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Abstract
Background  Longitudinal modelling of the presence/absence of current eczema through childhood has identified similar phenotypes, but 
their characteristics often differ between studies.
Objectives  To demonstrate that a more comprehensive description of longitudinal pattern of symptoms may better describe trajectories than 
binary information on eczema presence.
Methods  We derived six multidimensional variables of eczema spells from birth to 18 years of age (including duration, temporal sequenc-
ing and the extent of persistence/recurrence). Spells were defined as consecutive observations of eczema separated by no eczema across 
5 epochs in five birth cohorts: infancy (first year); early childhood (age 2–3 years); preschool/early school age (4–5 years); middle childhood 
(8–10 years); adolescence (14–18 years). We applied Partitioning Around Medoids clustering on these variables to derive clusters of the tem-
poral patterns of eczema. We then investigated the stability of the clusters, within-cluster homogeneity and associated risk factors, including 
FLG mutations.
Results  Analysis of 7464 participants with complete data identified five clusters: (i) no eczema (51.0%); (ii) early transient eczema (21.6%); (iii) 
late-onset eczema (LOE; 8.1%); (iv) intermittent eczema (INT; 7.5%); and (v) persistent eczema (PE; 11.8%). There was very-high agreement 
between the assignment of individual children into clusters when using complete or imputed (n = 15 848) data (adjusted Rand index = 0.99; 
i.e. the clusters were very stable). Within-individual symptom patterns across clusters confirmed within-cluster homogeneity, with consistent 
patterns of symptoms among participants within each cluster and no overlap between the clusters. Clusters were characterized by differ-
ences in associations with risk factors (e.g. parental eczema was associated with all clusters apart from LOE; sensitization to inhalant allergens 
was associated with all clusters, with the highest risk in the PE cluster). All clusters apart from LOE were associated with FLG mutations. Of 
note, the strongest association was for PE [relative risk ratio (RRR) 2.70, 95% confidence interval (CI) 2.24–3.26; P < 0.001] followed by INT 
(RRR 2.29, 95% CI 1.82–2.88; P < 0.001).
Conclusions  Clustering of multidimensional variables identified stable clusters with different genetic architectures. Using multidimensional 
variables may capture eczema development and derive stable and internally homogeneous clusters. However, deriving homogeneous symp-
tom clusters does not necessarily mean that these are underpinned by completely unique mechanisms.
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Eczema (or atopic dermatitis) is the most common chronic 
inflammatory skin disease that affects infants and children, 
with variable symptom expression, therapeutic responses 
and disease progression. The longitudinal course of eczema 
is not routinely incorporated into clinical management, prac-
tice guidelines or clinical trial design.1 Over the last 5 years, 
there has been a developing literature on the clustering of 
longitudinal data on eczema, using data-driven approaches 
(summarized in Table S1; see Supporting Information).2–10 
In most studies, repeated information on the presence or 
absence of current eczema was modelled to derive classes 
(phenotypes), mostly using latent class analysis (LCA).11 It 
is generally assumed that such phenotypes are internally 
homogeneous (i.e. that most children within each class have 
the same or very similar longitudinal pattern of symptoms) 
and stable (i.e. that the same individual clusters into the 
same phenotype in multiple runs of the model), and that 
they reflect underlying mechanisms.11,12 However, although 
eczema phenotypes derived in different studies are usually 
described using the same name (e.g. transient, persistent 
and late-onset), they often differ across studies in the time of 
onset/resolution of symptoms and associated risk factors.11 
Furthermore, there are notable differences in the prevalence 
of each phenotype, and inconsistent associations with FLG 
– the most important genetic risk variant for eczema (Table 
S1). In our previous study of LCA in a population-based birth 
cohort, we demonstrated that the confidence with which 
individuals were assigned to an eczema class/phenotype 
varied across phenotypes, and that a substantial number of 
children were classified imprecisely, in part due to the pres-
ence of noisy data arising from the intermittent reporting 
of eczema.6 Consequently, within-class individual patterns 
of eczema do not always match the phenotype label; for 
example, some children assigned to transient eczema report 
symptoms in mid-school age, some with similar symptom 
patterns are assigned to different phenotypes and some 
who reported eczema at certain time points are assigned to 
no eczema.6 This within-class heterogeneity and inaccurate 
individual allocation to phenotypes/classes may be partly 
responsible for a lack of consistent associations with risk 
factors, and may adversely affect the ability to identify phe-
notype-specific genetic associates and mechanisms.

Similar heterogeneity has been reported in childhood 
wheezing illness, which has been extensively investi-
gated using data-driven approaches to derive subgroups 
for genetic, mechanistic and therapeutic studies.13 Several 
studies have suggested that LCA using binary informa-
tion on current wheeze (the most common methodology 
for wheeze phenotype derivation) may classify individuals 
imprecisely,14–16 and that children with similar wheezing pat-
terns can be assigned to different phenotypes.14 Recently, 
we developed a novel method to derive wheeze clusters 
by modelling multidimensional variables of wheezing spells 
rather than binary information on the presence of current 
wheeze.17 Spells were defined as observations of current 
wheeze on consecutive follow-ups separated by no eczema. 
This approach was much more robust in dealing with miss-
ing data, and the derived clusters were stable and internally 
homogeneous.17

We propose that a similar framework using the spells 
approach on longitudinal data in eczema may produce 
clusters/phenotypes that are internally homogeneous and 
stable, with individual patterns that are consistent within 
phenotypes and distinct between phenotypes. To this end, 
we used longitudinal data on eczema from infancy to ado-
lescence from five UK birth cohorts to derive a set of multi-
dimensional variables, and clustered these to describe the 
temporal variation of eczema. We investigated the robust-
ness of these models to data imputation, which is of key 
importance for longitudinal studies in which data missing-
ness is inevitable, and for pooled genetic analyses in which 
multiple cohorts with large sample sizes are essential. We 
then explored the associations of the derived clusters with 
early-life factors and tested the hypothesis that clusters 
have differential associations with FLG loss-of-function 
mutations and allergic comorbidities.

Patients and methods

Study design, setting and participants

We used data from five UK population-based birth cohorts: 
the Avon Longitudinal Study of Parents and Children 

What does this study add?

•	 Clustering a set of multidimensional indicators that describe the temporal development of eczema more holistically than binary re-
peated measures may lead to more internally homogeneous phenotypes robust to missing data imputation.

•	 Persistent and intermittent clusters showed the strongest associations with established risk factors of eczema, including FLG mutations.
•	 Using multidimensional variables may capture temporal patterns in the development of eczema symptoms and derive stable and 

homogeneous clusters, but this does not guarantee that these are underpinned by completely unique mechanisms.

What is already known about this topic?

•	 Eczema is heterogeneous, but there is no general consensus on what the different subtypes are.
•	 Techniques such as latent class analysis have been used to disentangle the long-term course of eczema using categorical longitu-

dinal data.
•	 Eczema phenotypes assigned the same name in different studies often differ in age of onset, temporal trajectory, distributions 

within a population and associated risk factors, making comparisons difficult and clinical application uncertain.

http://academic.oup.com/bjd/article-lookup/doi/10.1093/bjd/ljad326#supplementary-data
http://academic.oup.com/bjd/article-lookup/doi/10.1093/bjd/ljad326#supplementary-data
http://academic.oup.com/bjd/article-lookup/doi/10.1093/bjd/ljad326#supplementary-data
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(ALSPAC),18 Ashford,19 Isle of Wight (IOW)20 and Aberdeen 
(SEATON)21 cohorts, and the Manchester Asthma and Allergy 
Study (MAAS).22 The cohorts and methods are described 
in detail in Appendix S1 (see Supporting Information). Data 
were harmonized to facilitate pooled analyses.23

Data sources and definition of variables

Validated questionnaires were completed on multiple 
occasions from infancy to adolescence. Current eczema 
was generally defined as a positive response to the ques-
tion ‘Has your child had an itchy rash/eczema in the last 
12 months?’ The exact questions used in each cohort are 
provided in Table S2 (see Supporting Information), and 
the cohort-specific timepoints and sample sizes in Table 
S3 (see Supporting Information). For pooled analyses, we 
defined five epochs based on shared follow-up points: 
infancy (first year of life); early childhood (2–3 years); pre-
school/early school age (4–5 years); middle childhood 
(8–10 years); adolescence (14–18 years). Using data on 
the presence/absence of current eczema at each epoch, 
we derived six indicators for each child: (i) age at the first 
observation; (ii) age at the last observation; (iii) total num-
ber of separate records over the observation period; (iv) 
duration of the longest spell (number of consecutive points 
with current eczema); (v) total number of separate spells; 
and (vi) spell type [0 = no eczema, 1 = single spell, 2 = inter-
mittent spells (at least 2 nonconsecutive spells of eczema 
of any length)].

Spells were defined as consecutive eczema observations 
separated by no eczema. An example of the derivation of the 
indicators is shown in Table S4 (see Supporting Information).

Skin testing was carried out during school age in all 
cohorts, and at six follow-up points in MAAS.

FLG genotyping

Genotyping was performed using probes and primers as pre-
viously described. For R501X mutation, we used a TaqMan-
based allelic discrimination assay. Mutation 2282del4 was 
genotyped by the sizing of a fluorescently labelled poly-
merase chain reaction fragment on a 3100 or 3730 DNA 
sequencer (Applied Biosystems, Birchwood, UK). The data 
were analysed as combined carriage of an FLG null allele.24

Statistical analysis

Detailed descriptions of statistical and sensitivity analyses 
are provided in Appendix S1.

Eczema clusters (phenotypes) from infancy to 
adolescence derived from six indicators
To derive longitudinal clusters captured by the six indica-
tors, we used the Partitioning Around Medoids algorithm 
coupled with the Wishart distance for mixed data.25,26 We 
adopted the framework of Basagaña et al.,27 which inte-
grates multiple imputation into cluster analysis among 15 
848 participants with at least 2 observations of eczema 
across the 5 epochs.28 The algorithm was run for 2–7 clus-
ters, and the optimal number was chosen using the average 
of the silhouette width (ASW) criterion and Pearson gamma 
coefficient.

Model stability was assessed by comparing the optimal 
number of clusters using the Wishart and Gower distance 
matrices, and with and without the inclusion of the total 
number of separate spells indicator. To determine the sta-
bility to changes in different sample sizes, we ran multiple 
iterations of the model while sampling random subsets of 
varying sample size with decrements of 10% from the full 
set until 50% were included.

Association of clusters with FLG, early- 
life risk factors and clinical outcomes in 
adolescence
We used multinomial logistic regression to ascertain 
associations of clusters with early-life risk factors and 
other associates (including FLG mutations). The results 
are reported as relative risk ratios (RRRs) with 95% confi-
dence intervals (CIs). Associations with comorbidities and 
allergic sensitization in adolescence were analysed using 
logistic regression. In adjusted models, multicollinearity 
was assessed using a variance inflation factor (ensur-
ing that values did not exceed 10). Cluster analysis was 
conducted in r (version 3.6.3; R Foundation for Statistical 
Computing, Vienna, Austria) using the cluster package 
(version 2.1.0).29 The ggplot2 package was used for data 
visualization.30 Multiple imputation was performed using 
the mi suite of commands in Stata 17 (StataCorp, College 
Station, TX, USA).

Results

Characteristics of the study population

A total of 15 848 participants had data on eczema for at 
least 2 epochs and 7464 had complete data (50.6% male). 
Demographic characteristics are provided in Table 1. The 
proportion of parental smoking was higher and breast-
feeding lower in those with complete data, with no differ-
ence in any of the clinical outcomes. At the follow-up in 
adolescence, 41.2% reported eczema ever; the prevalence 
was similar (42.6%) among 8384/15 848 individuals with 
incomplete data. The prevalence of current eczema was 
18.1% in infancy; it peaked at 26.1% in early childhood and 
declined to 13.7% in adolescence (Table S5; see Supporting 
Information).

Clusters of eczema from infancy to adolescence

A five-cluster solution was optimal based on statistical fit 
(Figure S1; see Supporting Information). Based on the age 
of onset and duration of eczema in each cluster (Figure1), 
the clusters (phenotypes) were characterized as: (i) no 
eczema (NOE; 51.0%); (ii) early transient eczema (ETE; 
21.6%), where participants had eczema in infancy, which 
peaked in early childhood and remitted by mid-childhood; 
(iii) late-onset eczema (LOE; 8.1%), with eczema observed 
from preschool age to a peak in mid-childhood and a grad-
ual decline by adolescence; (iv) intermittent eczema (INT; 
7.5%), where eczema was observed recurrently through-
out the observation period; and (v) persistent eczema (PE; 
11.8%) in which eczema was observed throughout the 
observation period.

http://academic.oup.com/bjd/article-lookup/doi/10.1093/bjd/ljad326#supplementary-data
http://academic.oup.com/bjd/article-lookup/doi/10.1093/bjd/ljad326#supplementary-data
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http://academic.oup.com/bjd/article-lookup/doi/10.1093/bjd/ljad326#supplementary-data
http://academic.oup.com/bjd/article-lookup/doi/10.1093/bjd/ljad326#supplementary-data
http://academic.oup.com/bjd/article-lookup/doi/10.1093/bjd/ljad326#supplementary-data
http://academic.oup.com/bjd/article-lookup/doi/10.1093/bjd/ljad326#supplementary-data
http://academic.oup.com/bjd/article-lookup/doi/10.1093/bjd/ljad326#supplementary-data
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http://academic.oup.com/bjd/article-lookup/doi/10.1093/bjd/ljad326#supplementary-data
http://academic.oup.com/bjd/article-lookup/doi/10.1093/bjd/ljad326#supplementary-data
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Within-cluster homogeneity
Individual patterns of current eczema within each cluster 
were consistent, with no overlap between the clusters 
(Figure 2). Table S6 shows the distribution of the derived 
indicators stratified by cluster, and Table S7 shows pairwise 
comparisons of quantitative indicators (see Supporting 
Information). INT was the only cluster in which children 
experienced three separate spells of eczema. In contrast, 

PE was characterized by longer/single spells lasting 3–5 
consecutive epochs.

Model stability and impact of missing data
Table S8 shows the distribution of the ASW across the sam-
ples and confirms that a five-class solution was consistently 
identified (see Supporting Information). There was a high 
agreement of partitions obtained between each cohort and 
the pooled data [adjusted Rand index (ARI) > 0.88] (Table 
S9; see Supporting Information). Missing data increased 
from 8% in infancy to 37% by adolescence (Figure S2; 
see Supporting Information). The optimal solution from the 
model among 15 848 participants with ≥ 2 observations 
was very similar to that from 7464 with complete data 
(Table S10, Figure S3; see Supporting Information). There 
was high agreement between the cluster assignment of 
individual participants (ARI = 0.99); only 53/7464 (0.71%) 
changed allocation (Table S11; see Supporting Information). 
The proportions of participants assigned to clusters were 
similar (Table S12; see Supporting Information). The optimal 
solution was stable to the exclusion of ALSPAC (Figure S4; 
see Supporting Information).

Associations with FLG mutations and early-life 
risk factors

The results of multinomial regression analysis are summa-
rized in Figure 3 and Table S13 (see Supporting Information). 
Compared with NOE, all eczema clusters apart from LOE 
were associated with FLG mutations. The strongest asso-
ciation was for PE (RRR 2.7, 95% CI 2.24–3.26; P < 0.001). 
Breastfeeding was associated with membership of all 
eczema clusters, with the highest risk for ETE (RRR 1.35, 

Table 1  Demographic characteristics of the study population

Participants with 
complete data (n = 7464)

Participants with data 
at 2–4 points (n = 8384)

Eczema ever (reported in adolescence) 2601/6309 (41.2) 1435/3372 (42.6)
Perinatal characteristics
  Male sex 3780/7464 (50.6) 4406/8374 (52.6)
  Low birthweight (≤ 2500 g) 302/7357 (4.1) 449/7989 (5.6)
Parental characteristics
  Maternal age at delivery, mean (SD) 29.1 (4.6) 27.6 (5.1)
  Maternal asthma ever (recruitment) 899/7412 (12.1) 996/7786 (12.8)
  Paternal asthma ever (recruitment) 811/6256 (13.0) 730/5855 (12.5)
Environmental characteristics
  Breastfeeding ever 5810/7331 (79.2) 4986/6942 (71.8)
  Maternal smoking (recruitment) 1242/6516 (19.1) 1933/6783 (28.5)
  Paternal smoking (recruitment) 2074/7366 (28.1) 2801/7642 (36.6)
  Presence of cat in home (recruitment) 2219/7316 (30.3) 2217/7742 (28.6)
  Presence of dog in home (recruitment) 1422/6712 (21.2) 1783/7130 (25.0)
Outcomes in adolescence (age 14–18 years)
  Asthma ever 1648/6306 (26.1) 913/3092 (29.5)
  Current asthma 696/5614 (12.4) 360/2417 (14.9)
  Current asthma medication 637/5641 (11.3) 294/2501 (11.8)
Cohort
  ALSPAC 5120/11 158 (45.9) 6038/11 158 (54.1)
  MAAS 669/1135 (58.9) 466/1135 (41.1)
  SEATON 471/1488 (31.7) 1017/1488 (68.4)
  IOW 784/1455 (53.9) 671/1455 (46.1)
  Ashford 420/612 (68.6) 192/612 (31.4)

Data are presented as n (%) unless otherwise stated. Valid percentages displayed using available data for each 
variable. ALSPAC, Avon Longitudinal Study of Parents and Children;  MAAS, Manchester Asthma and Allergy 
Study; SEATON, Aberdeen; IOW, Isle of Wight.

Figure 1  Trajectories of five clusters obtained with the Partitioning 
Around Medoids algorithm [no eczema (NOE) and four eczema 
clusters]: percentage of participants with reported eczema in the five 
cohorts (complete dataset n = 7464): NOE, n = 3809 (51.0%); early 
transient eczema (ETE), n = 1611 (21.6%); late-onset eczema (LOE), 
n = 604 (8.1%); persistent eczema (PE), n = 878 (11.8%); intermittent 
eczema (INT), n = 562 (7.5%).
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95% CI 1.21–1.51; P < 0.001). Males were significantly less 
likely to experience LOE and PE but were at higher risk of 
ETE. Both findings were stable in an adjusted model that 
included risk factors in infancy (Table S14; see Supporting 
Information). Wheeze in infancy was associated with all clus-
ters except LOE, with similar risks for INT and PE (approxi-
mate RRR 1.5). Early pet exposure was protective for PE in 
the univariate analysis but not in the adjusted multinomial 
model (Tables S13, S14).

Associations with allergic sensitization and atopic 
comorbidities

All eczema clusters were associated with allergic sensitiza-
tion in early school age, with the risk being highest for those 
in the PE and INT clusters (Table S13). Trajectories of sensi-
tization from infancy to adolescence in MAAS were similar 
for the PE and INT clusters, and differed from those in other 
clusters (Figure 4); differential patterns by cluster remained 
throughout childhood. Eczema preceded sensitization in the 
PE and INT clusters: at 1 year of age < 10% of children in 
these clusters were sensitized; by 16 years of age, approx-
imately half were. In contrast, children in the LOE cluster 
developed sensitization before the onset of eczema.

Table 2 shows the adjusted associations of eczema clus-
ters with asthma, rhinitis and allergic sensitization in adoles-
cence. Relative to NOE, associations were highest for the 
PE cluster for all outcomes. Current asthma was associated 
with the INT and PE clusters but not the ETE or LOE clus-
ters. All eczema clusters were associated with current rhini-
tis and with an increased risk of sensitization in adolescence, 
with the highest risk in the PE and INT clusters.

Individual allocation across eczema clusters and previ-
ously derived wheeze clusters using the same populations 

and analytical approach is shown in Figure S5 and Table 
S15 (see Supporting Information).17 There was no clear pat-
tern in the sequence of development between eczema and 
wheeze clusters.

Discussion

By pooling data on parent-reported eczema from birth to 
adolescence in five population-based birth cohorts, we have 
shown – using the spells approach – that we can achieve 
a potentially more accurate description of eczema trajec-
tories. We identified four distinct, internally homogeneous 
and stable clusters of eczema. Three of the derived clusters 
(ETE, LOE and PE) appeared to be similar to those derived in 
previous studies. We identified a novel and clinically intuitive 
cluster (INT) in which children experienced episodic symp-
toms over time, and derived a pure NOE cluster, which com-
prised children who never reported eczema. Importantly, 
our approach was robust to missing data imputation, as 
demonstrated by the remarkably high agreement between 
assignment of individuals into clusters when using complete 
or imputed data, with < 1% of children changing cluster. This 
may facilitate genetic analyses in a much larger sample.

Several recent studies have derived eczema phenotypes/
classes using LCA (Table S1).2–10 There is considerable het-
erogeneity in study design (e.g. unselected, selected and 
high-risk cohorts), duration of follow-up, number of data col-
lection points and age at collection (e.g. the age of the final 
data collection ranged from 6 to 50 years). Different defini-
tions of eczema were used, including ISAAC (International 
Study of Asthma and Allergies in Childhood) definitions, 
parent-reported severity, doctor diagnosis, medication use 
and investigator-assessed and composite definitions. The 

Figure 2  Within-individual patterns of eczema development stratified by clusters (phenotypes) among 7464 participants with complete data on 
eczema from infancy to adolescence. NOE, n = 3809 (51.0%); early transient eczema (ETE), n = 1611 (21.6%); late-onset eczema (LOE), n = 604 
(8.1%); persistent eczema (PE), n = 878 (11.8%); intermittent eczema (INT), n = 562 (7.5%).
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number of derived phenotypes ranged from 3 to 6, and the 
size of the persistent class varied from 2% to 12% of the 
study populations. Although the nomenclature varied, all 
studies identified early transient and persistent phenotypes, 
while some did not observe LOE.4,6 Analyses in ALSPAC 
and the PIAMA study (Prevention and Incidence of Asthma 
and Mite Allergy) identified two resolving classes, which 
differed based on the timing of onset: ‘early-onset, late-re-
solving’ and ‘late-onset, resolving’.31

In a data-driven analysis in ALSPAC, Mulick et al. applied 
LCA to information on parent-reported eczema and self-re-
ported severity,5 and identified a mild intermittent pheno-
type (14%). The most persistent eczema was characterized 
by the most severe symptoms, whereas clusters mostly 
characterized by intermittent eczema were reported to 
be milder.5 In our study, we did not use information on 
symptom severity and, unsurprisingly, the intermittent 
phenotypes in the two analyses differed. Inference from 
these two studies, which used different data sources and 

(a)    Risk factors in first year of life (b)    Environmental factors at recruitment

(c)    Parental allergic disease at recruitment (d)    Allergic sensitization status (early school age) 

Figure 3  Associations of eczema clusters (phenotypes) with early-life risk factors and allergic sensitization in early school age: results from 
multinomial logistic regression in children with ≥ 2 observations on eczema [reference class: no eczema (NOE)] using weighted membership 
probabilities. Weights derived from probabilities of class membership across 10 imputation samples from the Partitioning Around Medoids 
model. Results are reported as unadjusted relative risk ratios (RRRs) with 95% confidence intervals (CIs). ETE, early transient eczema; HDM, 
house-dust mite; INT, intermittent eczema; LOE, late-onset eczema; LOF, loss of function; Mat., maternal; Pat., paternal; PE, persistent eczema; 
SPT, skin prick test.

Figure 4  Proportion of children with allergic sensitization in each 
cluster (Manchester Asthma and Allergy Study); positive sensitization 
to at least one allergen (cat, grass, house-dust mite). ETE, early 
transient eczema; INT, intermittent eczema; LOE, late-onset eczema; 
NOE, no eczema; PE, persistent eczema; SPT, skin prick test.
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analytical approaches, suggests that the temporality of 
symptoms is likely confounded by severity. This indicates 
that more clinically intuitive subgroups of eczema, which 
may better reflect underlying mechanisms, may be iden-
tified by applying data-driven techniques to detailed infor-
mation on frequency, severity and triggers of different skin 
symptoms.

Another key difference between our study and previous 
LCA analyses is that we derived a ‘pure’ NOE group, where 
no participants experienced eczema. Previous analyses in 
two of our cohorts (ALSPAC and MAAS) have quantified 
or visualized the presence of eczema in the derived latent 
classes, and up to 36% of children in the ‘unaffected’ 
class experienced eczema at least once during the study 
period. Also, in contrast with previous studies, in the current 

analysis ETE and LOE clusters had clearly demarcated ages 
at which symptoms resolved or began.

PE and INT clusters showed the strongest associations 
with established risk factors of eczema, including FLG 
mutations, comorbid wheeze, parental history of eczema 
and allergic sensitization. In terms of environmental factors, 
early cat and dog exposure appeared to be protective of 
persistent and intermittent eczema. Sex was differentially 
associated with clusters, with females being at higher risk 
of LOE and males at higher risk of ETE. All clusters showed 
evidence of an increased risk of asthma and rhinitis in ado-
lescence, suggesting that the risk of comorbidities is perva-
sive throughout childhood, regardless of the age at eczema 
onset. However, the associations with current asthma and 
rhinitis in adolescence were strongest with the PE cluster.

Table 2  Associations of eczema clusters with allergic comorbidities and eczema in adolescence: results from multinomial logistic regression using 
children with ≥ 2 observations on eczema (reference class: no eczema) using weighted membership probabilities

Associations with allergic comorbidities in adolescence (age 14–18 years)a

Current asthmab Asthma ever Current rhinitis

NOE Ref. Ref. Ref.
ETE 1.20 (0.95–1.50) 1.50 (1.28–1.75) 1.24 (1.06–1.45)
P-value 0.122 < 0.001 0.006
LOE 1.32 (0.95–1.50) 1.48 (1.19–1.83) 1.28 (1.04–1.58)
P-value 0.07 < 0.001 0.02
PE 3.29 (2.66–4.08) 3.47 (2.94–4.10) 2.44 (2.06–2.89)
P-value < 0.001 < 0.001 < 0.001
INT 2.24 (1.71–2.94) 2.32 (1.89–2.85) 1.94 (1.58–2.38)
P-value < 0.001 < 0.001 < 0.001

Associations with sensitization in adolescence (SEATON, MAAS, IOW)a

Grass HDM Cat At least one positive SPT

NOE Ref. Ref. Ref. Ref.

ETE 1.49 (1.15–1.93) 1.35 (1.03–1.76) 1.37 (0.97–1.94) 1.48(1.16–1.89)

P-value 0.003 0.03 0.08 0.001

Late onset 1.35 (0.96–1.90) 1.55 (1.10–2.17) 1.31 (0.83–2.07) 1.36 (0.99–1.86)

P-value 0.08 0.01 0.24 0.05

Persistent 3.04 (2.29–4.05) 2.53 (1.90–3.38) 3.98 (2.87–5.51) 2.99 (2.25–3.99)

P-value < 0.001 < 0.001 < 0.001 < 0.001

INT 2.67 (1.91–3.75) 1.88 (1.33–2.67) 2.59 (1.73–3.87) 2.38 (1.71–3.34)

P-value < 0.001 < 0.001 < 0.001 < 0.001

Weights derived from probabilities of class membership across 10 imputation samples from the Partitioning Around Medoids 
model. Results are reported as adjusted odds ratios with 95% confidence intervals. Significant P -values are highlighted in 
bold. ETE, early transient eczema; HDM, house-dust mite; INT, intermittent eczema; LOE, late-onset eczema; NOE, no 
eczema; PE, persistent eczema; SPT, skin prick test. aModels adjusted for parental history of allergic diseases (recruitment), 
parental smoking (recruitment), sex, breastfeeding status, presence of a pet in the home (recruitment) and low birthweight. 
bAvailable at the latest follow-up [18 years in Isle of Wight (IOW), 16 years in Manchester Asthma and Allergy Study (MAAS), 
15 years in SEATON (Aberdeen), 15 years in Ashford and 15 years in the Avon Longitudinal Study of Parents and Children 
(ALSPAC)].
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Breastfeeding was associated with a significantly 
increased risk of all eczema clusters. A meta-analysis of 27 
prospective studies demonstrated a lack of protection of 
breastfeeding on the incidence of eczema.32 Rather than 
breastfeeding having a causal effect on eczema, the asso-
ciation is likely a result of reverse causation (e.g. increased 
duration of breastfeeding among those with a family history 
or symptoms of eczema).

Consistent with previous studies, clusters derived using 
our spell-based indicators had differential association with 
FLG mutations. In general, the strongest association was 
with PE (in previous studies, the odds ratios ranged from 
0.8 to 4.3). We have shown that the impact of FLG muta-
tions may vary throughout childhood, with some children 
with FLG mutations experiencing resolving symptoms and 
others having persistent or recurrent symptoms. Analyses 
in other cohorts is required to demonstrate whether more 
homogeneous clusters will lead to the discovery of a clearer 
contribution of genetic variants to the development of spe-
cific eczema trajectories.

Using wheeze clusters previously derived with the same 
methods in the same populations,17 we were able to glean 
insights into the patterns of development of eczema and 
wheeze. Our study does not support the existence of a spe-
cific trajectory from eczema to wheeze. A quarter of children 
with LOE had preceding wheeze, and children with ETE were 
more likely to have no wheeze than to develop subsequent 
wheeze. However, some children who outgrow eczema 
may still be at risk of developing subsequent wheeze, sug-
gesting that the nature of the association between these 
symptoms and mechanisms underlying this may change 
over time. Similarly, analyses in ALSPAC and PIAMA found 
that while the PE phenotype showed the strongest associ-
ation with asthma in adolescence, there was an increased 
risk across all eczema phenotypes.7 These findings confirm 
observations that there is not a clear directional relationship 
between eczema and asthma.33

Our study had several limitations. We have previously 
shown that different definitions of eczema led to inconsist-
ent associations with FLG genotype.6,34 We acknowledge 
that questionnaire-based parent reports are not sensitive 
enough to differentiate severity or true eczema from other 
pruritic skin conditions. Hanifin and Rajka proposed diagnos-
tic criteria for eczema based on a physical examination;35 
however, there is no uniform definition of the disease for 
large-cohort studies in which regular physical examination 
is not feasible.36–38 This has resulted in numerous different 
definitions being used in epidemiological and genetic stud-
ies.34,39 Our previous study showed that the use of differ-
ent eczema definitions significantly influenced prevalence 
estimates and associations with risk factors.34 We did not 
have access to confirmed diagnosis by a physician in all five 
cohorts. However, diagnoses across clinicians may be het-
erogeneous and clinicians may rely upon history provided by 
parents for diagnosing the condition. While questionnaires 
provide useful information on the prevalence of self-re-
ported symptoms, there may be a risk of overestimating 
the prevalence, as eczema may present similarly to other 
skin conditions (particularly common rashes in infancy).

We harmonized common data points across cohorts into 
epochs for pooled analyses, thereby reducing the number 
of time points. However, we acknowledge that the inclusion 

of all available data may lead to more granular insights into 
disease architecture over time, owing to the increase in 
information.

Another limitation is that genetic analyses were carried 
out for White participants only, and our findings on genetic 
associations cannot be generalized to other groups. Recent 
evidence from a US-based multiethnic cohort observed dif-
ferent sequences for allergic diseases in Black vs. White 
children.40 It is important to understand how patterns of 
eczema and their associates vary in different ethnic groups, 
and the mechanisms underlying these, through greater 
representation of under-represented groups in research. 
Therefore, further work in multiethnic cohorts is of critical 
importance.

We did not have access to more specific clinical mark-
ers of skin dysfunction; however, this is a limitation com-
mon to most population-based birth cohorts. We could not 
ascertain whether treatment adherence patterns varied 
by cluster. While there could be an association between 
received treatment, disease severity, duration and patterns 
of eczema, reported prescribed medication does not equate 
to accurate information on whether study participants were 
taking the drug. This is a limitation of birth cohort studies in 
general. Finally, our findings were exploratory in nature and 
hypothesis generating.

In conclusion, we applied a methodology that derived 
four eczema clusters that were robust to data imputation, 
each comprising individuals with homogeneous symptom 
sequences. We did not identify risk factors that uniquely 
predicted the risk of a particular cluster, suggesting that 
the clusters, even when internally homogeneous and sta-
ble, are not necessarily underpinned by completely unique 
mechanisms (i.e. are not endotypes). It would be important 
to assess whether modelling different disease domains, 
including markers of immune system dysregulation and epi-
dermal barrier dysfunction (which themselves are affected 
by genetic and environmental factors), gives rise to a similar 
phenotypic structure to strengthen the evidence for the clin-
ical importance of distinct patterns of eczema development.
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