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Abstract

Background: Asthma, rhinitis and eczema often co-occur in children, but their

interrelationships at the population level have been poorly addressed. We assessed

co-occurrence of childhood asthma, rhinitis and eczema using unsupervised statis-

tical techniques.

Methods: We included 17 209 children at 4 years and 14 585 at 8 years from

seven European population-based birth cohorts (MeDALL project). At each age

period, children were grouped, using partitioning cluster analysis, according to

the distribution of 23 variables covering symptoms ‘ever’ and ‘in the last

12 months’, doctor diagnosis, age of onset and treatments of asthma, rhinitis and

eczema; immunoglobulin E sensitization; weight; and height. We tested the
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sensitivity of our estimates to subject and variable selections, and to different

statistical approaches, including latent class analysis and self-organizing maps.

Results: Two groups were identified as the optimal way to cluster the data at

both age periods and in all sensitivity analyses. The first (reference) group at 4

and 8 years (including 70% and 79% of children, respectively) was characterized

by a low prevalence of symptoms and sensitization, whereas the second (symp-

tomatic) group exhibited more frequent symptoms and sensitization. Ninety-nine

percentage of children with comorbidities (co-occurrence of asthma, rhinitis and/

or eczema) were included in the symptomatic group at both ages. The children’s

characteristics in both groups were consistent in all sensitivity analyses.

Conclusion: At 4 and 8 years, at the population level, asthma, rhinitis and eczema

can be classified together as an allergic comorbidity cluster. Future research

including time-repeated assessments and biological data will help understanding

the interrelationships between these diseases.

Allergy-related diseases, including asthma, rhinitis and

eczema, are very common (1). Their characteristics and man-

agement are well established, but gaps exist in their causes,

mechanisms, diagnosis and prevention (2–4).
Allergy-related diseases often co-occur in the same subjects

as comorbidities (2), but this co-occurrence has been seldom

studied at the population level. Firstly, using a classical

approach defining the diseases by experts on symptom-based

definitions and self-reported diagnoses, we studied 17 000

children from 12 ongoing European birth cohort studies par-

ticipating in Mechanisms of the Development of ALLergy

(MeDALL) (5). We showed that co-occurrence of asthma,

rhinitis and eczema is more common (50% higher) than

expected by chance, in both the presence and absence of

immunoglobulin E (IgE) sensitization (6). Another approach

applies unsupervised machine learning methods to several

characteristics including symptoms to identify their distribu-

tion in a population. In the PARIS birth cohort, latent class

and transition analyses at 4 years revealed four distinct phe-

notypes: ‘transient rhinitis’, ‘transient wheeze’, ‘persistent

cough/rhinitis’ and ‘persistent dermatitis’, the latter two asso-

ciated with IgE sensitization (7, 8). Most comorbidity of

asthma, rhinitis and eczema was observed in the ‘cough/rhini-

tis’ phenotype. Another study assessed repeatedly 9801 chil-

dren in two population-based British birth cohorts (ALSPAC

and MAAS) using Bayesian machine learning methods to

identify developmental profiles of symptoms over time (9).

The study revealed eight latent classes, four of which

(accounting for 16% of children) included comorbidity of

asthma, rhinitis and/or eczema. However, the authors con-

cluded that this comorbidity was likely due to chance, while

IgE sensitization, the most frequently considered common

mechanism of allergy-related diseases, was not assessed.

To further advance the understanding of comorbidities of

allergy-related diseases at the population level, we assessed

the presence of different allergic phenotypes using unsuper-

vised (hypothesis-free) statistical techniques in children at 4

and 8 years of age from seven European population-based

birth cohorts as part of the MeDALL project. Additionally,

we tested whether IgE sensitization modified the classification

of allergy-related symptoms in these children.

Methods

Design and study population

A cross-sectional analysis of birth cohort studies was carried

out at 4 years (ranging from 3 to 5) and 8 years (ranging from

8 to 10). The children were selected from seven MeDALL

cohorts [BAMSE (10), Sweden; DARC (11, 12), Denmark;

GINIplus (13), LISAplus (14) and MAS (15), Germany;

PARIS (16), France; and PIAMA (17), the Netherlands].

Inclusion and exclusion criteria are presented in Supporting

Information. The sample size for each cohort and period ran-

ged from 505 to 4299 children (Supporting Information). In

all participating cohorts, parents gave written informed con-

sent and local ethics review boards approved the studies.

Measurements

We pooled and harmonized the data collected from question-

naires on 20 variables covering symptoms ‘ever’ and ‘in the

last 12 months’, doctor diagnosis, age of onset and treatment

of allergy-related diseases (asthma, rhinitis and eczema)

(Table S1). Children’s weight and height were obtained from

physical examination. Sensitization was defined by serum-

specific IgE ≥0.35 kUA/l against at least one of the following

aeroallergens and food allergens: house dust mite, cat dander,

birch pollens, grass pollens, cow’s milk and egg (6). We also

Abbreviations

BAMSE, The Stockholm Children Allergy and Environmental

Prospective Birth Cohort Study; DARC, The Danish Allergy

Research Centre; GINIplus, German Infant Study on the influence

of Nutrition Intervention plus environmental and genetic influences

on allergy development study; IgE, immunoglobulin E; LISAplus,

The Influence of Lifestyle factors on the development of the

Immune System and Allergies in West Germany plus the influence

of environment and genetics study; MAS, Multicentre Allergy

Study; MeDALL, Mechanisms of the Development of Allergy;

PARIS, Pollution and Asthma Risk: an Infant Study; PIAMA,

Prevention and Incidence of Asthma and Mite Allergy.
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defined current asthma, rhinitis and eczema using the classi-

cal definitions (6). Asthma, rhinitis and eczema comorbidities

were defined as the co-occurrence of two or three of these

diseases in the same child (Supporting Information).

Statistical analysis

The number of subjects available was greater than required

according to sample size calculations (Supporting Informa-

tion). We assessed the presence and patterns of missing val-

ues and, assuming the missing-at-random hypothesis (18), we

used multiple imputation (20 imputed data sets) with the

method of chained equations (19). We compared the charac-

teristics of children in the complete case to the imputed data

sets (Supporting Information).

For the unsupervised analysis, we included 23 variables: all

20 features of allergy-related diseases, weight, height and IgE

sensitization. All variables were standardized using Z-scores;

in a secondary analysis, variables were scaled from 0 to 1.

We did not perform any data reduction (e.g. factor analysis)

prior to clustering, because there was not a high degree of

colinearity in our variables (Fig. S2), to avoid losing the

amount of variance that is not explained in such preprocess-

ing and to facilitate the interpretation of clusters (20).

Primarily, we used k-means partitioning cluster analysis,

which groups subjects according to the Euclidean distance

between the included variables (21). This analysis was per-

formed at both time periods, 4 and 8 years, for each of the

20 data sets generated by the multiple imputation method,

following a method previously reported to integrate multiple

imputation in cluster analyses (22). We selected the number

of groups (clusters) that maximized the Calinski–Harabasz

stopping rule if and only if it was in agreement with another

stopping rule (the average silhouette width) and with consen-

sus measures, and it could not be attributed to chance (Sup-

porting Information). To test the longitudinal stability of the

identified clusters, we compared the groups to which children

belonged between 4 and 8 years using cross-tabulation. We

evaluated the role of IgE sensitization in the cluster analysis

by performing all analyses both including and excluding IgE

from the cluster model and by stratifying the cluster analysis

according to IgE sensitization.

As part of our sensitivity analysis, we tested whether alter-

native hypothesis-free grouping methods could have yielded

different results, repeating all analyses using (i) hierarchical

clustering with Ward’s method, (ii) latent class analysis and

(iii) self-organizing maps (Supporting Information). We also

performed several secondary analyses to assess the sensitivity

of our estimates against our assumptions regarding selection

bias and information bias, as well as to test for model mis-

specification (Supporting Information).

For the graphical description of the groups identified by

cluster analysis, we plotted the prevalence of each variable in

each group with a colour intensity scale spanning from white

(prevalence of 0%) to red (prevalence of 100%). We com-

pared the distribution of all 23 variables across groups and

calculated the relative relevance of each variable to the

separation in cluster groups using F values [the ratio of the

variance of the group means (between-group variance) over

the overall variance of the variable, where higher values indi-

cate higher relevance of the variable for separating cluster

groups]. We also assessed the distribution of the classical def-

initions of current asthma, rhinitis and eczema, as well as

their comorbidity, according to cluster groups.

All analyses were performed using Stata 12 (Stata Statisti-

cal Software: Release 12; StataCorp LP, College Station, TX,

USA) and R 2.14.2 (R: A language and environment for

statistical computing, R Foundation for Statistical Comput-

ing, Vienna, Austria http://www.R-project.org/).

Table 1 Characteristics and symptoms of asthma, rhinitis and

eczema in participating children at 4 and 8 years

4 years

n = 17 209

n (%)

8 years

n = 14 585

n (%)

Sex: female 8354 (48.5) 7060 (48.4)

Age (months), M (SD) 46.9 (5.0) 106.4 (12.1)

Wheezing ever 5641 (32.8) 5767 (39.5)

Wheezing attacks in the last 12 months

None 15 309 (89.0) 13 112 (89.9)

1–3 times 1289 (7.5) 1005 (6.9)

4–12 times 482 (2.8) 358 (2.5)

>12 times 129 (0.8) 110 (0.8)

Wheezing after exercise ever 1346 (7.8) 2345 (16.1)

Asthma ever 1410 (8.2) 2243 (15.4)

Asthma treatment in the

last 12 months

1936 (11.3) 1371 (9.4)

Asthma onset before

2 years of age

924 (5.4) 879 (6.0)

Bronchitis or bronchiolitis ever 5794 (33.7) 5760 (39.5)

Cough at night (when

no cold) ever

4948 (28.8) 6189 (42.4)

Sneezing or runny or blocked

nose (when no cold) ever

5607 (32.6) 6392 (43.8)

Sneezing or runny or blocked

nose (when no cold) in the

last 12 months

2474 (14.4) 3400 (23.3)

Itchy watery eyes (when no

cold) in the last 12 months

831 (4.8) 1845 (12.7)

Allergic rhinitis ever 648 (3.8) 2326 (15.9)

Rhinitis onset before 2 years of age 876 (5.1) 345 (2.4)

Itchy rash (coming and going

for at least 6 months) ever

6290 (36.6) 6921 (47.5)

Itchy rash (coming and going

for at least 6 months) in the

last 12 months

3353 (19.5) 2126 (14.6)

Itchy rash affecting common areas 4820 (28.0) 1657 (11.4)

Itchy rash onset

before 2 years of age

3734 (21.7) 3477 (23.8)

Eczema ever 4614 (26.8) 5049 (34.6)

Urticaria ever 3403 (19.8) 3043 (20.9)

Food allergy ever 1850 (10.7) 2699 (18.5)

IgE sensitization 3611 (21.0) 5680 (38.9)

Weight (kg), M (SD) 17.0 (2.7) 32.3 (7.7)

Height (cm), M (SD) 103.8 (6.0) 137.9 (9.4)

*A total of 14 383 children had data available at both age periods.
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Results

A total of 17 209 children were included at 4 years [49%

female, mean (SD) 46.9 (5.0) months] and 14 585 at 8 years

[48% female, 106.4 (12.1) months] (Tables 1 and S4). Life-

time (ever) prevalences of asthma, rhinitis and eczema were

8.2%, 3.8% and 26.8% at 4 years, and 15.4%, 15.9% and

34.8% at 8 years.

Both the Calinski–Harabasz and the average silhouette

width stopping rules (Fig. 1), as well as the consensus

matrix (Fig. S3), showed that two groups was the most

effective classification of children and was not due to

chance; this is that the separation in two clusters resulted in

groups of children homogeneous within and heterogeneous

between them, while the classification in more than two

groups provided mixed groups that moreover were poorly

reproducible.

Figure 2 and Table S5 show how the 20 symptoms were

distributed in the two cluster groups. At 4 years, Group 1

included 12 052 (70.0%) children with low symptoms preva-

lence; Group 2 included 30.0% children exhibiting a higher

prevalence of most symptoms (22.9% of asthma ever, 10.4%

of allergic rhinitis ever, 64.5% of eczema ever). IgE sensitiza-

tion occurred in 16.6% of children in Group 1 and 31.2% of
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Figure 1 Distribution of values over 20 imputed data sets of the

Calinski–Harabasz and average silhouette width stopping rules*

across 2–10 cluster groups at 4 and 8 years. *Higher values indi-

cate higher separation between groups and similarity within groups.

The P-values for the observed values of both stopping rules being

generated by their background distributions are 0, so not likely to

be observed by chance.
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children in Group 2. At 8 years, the results were similar

although fewer children (21.5%) were classified in Group 2.

A total of 10 835 (75.3%) of 14 383 children belonged to the

same group at both 4 and 8 years, but Group 1 was more

stable than Group 2 (Table 2).

The prevalences of current asthma, rhinitis and eczema

according to classical definitions were higher in Group 2 than

in Group 1 (at 8 years: 36.9%, 49.0% and 27.5% vs 1.1%,

1.8% and 8.0%) (Fig. 3; Table S6). Almost all children with

comorbidity of asthma, rhinitis and eczema were included in

Group 2 at both 4 and 8 years.

The classification in three groups (Fig. S4) showed a simi-

lar Group 1 (59.7% of children) with a low prevalence of

symptoms and sensitization, a Group 2 (15.6%) with a

higher prevalence of symptoms of asthma and rhinitis and a

Group 3 (24.7%) with higher proportions of eczema

symptoms.

The prevalences of symptoms in groups 1 and 2 were

almost identical with and without including IgE sensitization

in the cluster analysis. After stratifying the cluster analysis

according to IgE sensitization, the pattern of differences

between groups 1 and 2 was maintained, although prevalenc-

es of symptoms and diseases were higher in the IgE-sensitized

children (Figs 4, S5 and S6; Tables S7 and S8).

Sensitivity analyses showed little change in response to

changes in assumptions regarding statistical models, as well

as selection and information biases (Figs 5 and S7–S20;
Tables S9–S19). Alternative hypothesis-free grouping

Figure 2 Prevalence* of symptoms of asthma, rhinitis and eczema

according to the two groups identified in cluster analysis, at 4 and

8 years. *Each coloured line represents a variable, whose preva-

lence ranges from 0% (white colour) to 100% (red colour).

Table 2 Stability of group membership of children at 4 and 8 years

Cluster analysis at 8 years

TotalGroup 1 Group 2

Cluster analysis at 4 years

Group 1

n 8891 924 9815

Row %* 90.6 9.4

Total %† 61.8 6.4 68.2

Group 2

n 2624 1944 4568

Row %* 57.4 42.6

Total %† 18.2 13.5 31.8

Total

n 11 515 2868 14 383

Total % 80.1 19.9 100

*Proportion of children belonging to Group 1 or 2 at 8 years taking

into account their belonging at 4 years.

†Total proportion of children assigned to each combination of clus-

ter groups at 4 and 8 years.
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methods (hierarchical clustering with Ward’s method, latent

class analysis and self-organizing maps) also showed the

organization of children into two groups as the best option.

The same classification was obtained after considering vari-

ables with potential problems of measurement error, that is

after excluding ‘itchy rash ever’ and ‘food allergy ever’ (one

at a time), using a higher cut-off for IgE sensitization

(≥3.5 kUA/l) and using body mass index instead of weight

and height separately. Likewise, the inclusion of additional

variables (spirometry, bronchial responsiveness, airway resis-

tance (Rint), skin prick test, exhaled nitric oxide (FeNO) and

others; Supporting Information) in a subset of two birth

cohorts (PIAMA and BAMSE) also supported two groups,

as well as did the stratification by birth cohort or by the pro-

portion of missing data. In all sensitivity analyses, Group 2

showed a higher prevalence of allergy-related diseases and

sensitization.

Discussion

Using hypothesis-free statistical analyses, we identified two

groups of children at 4 and 8 years of age from seven popu-

lation-based birth cohorts: a reference group (70.0% at

4 years and 78.5% at 8 years) with low frequencies of

asthma, rhinitis and eczema symptoms and a symptomatic

group (30.0% at 4 years and 21.5% at 8 years) with high fre-

quencies of symptoms of the three diseases. The symptomatic

group presented 99% comorbidity. While IgE sensitization

was more prevalent in the symptomatic group (31.2% vs

16.6% at 4 years; 71.7% vs 30.0% at 8 years), the distribu-

tion of symptoms across cluster groups did not change

according to the inclusion or exclusion of IgE sensitization in

the model. The sensitivity analysis showed that classification

in two groups was very stable in relation to changes in the

selection of subjects and variables and the use of different

clustering methods.

Strengths and limitations

Our study is based on a large network of European birth

cohorts (7) including a large sample size, a wide geographical

and environmental variability and the harmonization of stan-

dardized questionnaires. To avoid losing information due to

missing values, we performed multiple imputations, a valid

solution in cluster analysis (22). Information bias during

questionnaire-based symptom assessment cannot be excluded

although we do not expect this bias differentially distributed

across cluster groups. Input data are restricted to informa-

tion available in all seven cohorts, but our results did not

change in the sensitivity analyses including lung function and

biomarkers. Having only two time points and lacking data

from the first year of life might have hampered the study of

the development over time of such complex diseases, as ele-

gantly performed in the unsupervised analysis of the AL-

SPAC and MAAS cohorts (9). Nevertheless, our assessment

of changes in group membership from 4 to 8 years suggested

substantial temporal stability. Unsupervised methods for the

classification of subjects may differ according to the type of

Figure 3 Distribution of classical definitions of current asthma, rhinitis, eczema and their comorbidity, according to the two groups identified

in cluster analysis, at 4 and 8 years.
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modelling and stopping rules and are conditional to a num-

ber of assumptions and analytical decisions. We used a wide

range of models and tested our assumptions in the sensitivity

analyses, which indicated that our results are very stable.

Consistency with previous studies

Most previous studies using unsupervised methods have

focused on a single allergic disease (23–36). Based on these

results, it was expected that our study would identify several

groups, separating asthma, rhinitis and eczema symptoms.

However, our results show that, at the population level, most

children with symptoms of asthma, rhinitis and eczema are

better classified together, in a single symptomatic group.

Moreover, 99% children with comorbidity were classified in

this symptomatic group. Overall, results strongly suggest the

existence of an allergic comorbidity cluster. Some studies

focusing on wheezing/asthma in children, applying unsuper-

vised methods, found similar prevalences of the other allergy-

related diseases (rhinitis and eczema) among all identified

wheezing groups, which is consistent with our results (25,

30).

Conversely, two previous unsupervised studies that

assessed the joint distribution of asthma, rhinitis and eczema

obtained several groups (7–9). Relevant methodological dif-

ferences could explain the diverse results. First, previous

studies included a reduced number of allergy-related symp-

toms or diseases diagnostics, while our analysis used a large

diversity of the diagnostic signs, symptoms and biomarkers

of three different organ-related diseases (lungs, nose and

skin). Second, and as a consequence of the first, they used

longitudinal clustering techniques (feasible for small number

of variables) while we performed cross-sectional clustering

at two time points. Interestingly, in our three-group solu-

tion, children with a high prevalence of rhinitis and asthma

symptoms tended to remain in the same group, whereas a

third group of children with the highest prevalence of

eczema symptoms emerged. However, this separation was

largely driven (according to F values, see Methods) by the

symptom ‘itchy rash ever’, a variable with known potential

problems of missclassification. Remarkably, our sensitivity

analyses confirmed that two-group classification is a better

option than classification into a larger number of groups.

The additional analysis with the P-values of stopping

rules showed that it is very unlikely to find such two groups

clustering structure by chance. Therefore, and although

unexpected, we conclude that childhood symptoms of

asthma, rhinitis and eczema can be classified in two groups

at the population level, which requires replication in further

studies.

Figure 4 Prevalence* of symptoms of asthma, rhinitis and eczema

according to the two groups identified in cluster analysis at

8 years, according to IgE sensitization. *Each coloured line repre-

sents a variable, whose prevalence ranges from 0% (white colour)

to 100% (red colour).
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The influence of IgE sensitization appeared to be minor, as

the classification was similar after stratification by IgE sensi-

tization, as well as after including or excluding the IgE sensi-

tization variable. The PARIS study had shown that the two

persistent phenotypes (cough/rhinitis and dermatitis) were

associated with IgE sensitization, whereas the two transient

phenotypes (rhinitis and wheeze) were not (7). However, the

two studies are not directly comparable due to dissimilar

study design and analytical approaches. By contrast, the

present findings are consistent with results from our previous

MeDALL study which examined a larger number of birth

cohorts and showed that the strong tendency of asthma,

rhinitis and eczema to co-occur in the same children was

independent of IgE sensitization (6). Both the present unsu-

pervised and the previous supervised MeDALL studies

strongly suggest that specific IgE contributes to the comor-

bidity cluster of asthma, rhinitis and eczema but should no

longer be considered its dominant mechanism.

Several mechanisms other than IgE can be proposed as

responsible for the identified comorbidity cluster. Some stud-

ies have reported common genetic determinants of asthma,

rhinitis and eczema, such as the filaggrin gene (37), the

leucine-rich repeat-containing 32 gene (LRRC32) (38) and

the 17q21 locus (39). Comorbidity cluster could also be the

clinical expression of the effects of common environmental

factors, but few studies have focused on environmental deter-

minants of allergy-related comorbidity. A bioinformatics

approach to analysing allergy-related diseases in European

children combined feature selection and machine learning to

show that combinations of environmental and lifestyle fac-

tors were more frequently related to allergy-related diseases

than combinations solely involving genes (40). However, the

study did not assess comorbidity determinants. Overall,

understanding the mechanisms of the identified allergic

comorbidity cluster warrants further research.

Implications

The current emphasis on assessing the heterogeneity of

allergy-related entities and searching for meaningful sub-

groups should be balanced with increased efforts to under-

stand their interrelationships (41). Although comorbidities of

allergy-related diseases are well known, the cluster found in

the present paper suggests that undisclosed mechanisms

Sensitivity I - Alternative clustering methods

Sensitivity II - To account for cohort differences

Sensitivity III - To account for potential misclassification

Sensitivity V - To evaluate the uncertainty produced by imputation: stratification by the number of missing variables
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Figure 5 Prevalence* of symptoms of asthma, rhinitis and eczema according to the two groups identified in cluster analysis, at 4 and 8 years,

in sensitivity analyses. *Each coloured line represents a variable, whose prevalence ranges from 0% (white colour) to 100% (red colour).
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underlying the three diseases need to be investigated using

new research approaches and concepts, such as the diseasome

(42) or the integrative systems biology models (43). At the

clinical level, the present study supports an integration of

care pathways in children with allergy-related diseases.

Conclusion

Our study has shown that, at the population level, childhood

asthma, rhinitis and eczema are more accurately classified

together as an allergic comorbidity cluster, than as three

independent diseases.

Future research including time-repeated assessments and

biological data will help understanding the interrelationships

between these diseases.
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