zal de moeder een koemelkvrij dieet moeten volgen. Als 

er sprake is van kunstvoeding, zal een speciale kunstvoeding gebruikt moeten worden. 

Onder de kunstvoedingen, die geschikt zijn voor kinderen met koemelkallergie, zijn 2 

verschillende typen. De eerste is een voeding, waarbij het koemelkeiwit in zeer kleine 

stukjes is geknipt, een zogenaamd intensief hydrolysaat. Er zijn verschillende varianten 

van de intensieve hydrolysaten te verkrijgen. In het onderzoek werd Nutrilon Pepti® 

gebruikt. Het tweede type is een aminozuurvoeding. Dit is een voeding opgebouwd uit 

de losse bouwstenen van eiwitten (“aminozuren”). Deze bouwstenen hebben nooit het 

koemelkeiwit gevormd. Deze voeding is dan ook 100% koemelkvrij. Hiervan zijn slechts 

2 varianten te verkrijgen in Nederland. In het onderzoek werd Neocate® gebruikt.

Uit eerder onderzoek is bekend dat ongeveer 10% van de kinderen met een 

koemelkallergie die worden behandeld met een intensief gehydrolyseerde kunstvoeding 
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allergische symptomen blijft houden. Deze kinderen komen in aanmerking voor be-

handeling met een aminozuuurvoeding. Wij onderzochten hoeveel kinderen er nu 

daadwerkelijk symptomen bleven houden als ze ingesteld werden op een intensief 

gehydrolyseeerde voeding. Dat bleek 50% te zijn en dit was veel meer dan verwacht. 

Behalve dat deze kinderen vaker oncomfortabel waren (ontroostbaar huilen, over-

strekken, voedsel weigeren), konden er geen andere factoren gevonden worden die 

konden voorspellen welke kinderen wel of niet een aminozuurvoeding nodig hadden. 

Een duidelijke verklaring waarom bepaalde kinderen symptomen bleven houden tijdens 

het gebruik van een intensief gehydrolyseerde kunstvoeding is niet duidelijk. Het advies 

is om bij kinderen die symptomen van koemelkallergie blijven houden, terwijl ze worden 

behandeld met een intensief gehydrolyseerde voeding, over te stappen naar een 

aminozuurvoeding. Dit is ook het advies dat in 2012 is opgenomen in de richtlijn over 

koemelkallergie van de Nederlandse Vereniging voor Kindergeneeskunde. Hoofdstuk 3.

Tot op heden is nog niet duidelijk waardoor koemelkallergie wordt veroorzaakt. 

Waarschijnlijk is er sprake van een combinatie van factoren. Hierbij spelen mogelijk 

erfelijke aanleg en omgevingsfactoren een rol. Het is bekend dat als je allergische 

ouders of allergische broers/zussen hebt, je meer kans hebt op het ontwikkelen van een 

koemelkallergie, maar je krijgt deze niet altijd. Ook zijn er kinderen die geen allergische 

gezinsleden hebben en die toch een koemelkallergie ontwikkelen.

Mogelijk speelt hierbij het (tijdelijk) “aan- en uitzetten” van genen een rol. Dit wordt 

epigenetica genoemd. Dit aan- en uitzetten kan worden beïnvloed door verschillende 

omgevingsfactoren. Omgevingsfactoren zijn bijvoorbeeld de voeding die een baby krijgt, 

maar ook de voeding en medicijnen die de moeder gebruikt.

In het onderzoek is gekeken of er verschillen zijn in het aan- en uitstaan van genen 

bij kinderen met koemelkallergie en bij gezonde controlekinderen van dezelfde leeftijd. 

Er werd een verschil gevonden maar dit verschil verdween zodra de kinderen over hun 

koemelkallergie heen waren gegroeid. De verschillen werden gezien in genen die een rol 

spelen bij het afweersysteem, bij de luchtwegen en bij het maagdarmkanaal. Opvallend 

was dat bij jongens met koemelkallergie er andere gebieden in het gen aan en uit waren 

gezet dan bij meisjes met koemelkallergie. Hoofdstuk 6.

In het onderzoek werd ook onderzocht of er kleine veranderingen in een gen te 

vinden zijn bij kinderen met koemelkallergie, terwijl die bij gezonde controles niet te 

vinden zijn. Van bepaalde genen is bekend, dat kleine veranderingen een rol spelen 

bij andere allergische ziekten, zoals astma of pinda-allergie. In het onderzoek werd 

gekeken naar een aantal van deze bekende kleine veranderingen. Daarbij werden 2 
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kleine veranderingen gevonden bij kinderen met koemelkallergie, terwijl die niet bij hun 

gezonde controles terug te vinden waren. Hoofdstuk 7.

Naast koemelkallergie zijn er meer allergische ziekten, zoals eczeem, astma, allergische 

rhinitis (hooikoorts-achtige klachten) en andere voedselallergieën. Sommige kinderen 

krijgen slechts één van deze ziekten, maar anderen ontwikkelen er meer. 

Eczeem, astma en allergische rhinitis worden voornamelijk vastgesteld op basis van de 

beschrijving van de klachten die de kinderen of ouders geven. Daarbij wordt soms gebruik 

gemaakt van een proefbehandeling met medicijnen en/of een aanvullend onderzoek. 

Bij astma kan het aanvullend onderzoek bestaan uit een longfunctieonderzoek. Hierbij 

wordt gekeken naar de in- en uitademing met behulp van een speciaal apparaat. 

Hiervoor is het belangrijk dat bepaalde opdrachten (bijvoorbeeld “zo diep mogelijk uit -

ademen”) goed worden uitgevoerd. Op zeer jonge leeftijd is het nog niet mogelijk om 

dit soort opdrachten uit te voeren en moet dus op een andere manier naar de long-

functie gekeken worden. Dit kan met speciale technieken gedaan worden terwijl een 

kind slaapt, met een speciaal kapje over mond en neus. Momenteel zijn deze technieken 

alleen in gebruik voor onderzoeksdoeleinden. Wij hebben samen met een Zwitserse 

onderzoeksgroep onderzocht of een nieuwe techniek, met het dragen van een elastisch 

vest om de borstkas, geschikt is om de longfunctie te meten bij baby’s. Deze techniek 

bleek wel geschikt te zijn om bijvoorbeeld ademhalingsfrequentie te meten en verschillen 

te vinden tussen groepen kinderen met en zonder longziekten, maar bleek niet geschikt 

om volumes te meten. Hoofdstuk 10.

Bij kinderen die meerdere allergische ziekten ontwikkelen is er vaak op de babyleeftijd 

sprake van koemelkallergie of eczeem. Deze ziekten kunnen van voorbijgaande aard zijn. 

De andere allergische ziekten ontstaan vaak later, maar kunnen ook op jonge leeftijd 

ontstaan. Het ontwikkelen van meerdere allergische ziekten, al dan niet na elkaar, wordt 

de allergische mars genoemd. Momenteel is er nog geen oorzaak gevonden voor de 

allergische mars en is het ook nog niet zeker of de allergische mars wel bestaat. In onze 

onderzoeken vinden wij tegenstrijdige resultaten, waardoor verder onderzoek nodig is. 

Hoofdstuk 6-9.

In het laatste hoofdstuk van dit proefschrift worden alle gepresenteerde resultaten 

bediscussieerd en worden aanbevelingen voor vervolgonderzoek gedaan.
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PhD portfolio

PhD student Nicole C.M. Petrus

PhD period January 2010 - June 2013

PhD supervisor Prof. Dr. W.M.C. van Aalderen

Year Workload 
(eCTS)

PhD Training

general Courses

The AMC World of Science 2010 0.7

Research and Finance 2010 0.2

Basic Course in Legislation and Organization for Clinical Researchers (BROK) 2010 0.9

Oral Presentation in English 2011 0.8

Project Management 2011 0.6

Specific courses 

Clinical Epidemiology 2010 0.6

Clinical Data Management 2010 0.3

Practical Biostatistics 2011 1.1

Genetic Epidemiology 2012 1.1

Advance Topics in Biostatistics 2012 2.1

Advanced Topics in Clinical Epidemiology 2012 1.1

Epidemiology for the Clinical Allergist (Post Graduate Course EAACI) 2012 0.2

Advanced Immunology 2013 2.9

Seminars, workshops and master classes

Master class Emma Children’s Hospital Scientific Symposium 2011 0.4

How to generate valid and reliable evidence when patient numbers are 
small? By dr. Gordon Guyatt

2011 0.2

How to respond to reviewers comments by dr. Gordon Guyatt 2011 0.1

Workshop “Finalizing your PhD” by Young Investigators Pediatrics 2012 0.1

Who wrote my paper? by dr. Drummond Rennie 2013 0.2

Oral Presentations

Prevalence of cow’s milk-, hen’s egg- and peanut allergy in the first 2.5 
years of life: data from the Dutch EuroPrevall birth cohort; Emma Children’s 
Hospital Scientific Symposium

2011 0.5
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Year Workload 
(eCTS)

Is the prevalence of food allergy in the Netherlands different between 
Caucasian and non-Caucasian children in the first 2.5 years of life; Jonge 
Onderzoekerdag Nederlandse Vereniging voor Kindergeneeskunde

2011 0.5

The role of skin prick test and specific IgE in diagnosing hen’s egg allergy 
in young children; Jonge Onderzoekerdag Nederlandse Vereniging voor 
Kindergeneeskunde

2012 0.5

Poster Presentations

Prevalence of cow’s milk-, hen’s egg- and peanut allergy in the first 2.5 
years of life: data from the Dutch EuroPrevall birth cohort: Emma Children’s 
Hospital Scientific Symposium

2011 0.5

Is the prevalence of food allergy in the Netherlands different between 
Caucasian and non-Caucasian children in the first 2.5 years of life; Pediatric 
Allergy and Asthma Meeting

2011 0.5

Is the prevalence of food allergy in the Netherlands different between 
Caucasian and non-Caucasian children in the first 2.5 years of life; 
Amsterdam Pediatrics Symposium

2012 0.5

The role of skin prick test and specific IgE in diagnosing hen’s egg allergy 
in young children; European Asthma Allergy and Clinical Immunology 
Congress

2012 0.5

(inter)national conferences

Emma Children’s Hospital Scientific Symposium; 21 January; Amsterdam, 
Netherlands

2010 0.25

Emma Children’s Hospital Scientific Symposium; 3 February; Amsterdam, 
Netherlands

2011 0.25

European Academy of Allergy and Clinical Immunology Congress 2011; 11-
15 June; Istanbul, Turkey

2011 1.25

Pediatric Allergy and Asthma Meeting; 13-15 October; Barcelona, Spain 2011 0.75

Jonge Onderzoekerdag Nederlandse Vereniging voor Kindergeneeskunde; 1 
November; Veldhoven, Netherlands

2011 0.25

Amsterdam Pediatrics Symposium; 16 February; Amsterdam, Netherlands 2012 0.25

European Academy of Allergy and Clinical Immunology Congress 2012; 16-
20 June; Geneva; Switzerland

2012 1.25

Jonge Onderzoekerdag Nederlandse Vereniging voor Kindergeneeskunde; 
30 October; Veldhoven, Netherlands

2012 0.25

Teaching

lecturing

Food Allergy: not always innocent; Pediatric Nurses 2012 0.2

Optional Course Allergy; 2nd year Medical Students 2013 0.2

Kleinschalig Klinisch Lijn Onderwijs, 2nd and 3rd year Medical Students 2011-2013 1
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Year Workload 
(eCTS)

Supervising

J. van Dissel; Honours Patient Care Program 2010 1

M. van Hoek; Cow’s milk allergy: Characterizing the infant who can not 
sustain eHF

2011-2012 3

L. Janssen; Egg allergy and peanut allergy: risk factors for development of 
egg- or peanut allergy in young children

2011-2012 3

M.R.J.H. Adams: Skin prick test and cow’s milk protein specific IgE: 
predictors of tolerance for an extensively hydrolysed formula in infants with 
cow’s milk allergy

2012 2

N. van Welie: The role of ISAC-component analysis in the diagnosis of 
peanut and hazelnut allergy in children

2012-2013 3

Parameters of esteem: grants and awards

Genootschap ter bevordering van de Natuur-, Genees- en Heelkunde 2011

Spinozafonds 2011

Wet Fiscale Stimulering van Speur- en Ontwikkelingswerk 2012

Stichting Steun Emma Kinderziekenhuis 2012

Outstanding Abstract Presentation at the European Asthma Allergy 2012
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Curriculum Vitae

Nicole Catharina Maria Petrus werd op 30 Augustus 1982 geboren in Castricum. Na het 

volgen van het HAVO en het VWO aan het Augustinus College in Beverwijk, begon zij in 

2001 aan haar studie geneeskunde aan de Universiteit van Amsterdam. Hier behaalde zij 

in December 2007 haar diploma.

Na enkele maanden te hebben gewerkt als onderzoeker op het EuroPrevall project 

onder leiding van prof.dr. Wim van Aalderen en dr. Aline Sprikkelman, vertrok zij naar 

Zwitserland. In Bern heeft zij gedurende 15 maanden onderzoek verricht naar een 

nieuwe longfunctietechniek bij baby´s onder leiding van Prof.dr. Urs Frey.

In 2010 keerde zij terug naar het AMC om haar promotietraject te starten op het 

EuroPrevall onderzoek, een Europese multicenter studie, naar voedselallergie bij jonge 

kinderen, resulterend in dit proefschrift.

Sinds de zomer van 2013 is Nicole werkzaam als arts-assistent kindergeneeskunde.
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Dankwoord

Promoveren doe je niet alleen, en daarom zijn er heel veel mensen om te bedanken. Ik 

weet, nu ik dit schrijf, al zeker dat ik diverse mensen ga vergeten, terwijl ze hier absoluut 

een vernoeming hebben verdiend. Mijn dank aan een ieder die mij heeft geholpen is 

GROOT!

Allereerst wil ik alle ouders en kinderen bedanken die hebben meegewerkt aan het 

onderzoek. De eindeloze (telefonische) vragenlijsten, bloedonderzoek, huidpriktesten en 

voedselprovocaties. Zonder jullie had ik nooit zoveel plezier beleefd aan het doen van 

onderzoek. Bovendien, zonder jullie was dit onderzoek niet mogelijk geweest!

Mijn promotoren: Prof. dr. W.M.C. van Aalderen, beste Wim. Tijdens mijn studie kruisten 

onze wegen voor het eerst en dat is in de loop der jaren zo gebleven. Je had altijd een 

luisterend oor als ik daar behoefte aan had. Daarbij wist je praktische adviezen te geven, 

de artikelen te verbeteren en mijn eigen inbreng daarbij in zijn waarde te laten. Heel veel 

dank voor alle afgelopen jaren. Hopelijk blijven onze wegen zich kruisen.

Dr. A.B. Sprikkelman, beste Aline. Wij hebben samen toppen en dalen meegemaakt 

gedurende het onderzoek, en we zijn ze allemaal te boven gekomen. Onze discussies 

over hoe wij de stukken konden verbeteren heb ik altijd gewaardeerd. Verder gaf je mij 

veel vrijheid om mijn eigen accenten aan het onderzoek toe te voegen, met weer mooie 

nieuwe samenwerkingsverbanden tot gevolg. Heel veel dank daarvoor.

Geachte promotiecommissie, prof. dr. M.A. Benninga, prof. dr. J. Garssen, prof. dr. R. 

Gerth van Wijk, prof. dr. J.B. van Goudoever, prof. dr. G.H Koppelman en prof. dr. R. 

van Ree. Heel veel dank voor het beoordelen van mijn manuscript en het met u van 

gedachten mogen wisselen over mijn onderzoek.

Collega EuroPrevall onderzoekers. In de loop der jaren zijn er vele mensen werkzaam 

geweest op ons onderzoek. Zonder elkaar waren deze resultaten niet mogelijk 

geweest. Wij hebben samen hoogtepunten en dieptepunten beleefd, zowel privé als 

op onderzoeksgebied. Mijn dank gaat dan ook uit naar jullie allemaal, maar in het 

bijzonder: Lies en Anne-Fleur. Bianca en Hester, wat fijn dat jullie het vervolgonderzoek 

hebben verricht.

Dear EuroPrevall colleagues, thank you all very much for our collaborations in the past 

years. This thesis would have been impossible without you. 
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Prof. Dr. R.C. Hennekam, beste Raoul, Prof. dr. M.M.A.M. Mannens, beste Marcel en  

dr. P. Henneman, beste Peter. Wat ben ik blij met jullie te hebben mogen werken op het 

grensvlak van klinisch en basaal onderzoek. Heel veel dank voor alles wat ik van jullie heb 

mogen leren en de fijne samenwerking met jullie en jullie collega’s.

Beste Martine, heel veel dank voor al je statistische hulp als ik het zelf niet meer wist en 

ik last-minute bij je aan kwam kloppen.

Collega’s van de afdeling parasitologie van het LUMC, in het bijzonder Yvonne Kruize, 

heel veel dank voor het verwerken van alle bloedsamples. Altijd stonden jullie weer voor 

mij klaar als ik op korte termijn kwam om uit de vele samples de geschikte buisjes te 

zoeken, heel veel dank voor deze gastvrijheid.

Esther Ris, heel veel dank voor je prachtige lay-out en omslag. Cary Gillenwater, heel veel 

dank voor je last-minute correcties van mijn Engelse fouten.

Zonder de dames van het dagziekenhuis en de speciaal keuken was het niet mogelijk 

geweest alle onderzoeken te verrichten. Ik heb altijd heel plezierig met jullie samen-

gewerkt. Mijn dank is groot.

Lieve Astra, heel veel dank voor al jouw, meestal onzichtbare, hulp achter de schermen. 

Ik ben blij dat jij een heleboel praktische problemen zo soepel en snel hebt opgelost.

Er hebben vele studenten meegeholpen in het kader van hun studie. Janne, Stef, Judith, 

Margaritha, Meike, Laura en Nienke. Ik vond het een eer om jullie te mogen begeleiden 

bij jullie wetenschappelijke stage, bachelor-thesis, keuze onderwijs, honours programma. 

Hopelijk hebben jullie net zo veel van mij geleerd als ik van jullie.

Collega keldergenoten: Anders, Jeroen, Leontien, Reinout, Elske, Carline, Elske, Alice, 

Sophie, Eva, Sanne, Janneke, Sylvia, Arno, JP en alle PSA-dames. Met zijn allen wegge-

stopt in de kelder van het AMC. Gelukkig waren jullie er om af en toe stoom af te 

blazen, te ontspannen, tips te geven over analyses of programma’s of gewoon samen 

te lunchen.

Collega’s in het EKZ. Het is onmogelijk om iedereen bij naam te noemen. Heel veel dank 

aan jullie allemaal voor de hele fijne samenwerking gedurende de vele jaren die ik, in 

verschillende functies, in het EKZ heb gewerkt.

My Swiss colleagues, who taught me the basics of performing clinical research. We also 

had great parties together, Australia day, Thanksgiving, Beer&Pizza, homemade sushi… 

My memories are sweet, thanks to all of you.
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Mijn collega’s in het Westfriesgasthuis. Wat fijn dat ik bij jullie in de kliniek mocht komen 

werken na al die jaren onderzoek te hebben gedaan. Ik heb me altijd heel veilig en op 

mijn gemak gevoeld bij jullie. Daarnaast was er altijd interesse in mijn onderzoek. Zie 

hier eindelijk het resultaat. Ik had mijn tijd bij jullie niet willen missen en denk er met een 

warm gevoel aan terug.

Gavin, voor jou extra veel dank voor het corrigeren van al mijn “Nederlandse” Engels.

Collega’s in het Meander Medisch Centrum. Op het moment dat ik dit schrijf weet ik dat 

ik binnenkort bij jullie mag komen werken. Ik heb er heel veel zin in.

 

Lieve familie, schoonfamilie en vrienden. De afgelopen jaren hebben jullie mij minder 

gezien dan mij lief is. Heel vaak is jullie niet duidelijk geweest waar ik nu mee bezig was. 

Het resultaat op papier zal daar denk ik niet veel aan veranderen. Gelukkig stonden jullie 

altijd voor mij klaar. Hopelijk ben ik vanaf nu minder afwezig en kan ik er ook weer meer 

voor jullie zijn.

Lieve Michiel en Marloes. Wat bijzonder dat wij alle 3 een promotietraject volgden. Wie 

had dat ooit gedacht. Onze band wordt in de loop der jaren ook alleen maar sterker. 

Heerlijk om samen ervaringen te kunnen uitwisselen, ook al liggen onze onderwerpen 

ver uit elkaar. Heel fijn dat jullie als afsluiting van dit bijzondere traject naast mij willen 

staan. Ik kan mij geen betere paranimfen wensen.

Lieve Pappa en Mamma. Door jullie levenslessen en opvoeding ben ik geworden wat ik 

nu ben. Lieve pap, ik begin steeds beter de waarde van je adviezen in te zien. Hopelijk 

kan ik mij al je adviezen blijven herinneren. Ik had heel graag al mijn promotieperikelen 

met je willen delen en je bij dit speciale moment willen hebben. Lieve mam, ondanks alle 

tegenslagen blijf je mij steunen in al mijn keuzes. Vooral voor jou heeft dat vaak minder 

leuke consequenties gehad. Hopelijk komt er nu weer meer tijd voor leuke dingen 

samen. Mamma, wat ben ik trots op jou.

Lieve Roel. Wat ben ik blij dat ik jou tegen ben gekomen. Je hebt mij van begin af aan 

vrij gelaten om mijn onderzoek af te ronden. Jij steunt mij onvoorwaardelijk en weet mij 

te motiveren als ik even geen zin meer heb. Samen met jou is het echt 1+1=3.




