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1  |  INTRODUC TION

Allergic diseases, such as asthma, atopic dermatitis, and rhinitis, im-
pose high impact on quality of life.1 While atopic dermatitis often 
develops in early infancy with high remission rate up to adolescence, 
asthma, and rhinitis usually occur later in childhood.2 In general, 
allergic diseases often develop jointly, in temporal succession and 
differing severities, highlighting the role of heritability, joint mecha-
nisms, and genetic susceptibility.2–5

Prediction of onset, progression or remission of allergic diseases 
are often difficult to obtain. It is therefore of high importance, to 
characterize the patterns of joint disease development and their re-
lating factors.

Based on this need, a pioneer investigation of clinical phe-
notypes taking age and time into account, reported classes of 
childhood wheezing in 1995.6 With increasing sample sizes and long-
lasting birth cohorts, researchers have now turned to data-driven 
approaches to identify more detailed developmental patterns of 

allergic diseases,7 for example, building on the asthma trajectories 
in the Millennium Cohort Study up to seven years8 and in BAMSE 
up to young adulthood.9 The combination of the allergic disease tra-
jectories, asthma, rhinitis, and dermatitis, together, was previously 
described until school-age10–13 and from school age to adulthood.14

Genetic susceptibility to allergic diseases was investigated in 
several genome-wide association studies (GWAS).5,15–18 Risk vari-
ants, single nucleotide polymorphisms (SNPs), identified in these 
analyses can be used to calculate individual predisposition. These 
aggregated polygenic risk scores (PRS) were applied in the context 
of various diseases,19 including allergic ones20 and their derived la-
tent classes.21 In addition, specific gene expression signatures have 
been identified for multimorbid asthma, rhinitis, and dermatitis, as 
compared with single-disease allergic phenotypes,22 highlighting the 
current focus on genetic origins of allergic diseases.

However, given the rise of allergic disease prevalence in the re-
cent decades,23 the increase cannot be explained by genetic factors 
alone. Several environmental factors have been investigated in the 
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Abstract
Background: Allergic diseases often develop jointly during early childhood but differ 
in timing of onset, remission, and progression. Their disease course over time is often 
difficult to predict and determinants are not well understood.
Objectives: We aimed to identify trajectories of allergic diseases up to adolescence 
and to investigate their association with early-life and genetic determinants and clini-
cal characteristics.
Methods: Longitudinal k-means clustering was used to derive trajectories of aller-
gic diseases (asthma, atopic dermatitis, and rhinitis) in two German birth cohorts 
(GINIplus/LISA). Associations with early-life determinants, polygenic risk scores, food 
and aeroallergen sensitization, and lung function were estimated by multinomial mod-
els. The results were replicated in the independent Swedish BAMSE cohort.
Results: Seven allergic disease trajectories were identified: “Intermittently allergic,” 
“rhinitis,” “early-resolving dermatitis,” “mid-persisting dermatitis,” “multimorbid,” “per-
sisting dermatitis plus rhinitis,” and “early-transient asthma.” Family history of allergies 
was more prevalent in all allergic disease trajectories compared the non-allergic con-
trols with stronger effect sizes for clusters comprising more than one allergic disease 
(e.g., RRR  =  5.0, 95% CI  =  [3.1–8.0] in the multimorbid versus 1.8 [1.4–2.4] in the 
mild intermittently allergic cluster). Specific polygenic risk scores for single allergic 
diseases were significantly associated with their relevant trajectories. The derived tra-
jectories and their association with genetic effects and clinical characteristics showed 
similar results in BAMSE.
Conclusion: Seven robust allergic clusters were identified and showed associations 
with early life and genetic factors as well as clinical characteristics.

K E Y W O R D S
allergic diseases, epidemiology, longitudinal clustering, polygenic risk score, trajectories
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    |  3KILANOWSKI et al.

context of the hygiene hypothesis24,25 and are commonly analyzed 
as determinants of allergic diseases, for example, in Hu et al.,26 stat-
ing poor distinction of dermatitis phenotypes for example by breast-
feeding or pet ownership alone.

Summarizing the need for a more specific distinction of pheno-
types and their temporal patterns is apparent. Therefore, the aim of 
this study is to identify joint trajectories of allergic diseases using 
independent birth cohorts. Following objectives are to assess their 
association with (1) early-life determinants, (2) GWAS-derived PRS, 
and (3) clinical characteristics, such as allergic sensitization and 
spirometry.

2  |  METHODS

2.1  |  Study population

Data were obtained from two prospective, population-based 
German birth cohorts with a focus on the development of allergic 
diseases, the German Infant Study on the Influence of Nutrition 
Intervention plus Air pollution and Genetics on Allergy Development 
(GINIplus) and the Influence of Life-style factors on Development 
of the Immune System and Allergies in East and West Germany 
(LISA) study.For GINIplus, 5991 full-term, healthy newborns were 
recruited in Munich and Wesel between 1995 and 1998. The LISA 
study included 3094 healthy, full-term newborns from the study 
centers Munich, Wesel, Bad Honnef and Leipzig, born between 1997 
and 1999. Ethics approval by the respective ethics committees, and 
written consent from all participating families was obtained. Both 

studies had comparable follow-up time points, which were harmo-
nized to time points 1, 2, 4, 6, 10, and 15 years. More details on both 
studies can be found elsewhere.27

2.2  |  Allergic diseases

Allergic diseases were defined as parent-reported doctor diagnosis 
of asthma, atopic dermatitis, hay fever or allergic rhinitis for each 
year of life, which were aggregated to cover the time periods be-
tween follow-ups (Table S1).

2.3  |  Early-life determinants

We investigated early-life determinants, previously reported to be 
associated with allergic diseases. These include sex, parental edu-
cation level, family history of allergic diseases, Caesarean section, 
exclusive breastfeeding, presence of older siblings, maternal smok-
ing during pregnancy, second-hand tobacco smoke exposure, pet ex-
posure, urbanicity at birth residency, and early bronchitis infections 
(Table S2).

2.4  |  Aeroallergen and food sensitization

Specific immunoglobulin E (IgE) was measured at 6, 10, and 15 years 
using the CAP-RAST FEIA system (Pharmacia Diagnostics, Freiburg, 
Germany) according to the manufacturer's instructions. Sensitization 

G R A P H I C A L  A B S T R A C T
We identified seven allergic disease trajectories up to adolescence, which are corresponding to clinical observation in the German GINIplus 
and LISA studies and replicated the results in the Swedish BAMSE cohort. The clusters can be characterized using polygenic risk scores and 
early-life determinants, which support the hygiene hypothesis. The clusters also pose clinical implications for allergic sensitization, increasing 
with number of present allergic diseases, and lung function.
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4  |    KILANOWSKI et al.

against common aero- (SX1 mix) and food allergens (FX5 mix) was 
defined with a cut-off for allergen specific IgE of >0.35kU/l in the 
screening test (Table S1).

2.5  |  Spirometry

Lung function was measured using spirometry at the 15-year follow-
up investigation according to guidelines from the American Thoracic 
Society and the European Respiratory Society28 and has been de-
scribed previously.29 The present study investigates forced expira-
tory volume in one second (FEV1), forced vital capacity (FVC), and 
the Tiffeneau-Index (FEV1/FVC), all standardized according to the 
Global Lung Initiatives (GLI) formula to control for non-linear effects 
of age, height, and sex.30

2.6  |  Polygenic risk scores

Combining the joint effect of genetic variation, we calculated four 
different PRS based on current GWAS summary statistics for any 
allergic disease,5,15 asthma,17 dermatitis,16 and rhinitis.18 SNPs re-
ported as significant in the GWAS meta-analyses were extracted 
from existing genome-wide data (Methods S1). After quality control, 
four PRS were calculated for each participant, weighting the allele 
dosage with the effect size reported in the GWAS. Finally included 
SNPs and annotated genes31 can be found in Table S3a–d and a more 
detailed description of the calculation in Methods S2. Additionally, 
the two most common Filaggrin (FLG) loss-of-function mutations 
(R501X, 2282del4) were genotyped.32 FLG mutation carrier status is 
defined as at least one mutation compared with no mutation.

2.7  |  Replication study

The prospective, population-based BAMSE (Swedish abbreviation for 
Children, Allergy, Milieu, Stockholm, Epidemiology) project recruited 
4093 newborns in the area of Stockholm between 1994 and 1996. 
Participants were followed-up at 1, 2, 4, 8, 12, and 16 years, and ethics 
approval was given by the Regional Ethics Board (EPN). Allergic disease 
diagnoses were defined based on parent-reported symptoms33 ac-
cording to the questionnaire used in the International Study of Asthma 
and Allergies in Childhood (ISAAC).34 Further details on the study, in-
cluding genetic data can be found elsewhere35 and in the supplemen-
tary information (Methods S1 and S3 and Table S1).

The BAMSE cohort was used for replication of clusters, pre-defined 
early-life determinants, genetic variation, and clinical characteristics.

2.8  |  Statistical analysis

All participants with available data on at least three out of six time-
points per allergic disease were included in the analysis. Remaining 

missing observations were filled in carrying the last observation for-
ward (LOCF).

To identify joint trajectories of allergic disease development, 
longitudinal k-means clustering using the kml3d package36 in R37 
was employed, which enables to cluster longitudinal data with 
multiple trajectories. To ensure the focus on allergic develop-
ment, a case-only approach including only those who reported 
any allergic disease for at least one time point was used. The non-
allergic cluster, comprising all remaining participants, was added 
afterward. Differing numbers of clusters from two to nine clus-
ters were tested and the optimal number of clusters was chosen 
based on the quality criterion of Davies-Bouldin38 in GINIplus/
LISA. The cluster number in BAMSE was fixed according to this 
for comparability and independent clustering results are provided 
in the supplement. We specified the algorithm to run 40 times 
with random starting conditions and used standard Euclidean dis-
tance. Sensitivity analyses for missingness were conducted using 
only complete observations as well as performing analyses based 
on bagging tree imputation of diagnoses in GINIplus/LISA to test 
the assumptions of LOCF (further described in methods S4) and 
latent class modeling.9 Here, the optimal partitioning was based 
on the Bayesian information criterion and log-likelihood. As it is 
not possible to consider both dimensions, time and multiple aller-
gic diseases, in this approach, the longitudinal clustering was the 
preferred approach. We also added symptom-based clustering 
for GINIplus/LISA to check for differences between the disease 
definitions within the used studies. K-means clusters are always 
presented for their optimal solution and pre-set for seven allergic 
disease clusters to ease comparison.

The total population and the allergic and non-allergic sub-
populations were descriptively assessed regarding the distri-
bution of early-life determinants and differences between the 
sub-populations were analyzed with a Chi-squared test.

Early-life determinants were assessed using post hoc Tukey-
tests to identify differences between clusters and compact letter 
design was used to indicate similarities between the trajectories as 
well as a multiple-testing adjusted p-value39 from the respective 
analysis of variance (ANOVA) (Table  S4). Significant factors (FDR-
adjusted ANOVA p-value <0.05) were selected for a joint multino-
mial regression model. Influences of genetic factors on clusters were 
assessed using a joint multinomial model followed by a fixed-effect 
meta-analysis between GINIplus/LISA and BAMSE using the meta 
package.40 The association with allergic sensitization and spiromet-
ric z-scores was also assessed using multinomial regression models 
for each time point and measurement. All models were additionally 
adjusted for sex and further for study and study center in GINIplus/
LISA. Relative Risk Ratios (RRR) and corresponding 95% confidence 
intervals are presented. Further sensitivity analyses were performed 
testing the robustness of genetic association for additional adjust-
ment for (a) family history of allergic diseases, (b) early-life determi-
nants, and (c) interaction effects with sex in GINIplus/LISA.

All analyses were conducted using R37 version 4.0.3 (GINIplus/
LISA) and version 4.0.4 (BAMSE) and code is available on request.
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    |  5KILANOWSKI et al.

3  |  RESULTS

Starting with descriptive assessments, the main analysis com-
prised 5550 participants of the GINIplus/LISA studies (Figure  S1). 
Population characteristics, cumulative allergic disease prevalences, 
and investigated determinants are presented in Table 1 for GINIplus/
LISA and Table S5 for pre-defined BAMSE determinants. Allergic dis-
ease development in GINIplus/LISA shows early dermatitis as most 
common allergic disease in infancy with decreasing prevalence after 
four years and increasing rhinitis and asthma prevalence during 
childhood and adolescence (Figure S2).

3.1  |  Joint trajectories of allergic diseases

Within GINIplus/LISA, seven allergic disease cluster plus one 
non-allergic cluster were identified (Figure 1A) with a comparable 
cluster allocation observed in BAMSE (Figure 1B): Intermittently 
allergic (GINIplus/LISA:17.5%, BAMSE:15.5%), rhinitis (7.5%, 
5.3%), early-resolving dermatitis (6.3%, 11.5%), mid-persisting 
dermatitis (4.1%, 12.0%), multimorbid (4.0%, 8.2%), persisting 
dermatitis plus rhinitis (2.2%, 6.6%), early-transient asthma (0.5%, 
10.2%), and non-allergic (57.8%, 30.6%). Names for the clusters 
were chosen descriptively and do not impose strict clinical defini-
tions. The independent clustering in BAMSE yielded six allergic 
disease clusters (Figure  S3) and only using complete observa-
tions in GINIplus/LISA led to nine optimal allergic disease clusters 
(Figure S4a; see Figure S4b for pre-defined 7 + 1 cluster solution 
in complete observations only).

The sensitivity analysis using latent class modeling, yielded eight 
optimal classes, including a non-allergic class in GINIplus/LISA and 
seven in BAMSE (Figure S5). The identified classes are highly similar 
and differ only in a split of the multimorbid cluster. Here, we ob-
serve, instead of only one cluster featuring all three allergic diseases 
now one with low level dermatitis and one with high level derma-
titis, supporting the original differentiation. GINIplus/LISA looses 
the early-transient wheeze cluster and BAMSE the intermittent and 
early-resolving dermatitis ones.

3.2  |  Early-life determinants

To assess which factors potentially influence disease develop-
ment, Table 2 presents results of the multinomial model containing 
early-life determinants, which were identified using Tukey-Tests 
(Table S4) in GINIplus/LISA. Male sex is associated with the clus-
ters comprising a high prevalence of rhinitis and inversely with the 
persisting dermatitis cluster. Parental history of allergies increases 
the risk for all identified clusters compared with the non-allergic 
cluster, with intermittently allergic showing the weakest associa-
tion, significantly differing from the clusters comprising rhinitis 
and early-transient asthmatics. Pet exposure and presence of 
older siblings are inversely associated with the rhinitis cluster in 

GINIplus/LISA. In BAMSE associations with family history show 
similar patterns, although not all effects reach significance and are 
mostly visible for only one parent with allergies. Nonetheless, an 
even stronger inverse relationship can be seen for early bronchitis 
infections.

3.3  |  Genetic factors

Further, we investigated genetic influences on allergic disease tra-
jectories to identify the effects of genetic predisposition on dis-
ease development. For this, we used a fixed-effect meta-analysis 
of the calculated PRS and FLG mutation carrier status on the de-
rived clusters (Table 3; Table S6 for individual studies). In GINIplus/
LISA all specific PRS are significantly associated with their respec-
tive trajectories and therefore more specific than the PRS for any 
allergic disease, which is only associated with the rhinitis cluster. 
Further, the PRS for atopic dermatitis shows a significant associa-
tion with early-onset or transient but not mid-onset or persisting 
atopic dermatitis.

Within BAMSE, the PRS for any allergic disease shows significant 
associations with the intermittently allergic, early dermatitis, multi-
morbid, and dermatitis plus rhinitis cluster, whereas the specific PRS 
are less clear associated.

Comparing the independent samples, we observe similar emerg-
ing patterns, even though clusters differ in their specifics. Despite 
differences in significance, effect directions are mostly similar be-
tween GINIplus/LISA and BAMSE and the meta-analysis shows sig-
nificant associations between all allergic clusters and the PRS for 
any allergic disease, except the mid-persisting dermatitis and early-
transient asthma cluster. The multimorbid cluster is specified by ad-
ditional significant associations with the PRS for asthma and rhinitis, 
differentiating it from the rhinitis cluster. The FLG-mutation is sig-
nificantly associated with the multimorbid and persisting dermatitis 
plus rhinitis cluster.

Our sensitivity analyses showed that genetic associations seen 
between PRS and clusters are rather robust to adjustment for fam-
ily history of allergic diseases and early-life determinants (Tables S7 
and S8). Investigating genetic effects and their modification by sex 
yielded no significant interaction (Table S9).

3.4  |  Aeroallergen and food sensitization

For the clinical characterization of trajectories, we investigated 
associations of aero- and food allergen sensitization measured at 
several time points with the allergic disease trajectories, as shown 
in Table  4. All clusters, except the early-transient asthma and the 
mid-persisting dermatitis clusters, show significant associations 
compared to the non-allergic control in all cohorts. However, the 
magnitude of effects is distinctly higher in rhinitis containing tra-
jectories. Especially the clusters with more than one allergy are 
robustly associated and are significantly higher compared with all 
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6  |    KILANOWSKI et al.

TA B L E  1  Population characteristics and determinants in GINIplus/LISA

Total (N = 5550)
Allergic disease cases 
(N = 2342) No allergic diseases (N = 3208)

p-value 
(Chi-squared)

Sex

Male 50.8% (2818)[0] 52.7% (1235)[0] 49.3% (1583)[0] 0.014

Study

GINI intervention 24.9% (1381)[0] 31.4% (735)[0] 20.1% (646)[0] <0.001

GINI control 35.5% (1971)[0] 32.4% (759)[0] 37.8% (1212)[0] <0.001

LISA 39.6% (2198)[0] 36.2% (848)[0] 42.1% (1350)[0] <0.001

Study center

Munich 51.5% (2856)[0] 52.9% (1238)[0] 50.4% (1618)[0] 0.079

Leipzig 10.2% (564)[0] 10.5% (247)[0] 9.9% (317)[0] 0.444

Bad Honnef 4.4% (244)[0] 3.8% (90)[0] 4.8% (154)[0] 0.099

Wesel 34.0% (1886)[0] 32.7% (767)[0] 34.9% (1119)[0] 0.104

Cumulative prevalence of allergic disease up to 15 years

Any allergic disease 42.2% (2342)[0] 100.0% (2342)[0] 0.0% (0)[0]

Asthma 9.2% (513)[0] 21.9% (513)[0] 0.0% (0)[0]

Dermatitis 27.9% (1549)[0] 66.1% (1549)[0] 0.0% (0)[0]

Rhinitis 21.3% (1183)[0] 50.5% (1183)[0] 0.0% (0)[0]

Family history of allergic diseases

No parent 43.0% (2272)[263] 33.7% (758)[94] 49.8% (1514)[169] <0.001

One parent 40.2% (2126)[263] 43.1% (970)[94] 38.0% (1156)[169] <0.001

Both parents 16.8% (889)[263] 23.1% (520)[94] 12.1% (369)[169] <0.001

Parental education

Low 6.6% (366)[23] 6.6% (154)[10] 6.6% (212)[13] 1.000

Medium 27.8% (1536)[23] 27.3% (637)[10] 28.1% (899)[13] 0.520

High 65.6% (3625)[23] 66.1% (1541)[10] 65.2% (2084)[13] 0.528

Caesarean section

Yes 19.8% (1037)[325] 20.8% (466)[99] 19.1% (571)[226] 0.154

Breastfeeding during first 4 months

Yes 62.6% (3417)[92] 61.5% (1417) [39] 63.4% (2000)[53] 0.169

Presence of older siblings

Yes 46.6% (2582)[11] 43.5% (1015)[7] 48.9% (1567)[4] <0.001

Maternal smoking during 2nd or 3rd trimester of pregnancy

Yes 9.6% (521)[141] 8.8% (202)[46] 10.2% (319)[95] 0.082

Environmental tobacco smoke exposure in first 4 years

Yes 37.4% (2012)[172] 36.3% (825)[72] 38.2% (1187)[100] 0.176

Bronchitis infection in first 3 years

Yes 39.3% (2111)[180] 44.5% (1007)[77] 35.6% (1104)[103] <0.001

Cat or dog in first 4 years

Yes 27.1% (1253)[924] 24.3% (480)[368] 29.1% (773)[556] <0.001

Urbanicity at birth

City 47.0% (2472)[285] 47.2% (1054)[107] 46.8% (1418)[178] 0.817

Town or suburb 40.6% (2139)[285] 41.4% (925)[107] 40.1% (1214)[178] 0.349

Rural area 12.4% (654)[285] 11.5% (256)[107] 13.1% (398)[178] 0.074

Note: Presented are prevalence, total case numbers and number of missing values for non-allergic participants, allergic participants, and the total 
sample.
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F I G U R E  1  Clusters of allergic diseases in (A) GINIplus/LISA and (B) BAMSE. The allergic disease clusters were derived using longitudinal 
k-means for allergic patients, the non-allergic cluster was added afterward. The best number of clusters was defined in GINIplus/LISA 
following the quality criterion of Davies-Bouldin.
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other clusters in BAMSE. Additionally, we see significant associa-
tion of sensitization already before the peak of rhinitis prevalence.
In food sensitization, this might enable differentiation between the 
early-resolving and mid-persisting dermatitis cases.

3.5  |  Spirometry

To assess the impact of trajectories on lung function in adolescence 
and thus long-term impairment of spirometric function, Table 5 dis-
plays the association of spirometry measures z-scores at age 15 years 
with trajectory allocation. Significant results are observed for FEV1 
and the Tiffeneau-Index in the multimorbid (all cohorts) and early-
transient asthma clusters (only BAMSE). Thus, reduced spirometric 
z-scores can be seen in the clusters comprising a high percentage of 
asthmatic participants. Borderline significant associations are seen 
for the intermittently allergic and early-resolving dermatitis cluster.

4  |  DISCUSSION

In the present study, we identified seven allergic disease trajec-
tories, using an unsupervised, longitudinal clustering approach in 
population-based birth cohorts, and one non-allergic control group. 
The role of early-life determinants was investigated and significant 
differences in relation to allergic sensitization and spirometric indi-
ces between the trajectories were observed. Furthermore, the spe-
cific GWAS-derived PRS showed significant associations with their 
disease-associated trajectories. Successful replication of trajecto-
ries, their association with genetic factors, lung function, and sen-
sitization was achieved in the independent Swedish BAMSE cohort, 
and a comparable classification was obtained when using latent class 
modeling, further strengthening the robustness of our findings.

Comparing our results with the available evidence, our clusters 
could confirm results from two of the papers previously character-
izing allergic disease trajectories identifying five clusters of allergic 
diseases up to four years10 and six up to nine years in the PARIS birth 
cohort13 as well as eight classes up to eleven years in UK cohorts.12 
We extend the covered time period up to adolescence, showing the 
continued developments indicated by the classification found in 
UK cohorts12 and being able to distinguish two different dermati-
tis trajectories, not reported in the previous clustering approaches. 
Furthermore, the PRS based on one GWAS on any allergic disease5 
was significantly associated with all identified classes in the UK co-
horts.21 Our application of PRS for all single disease entities allows 
further distinction of sub-phenotypes.

Another publications tracking allergic disease develop-
ment from nine to 34 years of age identified six classes of al-
lergic diseases (“No symptoms,” “Rhinoconjunctivits only,” 
“Late-onset wheeze,” “Rhinoconjunctivitis+Wheeze,” and 
“Eczema+Rhinoconjunctivitis+Wheeze”) using latent classes.14 
Identified clusters are comparable. The two identified multimorbid 
clusters resemble our multimorbid and persisting dermatitis plus TA
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rhinitis clusters, with lower prevalence of dermatitis and higher prev-
alence of wheeze, respectively. They further found that all allergic 
trajectories were already established by adolescence, not changing 
much after the age of 18 supporting our approach to include partici-
pants from infancy to adolescence in our longitudinal clustering, still 
ensuring comparability to previously reported approaches covering 
early life windows.

Within the first intermittently allergic cluster it is likely that the 
allocated participants have mild or transient forms of allergic dis-
eases, as they all reported an allergic disease for at least one time 
point but prevalences were generally low. Nonetheless, they have a 
significant risk associated with family history and parents might be 
more attentive for symptoms of dermatitis and rhinitis.

The rhinitis cluster was inversely associated with environmental 
factors such as pet exposure and presence of older siblings, which 
have been discussed in the context of the hygiene hypothesis.25 
This cluster was further significantly associated with the PRS for 
any allergic diseases and rhinitis, underlining the genetic contribu-
tion to this allergic phenotype. It further indicates that within the 
SNPs identified to be associated with any allergic disease,5,15 rhinitis 
is the most common allergic disease and GWAS are commonly not 
adjusted for comorbid allergic diseases.

As previously reported, early-onset dermatitis is, compared to 
late-onset dermatitis, associated with sensitization against aeroaller-
gens and higher genetic susceptibility.41 This is also seen in GINIplus/
LISA, with the early dermatitis cluster being significantly associated 
with the respective PRS and higher aeroallergen sensitization rates 
at six years. In BAMSE, instead the mid-persisting trajectory is sig-
nificantly associated with the PRS for dermatitis, but the trajectories 
prevalence also peaks earlier, potentially blurring the differentia-
tion between the two trajectories, with the early-transient cluster 
being detected rather in the independent BAMSE clustering solu-
tion with six allergic disease trajectories only (Figure S3). Another 
aspect to consider is the structurally higher percentage of missing 
diagnoses in the mid-persisting trajectory (Figure S7a), which might 
lead to falsely carried-forward dermatitis cases in GINIplus/LISA, 
while non-missing cases might be still following a persisting disease 
course but on a lower level than assumed here. Further differenti-
ation between the dermatitis clusters is possible in regard to food 
sensitization, which was observed in the early-resolving but not the 
mid-persisting cluster, as supported by the literature,42 which might 
indicate earlier remission in those children.

The multimorbid cluster is significantly characterized by a higher 
percentage of male participants, following the previous results re-
porting an increased risk for allergic multimorbidity in males with 
family history of allergies.43 There are also significant associations 
of the multimorbid cluster with the PRS for asthma and rhinitis in 
GINIplus/LISA, as well as any allergy and rhinitis in BAMSE.

Both, the multimorbid and rhinitis clusters, show similar rhini-
tis prevalences and a high sensitization rate. However, one group of 
participants develops additional asthma, leading to a higher burden 
of disease and worse lung function. One possible explanation might 
be higher genetic susceptibility as indicated by the effect of the TA
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asthma PRS; another one could be the higher percentage of bronchi-
tis infections in infancy, negatively affecting spirometry measures29 
as also seen in our results. This development from early bronchitis to 
asthma and reduced spirometry differentiates the multimorbid from 
the persisting dermatitis plus rhinitis cluster, where asthma preva-
lence remains low.

Other early-life factors, such as maternal smoking during preg-
nancy or second-hand tobacco smoke exposure during early child-
hood, both risk factors for reduced lung function, did not differ 
between these clusters. We also did not see significant differences 
for further common determinants, such as Caesarean section or ur-
banicity, potentially due to low variance in our sample or low case 
numbers.

The persisting dermatitis plus rhinitis cluster was previously 
described in UK studies as “persistent eczema with later-onset 
rhinitis.”12 It seems to be very robust, as it was found within five 
different birth cohorts (ALSPAC & MAAS12; GINIplus, LISA, and 
BAMSE). It has the strongest associations with aeroallergen sen-
sitization, nearly double compared with the multimorbid cluster in 
GINIplus/LISA, but none of the PRS is significantly associated with 
the trajectory in GINIplus/LISA and only the PRS for any allergic 
disease in BAMSE.

Nonetheless, FLG mutation, known to be the strongest genetic 
risk factor for dermatitis,44 was significantly associated with the per-
sisting dermatitis plus rhinitis cluster in BAMSE. Higher effect sizes, 
although not significant, can also be seen for the other clusters com-
prising relevant proportions of dermatitis patients (early-resolving 
(only GINIplus/LISA), mid-onset and multimorbid). However, the as-
sociation with FLG seems higher in persisting forms of dermatitis, in 
comparison with the early-onset resolving cluster.

The last cluster is weakly powered in GINIplus/LISA with only 27 
participants, all of which reported an asthma diagnosis in infancy but 
with a prevalence below 20% later in life. This early-transient asthma 
sub-phenotype is often identified in clustering approaches as “early-
transient wheeze”9,10 and much more common in English-speaking 
countries where a higher prevalence of asthma has been reported.43 
This was also observed during our replication in the BAMSE cohort 
using a symptom-based phenotype definition. Mostly missing sensi-
tization indicates that this cluster does not depict an allergic disease 
trajectory but rather an early respiratory infection trajectory with 
potentially ongoing impairment6 as underlined by the significant as-
sociation with early bronchitis infections. Previous studies report on 
the connection between wheezing inducing airway infections and 
future asthma development45,46 and although these participants 
here do not develop further asthma until 15 years of age, they pres-
ent reduced lung function outcomes in adolescence. The presence of 
early-asthma or wheezing symptoms is much higher in our symptom-
based clustering for GINIplus/LISA (Figure S8) but these cases may 
just be early respiratory infections instead of asthma, which is diffi-
cult to diagnose in infancy.

Similar results in lung function reduction as seen for our mul-
timorbid and early-transient asthma clusters were also reported 
for cohorts covering nine to 34 and seven to 53 years of age, 

respectively.14,47 Forster et al. reported lower Tiffeneau-indices in 
young adulthood for classes involving wheeze14 and Bui et al. show-
ing that early-onset persisting asthma trajectories had stronger as-
sociations with lower lung function at 53 years than later appearing 
asthma cases.47

One limitation is the difference in allergic disease definitions 
based on clinical practices in Germany and Sweden. Although all 
cohorts employ similar time points of follow-up, GINIplus/LISA 
analyzed parent-reported doctor diagnoses, while in BAMSE, the 
analysis was based on parent-reported symptoms and prescribed 
asthma medication use. Remarkably, we were still able to derive the 
same cluster solution, showing the robustness of the results, further 
supported by our sensitivity analysis clustering symptom-diagnoses 
in GINIplus/LISA (Figure S8). Nevertheless, all included studies are 
observational cohort studies and cannot investigate causality and 
are impacted by missing validated food allergy assessments, non-
measured sensitization in infancy and missing indicators of severity 
or quality of life. Also, the issue with missing diagnoses due to loss 
to follow-up needs to be considered in the context of prospective 
birth cohorts, which collect valuable data but loose participants with 
each further time point, leading to higher number of missing values 
at the later time points of this study. Possible solutions for address-
ing this are different imputation methods but here no clear standard 
has been established yet. Allergic diseases are chronic but still every 
imputation might lead to false assumptions or might omit especially 
transient or late-onset trajectories. Of note, percentage of missing 
diagnoses further differs not only related to the time points but 
also between the clusters, especially the mid-persisting dermatitis. 
Potential reasons include a higher loss-to-follow-up in non-allergic 
parents (compared to those with positive family history), which 
are also overrepresented in the mid-persisting dermatitis cluster 
(Table S4). Furthermore, the early-transient wheeze cluster displays 
a higher proportion of missing diagnoses at earlier time-points. 
However, the generally low sample size in this cluster (n = 27) and 
thus missingness might simply occur by chance in this cluster.

Further, our PRS were calculated purely on genome-wide sig-
nificant SNP sets and not as proposed by newer publications on 
complete GWAS results, not restricted by a significance thresh-
old.48 Nevertheless, in this paper, we aimed to show associations 
of disease-specific scores, which we assume to be represented by 
the respective large-scale GWAS results. This approach also enables 
direct comparison to other publications using a similar PRS for any 
allergic disease.21

The strengths of our study include the long follow-up period, 
covering both childhood and adolescence and the ability to cover 
many discussed early-life determinants. The successful replication 
in an independent cohort further underlines robustness of results. 
Furthermore, this study demonstrates the association of disease-
specific PRS with allergic disease trajectories.

Using the results from this paper, we want to further drive clini-
cal prediction of allergic trajectories, enabling pediatricians to fore-
cast future allergic developments and initiate prevention strategies. 
Early identification of patients at risk, might help them to mitigate 
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further risk factors or concretely prevent asthma exacerbations with 
life-threatening potential.

In conclusion, we aimed to classify allergic disease development 
to add knowledge about the characteristics and determinants of the 
derived seven allergic disease trajectories from birth to adolescence. 
The derived trajectories allow a clearer classification of common al-
lergic disease courses in times of increasing prevalence and burden 
of disease, which might be further facilitated to improve prediction 
in the future.
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