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Abstract 52 

Background 53 

Assessment of sensitization at an isolated time-point during childhood provides limited clinical 54 

information. We hypothesized that sensitization develops as specific patterns with respect to age 55 

at debut, development over time, and involved allergens, and that such patterns might be more 56 

biologically and clinically relevant. 57 

Objective 58 

To explore latent patterns of sensitization during the first 6 years of life and investigate whether 59 

such patterns associate to development of asthma, rhinitis, and eczema. 60 

Methods 61 

We investigated 398 children from the at-risk Copenhagen Prospective Studies on Asthma in 62 

Childhood 2000 birth cohort (COPSAC2000) with specific-IgE against 13 common food and 63 

inhalant allergens at ages ½, 1½, 4, and 6yrs. An unsupervised cluster analysis for three-64 

dimensional data (NNS-PARAFAC) was used to extract latent patterns explicitly characterizing 65 

temporal development of sensitization, while clustering allergens and children. Subsequently, 66 

these patterns were investigated in relation to asthma, rhinitis, and eczema. Verification was 67 

sought in an independent unselected birth cohort, BAMSE, constituting 3051 children with 68 

specific-IgE against the same allergens at 4 and 8yrs. 69 

Results 70 

The NNS-PARAFAC analysis indicated a complex latent structure involving seven age- and 71 

allergen-specific patterns in the COPSAC2000 data: (1) dog/cat/horse; (2) timothy grass/birch; (3) 72 

molds; (4) house dust mites; (5) peanut/wheat flour/mugwort; (6) peanut/soybean; and (7) 73 
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egg/milk/wheat flour. Asthma was solely associated with pattern 1 (OR=3.3 [1.5-7.2]), rhinitis 74 

with patterns 1-4 and 6 (ORs=2.2–4.3) and eczema with patterns 1-3 and 5-7 (ORs=1.6–2.5). All 75 

seven patterns were verified in the independent BAMSE cohort (R2>0.89).  76 

Conclusion 77 

This study suggests the presence of specific sensitization patterns in early childhood 78 

differentially associated to development of clinical outcomes. Using such patterns in future 79 

research might provide more robust and clinically relevant results. 80 

 81 

Keywords: Sensitization, Patterns, Asthma, Rhinitis, Eczema, Specific-IgE, Children 82 

  83 

Key Messages 84 

● Sensitization is not a stable dichotomous trait but can be described as 7 different 85 

phenotypes defined by the allergen and temporal pattern of sensitization. 86 

● Association with asthma, rhinitis, and eczema depends on the sensitization pattern. 87 

  88 

Capsule Summary 89 

Sensitization in young children is a make-up of seven distinct patterns defined by the allergens 90 

and temporal profile and with different association to allergic disease. 91 

 92 

  93 

  94 
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Abbreviations 95 

BAMSE = Children Allergy Milieu Stockholm Epidemiology [in Swedish] 96 

COPSAC = Copenhagen Prospective Studies on Asthma in Childhood 97 

HR = Hazard Ratio 98 

OR = Odds Ratio 99 

PARAFAC = PARAllel FACtor analysis 100 

NNS-PARAFAC = NonNegative Sparse PARAFAC 101 

sIgE = specific Immunoglobulin E 102 

  103 
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Introduction 104 

We recently demonstrated an age-related association between allergic sensitizations for both 105 

inhalant and food allergens and clinical manifestations of asthma and eczema1. We therefore 106 

hypothesized that age at debut, temporal development, and type and number of allergen 107 

sensitizations involved may reflect underlying patterns of allergic sensitization that are closer 108 

associated to disease and therefore more clinically relevant. 109 

Recent studies have also suggested the presence of several allergic sensitization patterns in 110 

childhood2–4, however, the previous published methods for time course pattern recognition in the 111 

development of sensitization are based on probabilistic hidden Markow models. We wanted to 112 

use a statistical model that estimates a low dimensional representation of the observed data, with 113 

minimal distributional assumptions. Furthermore, a method that entails the ability to model 114 

higher ordered data structures without the need to unfold data into a matrix, and thereby abide to 115 

the nature of the data structure.  116 

The aim of this study was to explore latent patterns of sensitization during the first 6 years of life 117 

using an unsupervised data driven cluster analysis (NonNegative Sparse PARAllel FACtor 118 

analysis – NNS-PARAFAC). We analyzed measurements of specific-IgE (sIgE) against 13 119 

common inhalant and food allergens assessed longitudinally at ages ½, 1½, 4, and 6 years in 120 

children participating in the Copenhagen Prospective Study on Asthma in Childhood 2000 121 

(COPSAC2000) birth cohort.  We used the NNS-PARAFAC to extract a set of patterns in the 122 

complex multidimensional data pool that characterizes longitudinal sensitization patterns in 123 

children, unbiased from pre-specified clinical hypotheses. We then related those patterns to 124 

development of asthma, rhinitis, and eczema. This method explicitly models the temporal 125 
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development of sensitization while clustering the allergens and children, and as such proposes a 126 

general framework for analysis of longitudinal multivariate data structures.  127 

Verification was sought in another independent Scandinavian birth cohort, BAMSE5, where the 128 

same sIgE assessments were performed at ages 4 and 8 years. 129 

  130 
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Methods 131 

Study Design 132 

COPSAC2000 is a single-center, prospective clinical birth cohort of children born to mothers with 133 

a history of asthma enrolled during 1998-20016–8. The children were closely monitored from 134 

birth till age 7 with visits to the research clinic every 6 months and additional visits at the onset 135 

of airway or skin symptoms. Asthma, rhinitis, and eczema were diagnosed and monitored at 136 

these visits by the COPSAC pediatricians according to standard operating procedures. Diagnoses 137 

were defined by exact start and finish dates scrutinized from daily diary cards filled by the 138 

parents. 139 

The Copenhagen Ethics Committee (KF 01-289/96) and The Danish Data Protection Agency 140 

(2008-41-2434) approved the study, and informed consent was obtained from both parents at 141 

enrolment.  142 

BAMSE is a longitudinal population-based birth cohort including 4089 children born between 143 

1994 and 1996 in different areas of Stockholm5,9. At the 4- and 8-year-follow-up, blood samples 144 

were taken for sIgE analyses. In this study, we included 3051 children, who provided IgE data at 145 

4 and/or 8 years. 146 

 147 

Allergic Sensitization 148 

Blood was sampled at ages ½, 1½, 4, and 6 years (COPSAC2000) and 4 and 8 years (BAMSE) for 149 

measurements of sIgE levels (ImmunoCAP, Phadiatop Infant™, Pharmacia Diagnostics AB, 150 

Uppsala, Sweden) against 8 inhaled allergens (birch, timothy grass, mugwort, dog, cat, horse, 151 

molds, house dust mite (D. pteronyssinus)) and 5 food allergens (egg, milk, peanut, soybean, 152 

wheat flour). Sensitization was defined as sIgE ≥ 0.35 kUA/L6,10. 153 
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Clinical Outcomes 154 

Asthma in COPSAC2000 was diagnosed at age 7 years based on an algorithm including 4 155 

mandatory criteria: (1) five episodes of diary verified troublesome lung symptoms each lasting 156 

minimum 3 days within a period of 6 months; (2) symptoms judged by the COPSAC 157 

pediatricians to be typical of asthma, e.g. exercise induced symptoms, prolonged nocturnal 158 

cough, recurrent cough outside common cold, symptoms causing wakening at night; (3) need of 159 

intermittent rescue use of inhaled β2-agonist; and (4) response to a 3-month course of daily 160 

inhaled corticosteroids and relapse after ended treatment7. 161 

Rhinitis in COPSAC2000 was diagnosed at age 7 years based on a parental interview on history of 162 

symptoms performed at the COPSAC research unit. Rhinitis was defined as significant and 163 

reoccurring sneezing, blocked, or runny nose severely affecting the wellbeing of the child in the 164 

past 12 months in periods without accompanying common cold or flu, and requiring congruence 165 

between symptoms and relevant exposure11–14. 166 

Eczema in COPSAC2000 was diagnosed at scheduled and acute visits at age 0-7 years according 167 

to the Hanifin and Rajka criteria8 capturing both age of debut and remission as previously 168 

detailed9. In this study we used age of debut as outcome definition for eczema. 169 

For definition of the BAMSE outcomes see the Online Repository. 170 

 171 

Statistical Methods 172 

An unsupervised data driven multidimensional factor analysis technique called the NonNegative 173 

Sparse PARAFAC (NNS-PARAFAC) model15 was applied to analyze the COPSAC2000 data 174 

reflecting subjects, age, and type of allergens16. The method does not entail exclusive 175 
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partitioning of the children, but allows a child to belong to several patterns. Similarly a single 176 

allergen can contribute to several patterns.  177 

The number of patterns was estimated based on: (1) Scree plot of variance explained; and (2) 178 

pattern interpretability, where biological plausible partitioning of the allergens and distinct 179 

support of only a few allergens per pattern is sought optimal. Optimization of the sparsity 180 

constraint was done by Bayes Information Criterion17. The method handles missing data via 181 

exclusion of these from the objective. Thus, children with missing sIgE assessments were 182 

retained in the model if they had at least one sIgE assessment done to conserve maximum study 183 

power. For further details please consult the Online Repository.  184 

Primarily, the sensitization patterns were extracted from the COPSAC2000 data and subsequently 185 

investigated in relation to asthma and rhinitis by logistic regression and to eczema by Cox 186 

regression, both by univariate one-by-one associations, as well as a multivariate model 187 

regressing the outcome on all the sensitization patterns, eliminating non significant (p > 0.05) 188 

patterns by backward elimination.  Prior to association analysis each pattern score were 189 

dichotomized by setting all non-zero values to one, while leaving the zeros as zeros.   190 

As a post hoc analysis, the estimated NNS-PARAFAC model was used to cluster the children at 191 

each time point. This time-dependent clustering was referenced against the clinical outcomes 192 

univariately to investigate the age of penetration for each sensitization pattern.  193 

Verification in the BAMSE cohort was conducted by estimation of a NNS-PARAFAC model 194 

with the exact same model settings as for the COPSAC model, followed by comparison of the 195 

allergen and time patterns and relative size of the individual patterns. Verification of the 196 

sensitization pattern versus clinical outcome was conducted by logistic regression for asthma, 197 

rhinitis, and eczema at both 4- and 8 years of age, both univariately and multivariately as 198 
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described above. These comparisons were primarily conducted on the subset of children of 199 

asthmatic mothers in order to mirror the COPSAC2000 study design, and secondly on the entire 200 

BAMSE cohort. The robustness of the patterns was investigated towards changes in population 201 

due to maternal predisposition, missing sensitization data, and random changes. For details see 202 

the Online Repository.  203 

All statistical analyses were conducted in Matlab® R2014b using an in-house routine for 204 

clustering and statistical toolbox v 8.1 for association analysis between patterns and clinical 205 

outcomes. The algorithm is freely available at www.models.life.ku.dk/algorithms.  206 
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Results 207 

Baseline Characteristics 208 

In the COPSAC2000 cohort, 398 of the 411 children had at least one available sIgE assessment at 209 

one of the four age-points. At age ½yr, 361 (91%) children completed sIgE measurements to all 210 

13 allergens, 355 (89%) at age 1½yrs, 319 (80%) at 4yrs, and 296 (74%) completed at age 6 211 

years. Of the 17,420 sIgE registrations (398 participants x 4 time points x 13 allergens minus 212 

3276 missing entries), 566 were positive (3.2%). For details on the sIgE distributions see Figure 213 

E1. The distribution of positive tests across the 13 allergens at the four age-points in the 214 

COPSAC2000 cohort is shown in Figure 1. 215 

In the BAMSE cohort, 3045 of the 4089 children had at least one available sIgE assessment at 216 

one of the two age-points. At age 4yrs, 2604 (86%) completed sIgE measurements to all 13 217 

allergens and 2451 (80%) completed at age 8yrs. Of the 65,434 sIgE registrations, 4175 were 218 

positive (6.4%). 219 

Table 1 shows the baseline characteristics of children with available sIgE assessments in the two 220 

cohorts. 221 

 222 

Sensitization Pattern Analysis 223 

The NNS-PARAFAC analysis in the COPSAC2000 birth cohort revealed a total of seven distinct 224 

latent patterns: (1) cat/dog/horse (40 children follow this pattern, which explains 16% of the 225 

variation in the data); (2) timothy grass/birch (N=57, 10% of the variation); (3) molds (N=12, 7% 226 

of the variation); (4) house dust mites (N=39, 7% of the variation); (5) peanut/wheat 227 

flour/mugwort (N=45, 11% of the variation); (6) peanut/soybean (N=61, 10% of the variation); 228 

and (7) egg/milk/wheat flour (N=108, 8% of the variation). We labeled the patterns based on the 229 
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nature of the allergens as animal (1), other airborne (2-3), mixed (5), and food (6-7). The 230 

patterns are unique and characterized by groups of children, who follow the same sensitization 231 

pattern with respect to age at debut, development over time, as well as type of allergen specific 232 

sensitizations. These characteristics are outlined in Figure 2, which shows both the allergen 233 

loadings and the temporal development of the patterns. As an example, Figure 2A illustrates that 234 

the allergens with the largest influence (highest loadings) in pattern 1 are cat, dog, and horse, 235 

which exhibit the same overall profile with respect to participants and time. The time-effect of 236 

each pattern is shown in Figure 2B, where e.g. sensitivity towards the allergens in pattern 1 is 237 

first registered at 1½yrs showing an increase at 4yrs followed by a slight increase at 6yrs. 238 

 239 

Verification in the BAMSE Cohort 240 

Figure 2 also shows the comparison of the seven patterns in BAMSE and COPSAC2000, which 241 

were in high agreement both in terms of allergen profiles (R2>0.89), development over time, and 242 

clustering of children, however, with some ambiguity for pattern 3 (Molds) (see Online 243 

Repository Table E1). In general, the patterns are robust towards population changes due to 244 

maternal predisposition. However, stratification leads to lack of data support for especially low 245 

abundant allergens, resulting in uncertain patterns for these allergens. For details on robustness 246 

of the pattern analysis see the Online Repository Figure E2-7. 247 

 248 

Sensitization Patterns in relation to Clinical Outcomes 249 

The seven longitudinal sensitization patterns were compared with development of asthma, 250 

rhinitis, and eczema by pairwise comparisons in COPSAC2000 (Figure 3). Asthma was only 251 

significantly associated with pattern 1 (cat/dog/horse): OR=3.3; 95% CI, 1.5-7.2. Further, a trend 252 
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of association was observed between asthma and pattern 4 (house dust mites): OR=1.9; 95% CI, 253 

0.9-4.4, but pattern 1 remained the primary driver based on the multivariate model (Table E2). 254 

Rhinitis was significantly associated with patterns 1-4 (cat/dog/horse; timothy grass/birch; 255 

molds; house dust mites) and 6 (peanut/soy bean) (ORs=2.2-4.3), of which pattern 2 (timothy 256 

grass/birch) and pattern 4 (house dust mites) were found as the primary drivers based on the 257 

multivariate model (see Table E3). Eczema was found associated with patterns 1-3 258 

(cat/dog/horse; timothy grass/birch; molds) and 5-7 (peanut/wheat flour/mugwort; peanut/soy 259 

bean; egg/milk/wheat flour) (HRs=1.6-2.5), from which pattern 1-2 (cat/dog/horse; timothy 260 

grass/birch) were the strongest drivers (Figure 3, Table E4).  261 

The association analysis was additionally run using a sensitization free control group of n = 249 262 

children without any positive sensitization registrations across all four time points. The results 263 

are numerically slightly stronger, due to exclusion of sensitized children from the control group 264 

(results not shown).  265 

Results based on the entire BAMSE cohort (n = 3051) showed that all patterns were positively 266 

associated with all outcomes at both age of 4 and 8 years (Figure E8 in the Online Repository). 267 

The associations between asthma and rhinitis and sensitization patterns are strongest at 8 years of 268 

age, whereas for eczema the association is strongest at 4 years of age. For the clinical outcome 269 

eczema there is a fair agreement between the results obtained in COPSAC2000 and BAMSE, 270 

whereas for both asthma and rhinitis this is not the case. Stratifying the BAMSE analysis to only 271 

include children of asthmatic mothers (n = 282), and thereby imitating the COPSAC2000 design, 272 

changes the results towards higher agreement for asthma and eczema, while rhinitis remains 273 

unverifiable. For asthma, five out of seven patterns obtain association results, where the estimate 274 

based on COPSAC2000 data at 6yrs is between the BAMSE estimates at 4yrs and 8yrs (Figure 3).  275 
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Of the three outcomes, only asthma and rhinitis are associated (p=0.01) and hence possibly 276 

confounds one another in the association analysis. When adjusting the association with rhinitis 277 

for asthma the results are unaffected, whereas the pattern-wise association with asthma 278 

attenuates when adjusting for rhinitis (see Table E5 – based on COPSAC2000). 279 

  280 

Age of penetration   281 

Figure E9 shows the age dependent, and across all time points, cluster sizes for each pattern. In 282 

accordance with the raw data, there are only very few children exhibiting sensitization in the first 283 

five (non food related) patterns at age 6 months (and to some extend at age 18 months). The 284 

results from associating these clusters with the clinical outcomes are shown in Figure 4 where 285 

especially pattern 1 (cat/dog/horse) shows a profile of early sensitization towards these allergens 286 

being stronger associated with the clinical outcomes, with a limited amount of cases. As an 287 

example, asthma and early life (age 1½y) sensitization promoted the strongest association with 288 

an OR of 12.3 [2.2-69.8]. For pattern 6 (peanut/soybean), the opposite relation is observed, 289 

where sensitization towards these allergens at age 4- and 6 years exhibit the strongest association 290 

with rhinitis and eczema.   291 
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Discussion 292 

Main Finding 293 

This study revealed seven distinct patterns of allergic sensitization during preschool age by a 294 

NNS-PARAFAC cluster analysis. These seven novel patterns, grouped as animal pattern 295 

(cat/dog/horse), other airborne patterns (timothy grass/birch; molds; house dust mites), mixed 296 

pattern (peanut/wheat flour/mugwort), and food patterns (peanut/soy bean; egg/milk/wheat 297 

flour), were unique and reproducible in an independent cohort with high agreement. 298 

The patterns associated differentially to clinical disease development supporting that they 299 

represent biological meaningful sensitization phenotypes.  300 

 301 

Strengths and Limitations of the Study 302 

In our investigation of sIgE patterns during the first 6 years of life, the NNS-PARAFAC model 303 

allows usage of development over time as a third dimension in the analysis. The model 304 

“remembers” whether a child was sensitized at a prior time point, and takes that into account. 305 

Since prior sensitization affects your risk of being sensitized later, this information is an 306 

important contribution to the pattern analysis. 307 

 308 

In contrast to the previous published methods for time course pattern recognition in the 309 

development of sensitization which are based on probabilistic hidden Markow models2,3, the 310 

PARAFAC model constitutes a different framework, where, instead of estimating a probabilistic 311 

model, the PARAFAC model estimates a low dimensional representation of the observed data, 312 

with minimal distributional assumptions, in a similar fashion as principal component analysis for 313 

data organized in a matrix. This means that the quality of the resulting model is simply how good 314 
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a “picture” it is of the observed data, and how generalizable it is. The proposed clustering 315 

framework entails soft clustering, meaning that a single child can follow more than a single 316 

pattern, as well as an allergen can be described by several patterns. For example, elevated sIgE to 317 

peanut is described in both pattern 5 and pattern 6, and thereby contributes to two distinct groups 318 

of children; one with co-sensitization towards primarily mugwort and wheat flour (pattern 5) 319 

with primary data support at 6 years, and one with co-sensitization towards soybean, egg and 320 

wheat flour (pattern 6) with support from all time points. Further, the power of the PARAFAC 321 

model is in the ability to model higher ordered data structures without the need to unfold data 322 

into a matrix, and thereby abide to the nature of the data structure. In the specific application this 323 

has the upside of being able to estimate the time course directly, allowing for age dependent 324 

sensitization structures.  325 

 326 

Association studies are typically conducted via individual comparison of all variables at all age-327 

points with all outcomes4,18–23. In the COPSAC study that amounts to 13 (allergens) x 4 (age-328 

points) x 3 (outcomes) tests. This traditional approach has limited capability of bringing any 329 

novel biological insight due to: (1) the uncertainty in the original data is preserved, (2) the 330 

multiple testing issue, with a high probability of false discovery, and (3) the question answered 331 

by the statistical test, e.g. “is milk allergy at 1½yrs of age related asthma at 7 years?” is of 332 

limited biological relevance. The NNS-PARAFAC analysis circumvents these pitfalls by 333 

extracting only the systematic variation across both time and participants. Furthermore, as 334 

different types of allergens have similar mechanisms of sensitization, data driven grouping of 335 

these in the NNS-PARAFAC model reduces the number of tests without removing relevant 336 
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variation. Last, the biological question of interest is whether different sensitization patterns over 337 

time relates to clinical outcomes as opposed to single cross-sectional comparisons. 338 

   339 

Both the COPSAC2000 and the BAMSE studies are strengthened by thorough data management 340 

and quality control procedures including external monitoring, online data collection into a 341 

dedicated database, and locking of data after data verification. A further advantage is that both 342 

studies longitudinally measured sIgE levels against the same diverse panel of common inhalant 343 

and food allergens. The almost exact replication of the seven latent sensitization patterns 344 

discovered in COPSAC2000 in the independent BAMSE cohort improves reliability of the 345 

findings. 346 

 347 

A limitation of the study is the at-risk nature of the COPSAC2000 participants, i.e. children born 348 

to mothers with asthma, as this population may differ from unselected populations with regard to 349 

allergen exposures (house cleaning, pets in the house, etc.), which may impact sensitization in 350 

childhood24,20. However, the replication of the patterns in the unselected BAMSE cohort argues 351 

against such inference. Further, replication is confined by the differences in study design 352 

between BAMSE and COPSAC2000, including age of assessment of sensitization (4 and 8 years 353 

in BAMSE and ½, 1 ½, 4, and 6 years in COPSAC2000), and age of assessment and diagnosis of 354 

clinical outcomes. 355 

 356 

Interpretation 357 

We discovered and verified seven distinct patterns of allergic sensitization during childhood, 358 

where groups of allergens follow a similar pattern over both time and participants. The grouping 359 
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was purely data driven and unbiased from prior knowledge on how allergens normally cluster 360 

(e.g. cross reactions) or which clinical outcomes normally associate with specific allergen 361 

sensitization.  362 

The verification of the patterns in an independent cohort and the distinct association between the 363 

patterns and clinical outcomes are suggestive of biological meaningful sensitization trajectories. 364 

Recent studies have also suggested the presence of several allergic sensitization patterns in 365 

childhood2–4. sIgE measurements from almost 13,000 children aged 3-17 years25 found seven 366 

patterns very similar to ours (dog/cat/horse, house dust mites, molds, birch/apple, food/mugwort, 367 

timothy grass/rye and egg/milk). Although these data were cross-sectional and lacked the third 368 

dimension of temporal development in the statistical model, the similarity of the seven patterns 369 

supports our findings. 370 

The association between eczema and all patterns with the exception of other airborne pattern 4 371 

(house dust mite) aligns with previous studies showing association between eczema and allergic 372 

sensitization in general4,22,31.  Our finding that asthma was associated with animal pattern 1 373 

(dog/cat/horse) in COPSAC and in children with asthmatic mothers in the BAMSE study is in 374 

line with other studies examining cat and dog sensitization independently4,18, however, the study 375 

of Stoltz et al (2013)4 found the strength of association between dog and asthma to increase from 376 

age 1 year to 3 years, whereas our study suggest strongest association at age 1½ year. Many 377 

previous studies have reported that sensitization to house dust mite is related to asthma and 378 

wheezing2,4,18,21. We only find a non-significant trend of association between pattern 4 (D. 379 

pteronyssinus) and asthma, and in the multivariate model, pattern 4 was not driving the 380 

association between sensitization and asthma either.  381 
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A British study of 1,053 unselected 8-year-old children (Manchester Asthma and Allergy Study 382 

– MAAS)2 found a highly significant association between sensitization to house dust mites and 383 

asthma with an almost double effect size compared to our findings. We speculate that this 384 

discrepancy originates from COPSAC being a high-risk cohort with children from atopic 385 

mothers, as the association between pattern 4 and asthma based on all data in BAMSE yields 386 

results on par with the ones reported in MAAS.  387 

When examining the patterns revealed in our study, there is a striking biological resemblance 388 

between the allergens with respect to components that constitute the allergens and the common 389 

protein-groups represented in each pattern. The allergens in pattern 1 (cat/dog/horse) comprise 390 

components that are both lipocalins (Can f 1, 2, 4, 6; Equ c 1, 2 and Fel d 4) and albumins (Can f 391 

3, Equ c 3 and Fel d 2). Similarly, the allergens in pattern 2 (timothy grass/birch) comprise both 392 

profilins (Bet v 2 and Phl p 12) and polcalcins (Bet v 4 and Phl p 7). Allergens of pattern 5 393 

(peanut/wheat flour/mugwort) comprise components that are nsLTPs (Art v 3; Ara h 9 and Tri a 394 

14), pattern 6 (peanut/soybean) comprises both PR-10s (Ara h 8 and Gly m 4), legumins (Ara h 3 395 

and Gly m 6), and vicilins (Ara h 1 and Gly m 5) and the allergens in pattern 7 (egg/milk/wheat 396 

flour) comprise components that are albumins (Bos d 6 and Gal d 5) except for wheat flour. 397 

Although the components have biological resemblance in each pattern, this cannot alone explain 398 

the clustering of the allergens, since they need to cross-react to explain the patterns. The 399 

lipocalins that could be part of pattern 1 (cat/dog/horse) are known to cross-react24, which is also 400 

apparent for polcalcins and profilins that could constitute pattern 2 (timothy grass/birch)26,27. PR-401 

10s are highly cross-reactive28 which could explain the clustering in pattern 6 (peanut/soy bean). 402 

Some nsLTPs also cross-react29, but the albumins of pattern 7 (egg/milk/wheat flour) are not 403 
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known to cross-react. This biological interpretation of the patterns is only speculative, and would 404 

need verification by component resolved diagnostics. 405 

The association between rhinitis and all patterns with inhaled allergens was expected, whereas 406 

the association between rhinitis and food pattern 6 (peanut/soybean) might also be explained by 407 

cross-reactions as the Bet v 1 (from birch) related food allergen components in soy (Gly m 4)30 408 

and peanut (Ara h 8)28 are all PR-10 proteins.  409 

We propose the existence of a common epitope across patterns of different allergens, which most 410 

likely can be enlightened by examining allergen components. However, not all the patterns we 411 

found can be explained by cross-reactions and allergen components suggesting that other host, 412 

genetic, or environmental factors could also influence clustering of allergen specific sensitization 413 

during early childhood. 414 

Conclusion 415 

This study utilized a clustering method for three-dimensional data structures to extract distinct 416 

temporal patterns of sensitization while clustering allergens and children. These results suggest 417 

the presence of several distinct sensitization phenotypes during childhood defined by type and 418 

number of involved allergens, age at debut, and temporal development. The latent patterns 419 

showed differential associations with disease suggesting they represent biological meaningful 420 

and clinically relevant sensitization phenotypes. 421 

  422 
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Figures 521 

Figure 1: Positive registrations in relative frequency of the 13 allergens at the four age-points 522 

 523 

  524 

Figure 2: Pairwise comparison of latent patterns between the COPSAC2000 data (grey) and the 525 

BAMSE data (black), showing groups of specific allergen patterns that follow a similar profile in 526 

both time and participants. A (upper panel): unit norm sensitization pattern loadings (x-axis 527 

describes loading magnitude). B (lower panel): time-development pattern loadings (y-axis 528 

describes loading magnitude). 529 

  530 

Figure 3: Association between sensitization patterns and clinical outcomes for COPSAC2000 data 531 

(n = 398) (black) and for children of asthmatic mothers for BAMSE data (n = 282) at 4 years 532 

(light grey) and at 8 years (dark grey). For asthma and rhinitis the comparison is done with 533 

logistic regression and for eczema in COPSAC2000 by Cox regression and in BAMSE by logistic 534 

regression. 535 

 536 

Figure 4: Age dependent associations between patterns and clinical outcomes shown as OR / HR 537 

(black line) with CI0.95 (dotted line) in COPSAC2000. Some estimates for pattern 1-5 at age ½y 538 

and 1½y are omitted due too low number of positive sensitization registrations for the particular 539 

pattern. Included are the association results based on the clustering from all time points (black 540 

star with error bars).  541 

 542 
  543 
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Tables 544 

Table 1: Baseline characteristics in the COPSAC2000 and BAMSE cohorts. 545 

+ Children born to mothers with asthma in the BAMSE cohort 546 
* High is defined as a total income > €80,000, average from €50,000 to 80,000, low is < €50,000 547 
^ Lower white=2 years or less at a higher education, Medium and High white=At least 3 years at a higher 548 
education 549 
$ ≥ 1 cigarette/week 550 
€ First year of life 551 

  
COPSAC 

 

 
BAMSE ast+ 

 
BAMSE all 

 
N=398 

 
N=282 

 
N=3045 

 
Gender, male (%) 

 
199 (50%) 

156 (55%) 
 

1554 (51%) 
Smoking (last trimester), yes (%)$ 59 (15%) 31 (11%) 280 (9.2%) 

SOCIOECONOMIC FACTORS   
Household income*, 
High/Average/Low  
(% Low) 

90/183/115 
(30%) 

NA NA 

Mother’s education in COPSAC, 
University/Medium/At most college  
(% At most college) 

52/100/246 
(62%) 

NA NA 

Mother’s education in BAMSE, 
Higher and Medium white/Lower white/Blue collar 
worker  
(% At most Blue collar worker) 

NA 126/57/65 
(26%) 

1408/683/676 
(24%) 

ATOPIC PREDISPOSITION 
Mother 

  

Asthma, yes (%) 398 (100%) 282 (100%) 282 (9.3%) 

Allergic rhinitis, yes (%) 310 (78%) 181 (64%) 550 (18%) 

Atopic dermatitis, yes (%) 192 (48%) 92 (33%) 521 (17%) 

ATOPIC PREDISPOSITION 
Father 

  

Asthma, yes (%) 74 (19%) 18 (6.5%) 239 (7.9%) 

Allergic rhinitis, yes (%) 142 (37%) 44 (16%) 518 (17%) 

Atopic dermatitis, yes (%) 54 (14%) 25 (9.1%) 362 (12%) 
 

ALLERGEN EXPOSURES    

Dog in the home, yes (%)€ 52 (13%) 17 (6.0%) 147 (4.8%) 

Cat in the home, yes (%)€ 60 (15%) 20 (7.1%) 296 (9.7%) 
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Methods 9 

Clinical Outcomes in BAMSE 10 

Asthma in BAMSE was diagnosed by questionnaire as more than 3 episodes of 11 

wheeze in the last 12 months and/or; at least 1 episode of wheeze in the last 12 12 

months, combined with prescription of inhaled steroids for symptoms of asthma for 13 

both the 4- and the 8yrs data. 14 

 15 

Rhinitis in BAMSE was diagnosed by questionnaire as symptoms from eyes/nose 16 

(suspected or evident) after exposure to furred pets or pollen (after age 2yrs) and/or 17 

doctor’s diagnosis of allergic rhinitis after 2 years and up to age 4 years for 4yrs data, 18 

and symptoms of sneezing, a runny or blocked nose, or itchy, red and watery eyes 19 

after exposure to furred pets or pollen (from age 4 years) and/or doctor’s diagnosis of 20 

allergic rhinitis from 4 years and up to age 8 years for 8yrs data. 21 

Eczema in BAMSE was diagnosed by questionnaire as dry skin in combination with 22 

itchy rash for 2 weeks or more at typical localization (face or arms/legs extension 23 

surfaces or arms/legs flexures or wrists/ankles flexures) in the last 12 months and/or 24 

doctor’s diagnosis of eczema after age 2- or 4 years up to age 4- or 8 years for 25 

diagnosis at 4yrs and 8yrs respectively. 26 

  27 
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Data Analysis 28 

Nonnegative Sparse PARAllel FACtor analysis 29 

Let X be a tensor of size (n, m, p), where n is the number of samples (children), m is 30 

the number of time points and p is the number of allergens.  The Nonnegative Sparse 31 

PARAllel FACtor analysis (NNS-PARAFAC) method aims at approximating the 32 

observed data (X) with a sum of rank-one tensors in a similar fashion as principal 33 

component analysis for data organized in a matrix. That leads to the main objective in 34 

equation E1 35 

minA,B,CA,B,CA,B,CA,B,C �	XXXX� − A
CCCC⊙BBBB�T	�
� �  (E1) 36 

Where XXXX� (n, mp) is an unfolded version of X, A (n, k) is a factor matrix related to the 37 

samples, B (m, k) is a factor matrix related to the time points and C (p, k) is a factor 38 

matrix related to the allergens,	⊙ is the so called Khatri-Rao product of two matrices 39 

and ‖∙‖�
�  is the squared frobenius norm (sums of squares across all the matrix 40 

elements). The main objective (E1) can be modified to fulfill certain constraints on 41 

the parameters (A, B and C). In our case, that amounts to non-negativity for all factor 42 

matrices, as well as a L1 sparsity constraint on the columns of C. This leads to the 43 

constrained problem in equation E2.  44 

min
A,B,CA,B,CA,B,CA,B,C

�	XXXX� − A
CCCC⊙BBBB�T	�
� � 

subject to   (E2) 45 

A�� ≥ 0	∀	�, �; 	B�� ≥ 0	∀	�, �; 	C�� ≥ 0	∀	�, �	 

|C�.|! ≤ #�	∀	� = 1, . . , & 
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Where |C�.|! = 	 ∑ ()��(*
�+!  is the so-called L1 norm or Manhattan norm and #� is a 46 

scalar tuning parameter.  47 

 48 

Factorization and bi-/co-clustering 49 

The incorporation of sparsity via non-negativity and the L1 norm constraint yields a 50 

sparse solution. The samples corresponding to the component wise non-zero elements 51 

of A forms a cluster, as these samples actively support estimation of the data (X), 52 

while the samples with elements equal to zero does not, and are therefore acting as a 53 

reference cluster. Further, as each component is made up from ingredients reflecting 54 

both samples (A), time-points (B) and allergens (C), where the latter is also sparse, 55 

clustering is obtained on both samples and allergens simultaneously leading to the 56 

notion of co-clustering, where a subset of the samples (children) are active (non-57 

negative score values in A) with respect to a subset of the allergens (non-negative 58 

loading values in C).  59 

 60 

Algorithm 61 

Estimation of the factor matrices is done by alternating least squares, where each 62 

factor matrix (say A) is updated conditioning on the current estimate of the other 63 

factor matrices (say B and C). This procedure is repeated until the parameter 64 

estimates remain stable. In contrast to other alternating procedures, the algorithm 65 

optimizes the entire set of k components, as opposed to one component at a time 66 

followed by deflation of the data. The main objective (E1) is not convex, and as such 67 

a solution might not necessarily be the global optimum. Therefor a range of models 68 
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with different initial parameter guesses are produced and compared. The one with the 69 

lowest error that is found several times from 100 random starts is considered as the 70 

solution. The algorithm is available through www.models.life.ku.dk/algorithms 71 

Prediction of a new sample 72 

Let X* be a new sample (a matrix of size (m, p), where m is the number of time points 73 

p is the number of allergens), and let B (m, k) and C (p, k) be estimated factor 74 

matrices. Then a corresponding new set of parameters a* (1, k) is estimated by 75 

solving the following objective. 76 

min
a*a*a*a*

�	X*X*X*X*. − a*
CCCC⊙BBBB�T	�
� � 

                         subject to   (E3) 77 

a*� ≥ 0	∀	� = 1, . . , & 

Where X*X*X*X*. (1, mp) is an unfolded version of X*. Similarly, if B (the time profile factor 78 

matrix) is not fixed, and hence should be estimated based on the new data, this matrix 79 

is left as variable within the objective. The algorithm for this procedure follows from 80 

the above, excluding update of fixed factor matrices.  81 

Data Preprocessing 82 

The data are initially scaled across allergens by the inverse of the square root of the 83 

sum of the number of positive registrations. This scaling up weights allergens with 84 

few positive registrations and down weights those with many positive registrations.  85 

Model tuning 86 

This model has tuning parameters in relation to the sparsity constraints (#�) and the 87 

number of components. The sparsity constraints are estimated by Bayes Information 88 
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Criterion for each component separately, balancing fit (main loss as in equation E1) 89 

and degrees of freedom, which is set to the number of non-zero parameters. The 90 

number of components is selected based on comparing models with varying numbers 91 

of components, and judging i) additional variation explained from inclusion more 92 

components as well as ii) component interpretability.  93 

Post hoc clustering at each time point 94 

The NNS-PARAFAC model reveals clusters of children covering the entire age span. 95 

However, as we are interested in the age where the sensitization penetrates with 96 

respect to the clinical outcome, the model is used to cluster the children at each time 97 

point. This is done by estimating the objective in equation E3.  98 

min
AAAA


‖XXXX/ − A0CCCCT‖�
�� 

subject to   (E3) 99 

A�� ≥ 0 ∀ �, � 

Where Xt (t  = ½y, 1½y, 4y, 6y) corresponds to data from the individual time points, 100 

At is the corresponding factor matrix and C is the estimated factor matrix from the 101 

NNS-PARAFAC model as described in equation E2. I.e. this model estimates the 102 

clustering of the children in accordance with the predefined allergen profiles.  103 

 104 

Script  105 

Below is shown the code for preprocessing the data, and running the NNS-PARAFAC 106 

model with multiple random starts. Be aware that this script works generically for 107 

both datasets.  108 
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% INPUT: X (n,p,q) - threeway data structure with d icotomized (0,1) sIgE 109 
registrations  110 
% for q = 13 allergenes, across p = 4 timepoints wi th n = (398 / 3051)  111 
% children  112 
  113 
% 1) scale data  114 
% Scale to equal sum across all variables!  115 
sumX = nansum(reshape(permute(X.data,[3 1 116 
2]),size(X,3),size(X,2)*size(X,1))');  117 
Xsc = X;  118 
for i=1:size(X,3);  119 
    scl(i) = (1/sqrt(sumX(i)));  120 
    Xsc.data(:,:,i) = X.data(:,:,i)*scl(i);  121 
end  122 
  123 
  124 
% 2) model settings  125 
[I,J,K] = size(X);  126 
sumabs = [sqrt(I) sqrt(J) -1];  127 
nonneg = ones(3,1);  128 
orth = zeros(3,1);  129 
  130 
% 3) multiple starts  131 
for i=1:100;  132 
    m = nnsparafac(Xsc.data,7,sumabs,nonneg,orth);  133 
    M{i} = m;  134 
    SSE(i) = m.sse;  135 
end  136 
  137 
% 4) Check model convergens  138 
hist(SSE)  139 
  140 
% 5) select best model  141 
[~ , id] = min(SSE);  142 
model = M{id};  143 
  144 
 145 

Verification 146 

The NNS-PARAFAC model is an unsupervised single block model, meaning that the 147 

model is build without focus on predicting an outcome, and is consequently not prone 148 

to over fitting. In this application, we utilize the fact that the NNS-PAFARAC model 149 

is mathematically unique (up to component permutation) which implies that two 150 

models obtaining the exact same loss in equation E1, consequently has the same 151 

parameter estimates. We use this to validate the allergen patterns by estimation of a 152 

model on independent data (BAMSE) followed by a direct comparison of the 153 

parameter estimates. Further, the comparison with clinical endpoints is done using 154 

similar methodology between the two cohorts. Additionally, we also used the 155 

estimated model based on the COPSAC2000 data to individually predict the clustering 156 

of each child from the BAMSE data by the method described above in Prediction of a 157 
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new sample and reference this clustering towards the clustering based on the BAMSE 158 

data alone using Cohen’s kappa as measure of agreement. 159 

Robustness testing 160 

In order to access the robustness of the pattern results towards random and specific 161 

changes in study population as well as compliance for the sensitization data three 162 

strategies were pursued. I) Based on maternal predisposition towards asthma, rhinitis 163 

and eczema the cohorts were split into all possible combinations revealing four 164 

groups in COPSAC and eight groups in BAMSE. Each of these stratums was used for 165 

building a seven-component pattern model with the same settings as for the model 166 

based on all data. These models were compared with the model based on all data. II) 167 

The results were tested for robustness towards random perturbations of the study 168 

population by applying a bootstrap scheme for random selection of children followed 169 

by model estimation and comparison with model build on the entire dataset. III) In the 170 

COPSAC cohort n = 252 children has complete follow up with respect to sensitization 171 

data. Based on these samples a model was estimated and compared with a model 172 

based on the entire dataset. The comparisons were conducted using pairwise 173 

Pearson’s correlations between allergen loadings.  174 

 175 

Multivariate regression  176 

In addition to associating the extracted sensitization patterns one-by-one towards the 177 

clinical outcomes, a multiple regression model is investigated. Initially, all the seven 178 

dichotomized pattern scores are used in one model. This model is modified by 179 

backward elimination to only include the significant (p < 0.05) patterns.  180 

  181 
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Results  182 

Compliance  183 

Of the 398 children included in this study, 25 (6.3%) only contributed with data from 184 

a single time point, while 51 (12.8%) and 70 (17.6%) contributed with data from two- 185 

or three time points respectively. 252 (63.3%) children have complete follow up from 186 

6 month to 6 years with respect to specific IgE data. While the longitudinal trends 187 

demands longitudinal data, clustering of the allergens obtain support from all 188 

measured information including cross sectional data points. Therefor all data (n = 189 

398) were included in the further analysis.  190 

 191 

Specific IgE data 192 

The registered levels of sIgE in the COPSAC2000 cohort are shown in Figure E1. In 193 

total 4653 samples (out of 17,420 registrations) (27%) obtained a value larger than 194 

zero.  195 

Abundance of allergens in COPSAC2000 and BAMSE 196 

In an allergen wise comparison of abundances between the COPSAC2000 and BAMSE 197 

cohorts at age 4yrs, the only significant differences were sensitization against D. 198 

pteronyssinus (higher relative abundance in COPSAC2000, p<0.0001), cat (lower 199 

relative abundance in COPSAC2000, p=0.02) and molds (higher relative abundance in 200 

COPSAC2000, p=0.01) (Figure E2).  201 

Abundance of Sensitization Patterns in COPSAC2000 and BAMSE 202 

The abundance of the seven sensitization patterns extracted from COPSAC2000 and 203 

BAMSE are shown in Figure E3. In general, a higher abundance is registered in 204 

BAMSE, especially when stratifying on maternal asthma. Pattern 3, 5 and 7 in 205 
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COPSAC2000 and BAMSE respectively are, however, not significantly different (p > 206 

0.06) in abundance when stratifying on maternal asthma.  207 

Pattern verification in BAMSE 208 

Table E1 shows the Cohen’s kappa agreement for each of the seven patterns between 209 

clustering of the children based on a model build on COPSAC2000 data and a model 210 

build on BAMSE data. Pattern 1, 2, 4, 5 and 7 are in good agreement between the two 211 

clustering procedures (κ > 0.74), whereas especially pattern 3 (Molds) is in poor 212 

agreement (κ = 0.36). This lack of agreement derives from the BAMSE model having 213 

a total of nine allergens active for this component, as opposed to the COPSAC2000 214 

model with only a single allergen (Molds) which results in a 4 fold higher number of 215 

cases.  216 

Robustness of Sensitization Patterns  217 

The effect of maternal predisposition (asthma, eczema and rhinitis) was investigated 218 

on the sensitization prevalence, as well as the stability of the patterns. Figure E4 219 

shows the sensitization frequency as function of allergen, and maternal predisposition. 220 

Obviously, predisposition boosts the prevalence of sensitization, where especially 221 

dermatitis promotes sensitization. Figure E5 shows the pattern agreement between a 222 

model estimated on the entire data (within each cohort) and models stratified for 223 

maternal predisposition. In general, the agreement is good (median r  = 0.75 – 224 

BAMSE, median r  = 0.65 – COPSAC), however, for pattern 3 in BAMSE 225 

(dominated by molds) there is in general poor agreement. Molds is also one of the 226 

least frequent allergens the children were sensitized to (~1%), and reducing sample 227 

size therefore severely reduces data support for capturing this pattern. In conclusion, 228 

the sensitization patterns seem robust towards changes in population, such that 229 
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maternal predisposition induce a change in sensitization prevalence, but not in the 230 

patterns of co-occurrence. The only requirement for model estimation is a large 231 

enough sample size in order to have data support for the least common allergens.   232 

Figure E6 shows the robustness of the sensitization patterns towards random changes 233 

in the study population, as pattern wise correlations between the bootstrapped models 234 

and original model estimated on both cohorts. The COPSAC model reveals on 235 

average the model is very robust (rmedian > 0.94 for all patterns). However the 236 

estimation of pattern 2, 5 and 6 are prone to changes in population as up to 10% of the 237 

bootstrapped models obtain r < 0.8 for these patterns.  The larger BAMSE cohort is 238 

very robust in terms of random population changes as r > 0.90 for all patterns, all 239 

repetitions. 240 

Figure E7 shows the robustness of the sensitization patterns from an analysis only 241 

including children with complete follow up from 6 months to 6 years with respect to 242 

sIgE data (n = 252). These results indicate robustness towards changes in inclusion 243 

criterion. The association results between the seven patterns and the three clinical 244 

outcomes are likewise robust towards this change in inclusion criteria (results not 245 

shown). 246 

Multivariate regression models  247 

Based on the COPSAC2000 data, a multivariate model with asthma at seven years was 248 

reduced to only include pattern 1. A multivariate model predicting rhinitis at seven 249 

years consisted of two significant patterns, namely pattern 2 (p = 0.03) and pattern 4 250 

(p = 0.005). For time to onset of eczema, the significant patterns were found to be 251 

pattern 1 (p = 0.02) and pattern 2 (p = 0.006) (see Table E2-4). Results based on 252 

BAMSE data confirms pattern 1 as important for predicting asthma and eczema, and 253 
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pattern 4, and to some extend pattern 2, relevant for predicting rhinitis. However, 254 

especially the BAMSE models based on all available data (n = 2604) suggest 255 

additional patterns to be important.  256 

Adjustment for comorbidity  257 

Of the three outcomes, only asthma and rhinitis are associated (p = 0.01) and hence 258 

possibly confounds one another in the association analysis towards the sensitization 259 

patterns. When adjusting the association towards rhinitis for asthma the results are 260 

unaffected, whereas the pattern-wise association with asthma attenuates when 261 

adjusting for rhinitis (see Table E5 – based on COPSAC2000).  262 

  263 
Figures 264 

Figure E1: Registered levels of sIgE in the COPSAC2000 cohort (log transformed). 265 

The green line indicates the dichotomization threshold 0.35 kUA/L. 266 

  267 

Figure E2: Relative abundance of 13 allergens matched at 4 years of age from the 268 

COPSAC2000 cohort (n=296) and the BAMSE cohort (n=2604).   269 

 270 

Figure E3: Abundance (relative number of children) in each pattern. BAMSE (all) 271 

refer to the total cohort (n=3051) and BAMSE (maternal asthma) refer to the strata 272 

with children of asthmatic mothers (n=282)  273 

 274 
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Figure E4: Prevalence of sensitization as a function of maternal predisposition. The 275 

frequencies are any positive registration across the entire time course divided by the 276 

total number of children within each subgroup.  277 

 278 

Figure E5: Pattern agreement (Pearson’s correlations) between a model build on all 279 

samples and models build on samples defined by maternal predisposition. Numbers in 280 

parenthesis refer to total n within strata and number of samples with at least a single 281 

positive (>0) sIgE registration. 282 

 283 

Figure E6: Bootstrap results based on the COPSAC2000 data. Each of 100 284 

bootstrapped models is compared to the model based on all data, by assessing the 285 

correlation between the individual patterns.  286 

 287 

Figure E7: Comparison of COPSAC2000 NNS-PARAFAC models based on children 288 

with complete follow up (black - n = 252) and children with at least a single 289 

sensitization data point (grey - n = 398). A: Allergen profiles-, and B: age trajectories 290 

for the seven patterns.  291 

 292 

Figure E8: Association between sensitization patterns and clinical outcomes for 293 

COPSAC2000 data (n = 398) (black) and BAMSE (n = 3051) data at 4 years (light 294 

grey) and at 8 years (dark grey). For eczema the effect size is registered as hazard 295 

ratios in COPSAC2000 and odds ratios in BAMSE. 296 
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 297 

Figure E9: Size of clusters at each time point, as well as all time points.   298 
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Tables 299 

Table E1: Agreement (Cohen’s kappa ± SE) between clustering of children in 300 

BAMSE based on either COPSAC2000 model or BAMSE model.  301 

 N (COPSAC2000 model) N (BAMSE model) Cohens kappa (κ ± SE) 

Pattern 1 505 (17%) 429 (14%) 0.90 ± 0.01 

Pattern 2 577 (19%) 649 (21%) 0.92 ± 0.01 

Pattern 3 69 (2%) 289 (9%) 0.36 ± 0.04 

Pattern 4 121 (4%) 121 (4%) 1.00 ± 0.00 

Pattern 5 442 (14%) 463 (15%) 0.74 ± 0.02 

Pattern 6 504 (17%) 345 (11%) 0.58 ± 0.02 

Pattern 7 489 (16%) 556 (18%) 0.87 ± 0.01 

 302 

Table E2: Multivariate models (OR [CI0.025; CI0.975]) of asthma in COPSAC2000, 303 

children of asthmatic mothers in BAMSE, and all children in BAMSE estimated by 304 

backward elimination.  305 

 

COPSAC2000 BAMSE 

Asthmatic 
mothers 
(n = 398) 

Asthmatic mothers (n = 282) All (n = 2604) 

Age 7 yrs Age 4 yrs Age 8 yrs Age 4 yrs Age 8 yrs 

Pattern 1 
3.32 

[1.53;7.20] 
ns 

5.28 
[2.42;11.50] 

2.15 
[1.49;3.10] 

3.91 
[2.71;5.62] 

Pattern 2 ns ns ns ns ns 

Pattern 3 ns ns 
3.76 

[1.55;9.11] 
1.69 

[1.14;2.51] 
2.65 

[1.80;3.89] 

Pattern 4 ns ns ns ns ns 

Pattern 5 ns ns ns ns ns 

Pattern 6 ns ns ns ns ns 

Pattern 7 ns 2.89 [1.02;8.18] ns 
2.25 

[1.38;3.66] 
1.67 

[1.00;2.79] 
Pattern 1= cat/dog/horse, pattern 2= timothy grass/birch, pattern 3= molds, pattern 4= 306 
house dust mites, pattern 5= peanut/wheat flour/mugwort, pattern 6= peanut/soybean, 307 
pattern 7= egg/milk/wheat flour. 308 

ns = marginal non-significant (p > 0.05)  309 

 310 
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Table E3: Multivariate models (OR [CI0.025; CI0.975]) of rhinitis in COPSAC2000, 311 

children of asthmatic mothers in BAMSE, and all children in BAMSE estimated by 312 

backward elimination.  313 

 

COPSAC2000 BAMSE 

Asthmatic 
mothers 
(n = 398) 

Asthmatic mothers (n = 282) All (n = 2604) 

Age 7 yrs Age 4 yrs Age 8 yrs Age 4 yrs Age 8 yrs 

Pattern 1 ns 4.18 [1.85;9.42] 
7.19 

[3.28;15.76] 
2.98 

[1.99;4.45] 
3.81 

[2.69;5.40] 

Pattern 2 
2.92 

[1.51;5.64] 
ns 

3.05 
[1.36;6.80] 

ns 
1.44 

[1.03;2.02] 

Pattern 3 ns ns ns 
1.61 

[1.16;2.24] 
1.42 

[1.01;1.99] 

Pattern 4 
3.49 

[1.62;7.51] 
ns ns 

1.68 
[1.15;2.47] 

7.06 
[4.83;10.33] 

Pattern 5 ns ns ns ns ns 

Pattern 6 ns 2.47 [1.03;5.95] ns 
2.00 

[1.43;2.81] 
1.75 

[1.22;2.52] 

Pattern 7 ns ns ns ns 
0.49 

[0.30;0.81] 
Pattern 1= cat/dog/horse, pattern 2= timothy grass/birch, pattern 3= molds, pattern 4= 314 
house dust mites, pattern 5= peanut/wheat flour/mugwort, pattern 6= peanut/soybean, 315 
pattern 7= egg/milk/wheat flour. 316 

ns = marginal non-significant (p > 0.05)  317 

Table E4: Multivariate models (HR / OR [CI0.025; CI0.975]) of eczema in COPSAC2000, 318 

children of asthmatic mothers in BAMSE, and all children in BAMSE estimated by 319 

backward elimination in a cox model (COPSAC2000) and logistic regression model 320 

(BAMSE).  321 

 

COPSAC2000 BAMSE 

Asthmatic 
mothers 
(n = 398) 

Asthmatic mothers (n = 282) All (n = 2604) 

Cox model Age 4 yrs Age 8 yrs Age 4 yrs Age 8 yrs 

Pattern 1 
1.60 

[1.00;2.55] 
ns 

2.17 
[1.16;4.04] 

1.58 
[1.14;2.19] 

1.74 
[1.22;2.50] 

Pattern 2 
1.66 

[1.11;2.50] 
ns ns ns ns 

Pattern 3 ns ns ns ns 
1.49 

[1.09;2.04] 

Pattern 4 ns 2.37 [1.37;4.12] ns 
1.89 

[1.43;2.50] 
1.49 

[1.08;2.06] 
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Pattern 5 ns ns ns ns ns 

Pattern 6 ns ns ns 
1.56 

[1.16;2.10] 
ns 

Pattern 7 ns ns ns ns ns 

Pattern 1= cat/dog/horse, pattern 2= timothy grass/birch, pattern 3= molds, pattern 4= 322 
house dust mites, pattern 5= peanut/wheat flour/mugwort, pattern 6= peanut/soybean, 323 
pattern 7= egg/milk/wheat flour. 324 

ns = marginal non-significant (p > 0.05)  325 

 326 

Table E5: Association between the different patterns of sensitization and clinical 327 

outcomes in COPSAC2000. The outcome by pattern frequency is relative to the number 328 

of children within the sensitization pattern with outcome registration.  329 

 
 

  
PATTERNS§ 

 
Entire 
cohort 

 
1 

Animal 

 
2                  3                 4 

Other airborne 

 
5 

Mixed 

 
6                 7 

Food 

 
N (%) 

 
398 

 
40 (10%) 

 
57 (14%) 

 
12 (3%) 

 
39 (10%) 

 
45 (11%) 

 
61 (15%) 

 
108 (27%) 

 
Asthma 7yrs 
n (%) 
 
OR, CI 
 
 
aOR*, CI 
 

 
47 (14%) 

 
 
 
 
 

 

12 (32%) 
 

3.3  
[1.5;7.2] 

 
2.2 

[0.9;5.2] 

 
 

11 (20%) 
 

1.5  
[0.7;3.3] 

 
0.9 

[0.4;2.1] 

 
 

3 (25%) 
 

2.0  
[0.5;7.5] 

 
0.9 

[0.2;4.7] 

 
 

9 (24%) 
 

1.9  
[0.9;4.4] 

 
1.1 

[0.4;2.8] 

 
 

9 (21%) 
 

1.6  
[0.7; 3.7] 

 
1.5 

[0.7;3.7] 

 
 

8 (14%) 
 

0.9  
[0.4; 2.1] 

 
0.7 

[0.3;1.7] 

 
 

15 (16%) 
 

1.1  
[0.6; 2.2] 

 
0.8 

[0.4;1.6] 

 
Rhinitis 7yrs  
n (%) 
 
OR, CI 
 
 
aOR^, CI 
 
 

105 (36%) 
 
 
 
 
 

 
 

23 (66%) 
 

4.0  
[1.9;8.6] 

 
3.7 

[1.7;8.1] 
 

 
30 (61%) 

 
3.5  

[1.8;6.6] 
 

3.7 
[1.9;7.2] 

 
7 (70%) 

 
4.3  

[1.1;17] 
 

4.3  
[1.0;18] 

 
24 (67%) 

 
4.3  

[2.0;9.0] 
 

4.1 
[1.9;8.7] 

 
20 (50%) 

 
1.9 

[1.0;3.8] 
 

1.9  
[0.9;4.0] 

 
26 (52%) 

 
2.2  

[1.2;4.1] 
 

2.3 
[1.2;4.4] 

 
38 (45%) 

 
1.7  

[1.0;2.8] 
 

1.8  
[1.0;3.1] 

 
Eczema 7 yrs 
n (%) 

 
177 (52%) 

 

 
 

27 (71%) 

 
 

39 (70%) 

 
 

9 (75%) 

 
 

18 (50%) 

 
 

27 (64%) 

 
 

36 (62%) 

 
 

59 (60%) 
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HR, CI 
 

  
2.3  

[1.5; 3.4] 

 
2.3  

[1.6; 3.3] 

 
2.5 

[1.3; 4.8] 

 
1.1 

[0.7; 1.8] 

 
1.6  

[1.1; 2.4] 

 
1.7  

[1.2; 2.5] 

 
1.6 

[1.1; 2.1] 

§ Pattern 1= cat/dog/horse, pattern 2= timothy grass/birch, pattern 3= molds, pattern 4= house dust 330 
mites, pattern 5= peanut/wheat flour/mugwort, pattern 6= peanut/soybean, pattern 7= egg/milk/wheat 331 
flour 332 
* Adjusted for rhinitis 7yrs 333 
^ Adjusted for asthma 7 yrs 334 
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