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A varying proportion of patients has at least one positive
reaction to allergens of the (European) baseline series,
for example between 33.3% and 61.7% [5% and 95%
percentiles of European Surveillance System on Contact
Allergies departments, 2009–2012 (1)]. Often, only
one single positive reaction is observed (2). However, it
is not entirely uncommon to observe multiple positive
reactions to the baseline series, even to three or more
different allergens. The latter phenomenon has been
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termed ‘polysensitization’ (PS) (3), and is considered to be
a phenotypic marker of increased susceptibility to contact
sensitization. Previous analyses have indicated which sin-
gle allergens are associated with PS (2); the present analy-
sis addresses the novel question of whether certain ‘pairs’
of positive reactions to allergens may be particularly asso-
ciated with PS. As the number of such pairs is high, even
considering the baseline series with n allergens, namely,
n× (n−1)/2, modern biostatistical techniques of variable
selection rooted in machine-learning methodology have
to be employed to identify a set of explanatory factors
(allergen pairs, but also clinical and demographic infor-
mation), which can then be used in a regression model to
quantify the association of these factors with PS.

Methods

The Information Network of Departments of
Dermatology (IVDK), dedicated to the clinical
surveillance of contact allergy, has been described else-
where (4). Briefly, the participating departments are
predominantly located in Germany (n=59), but also in
Switzerland (n=4) and Austria (n=1), are members
of the German contact dermatitis research group, and
adhere to international patch test guidelines (5). The
members transmit anonymized patch test data along
with clinical data and items of the patient’s history twice
yearly to the data centre in Göttingen. Between 1992
and 2014, 230 316 consultations were documented;
in cases of multiple consultations by 1 patient, only the
first consultation was considered. For the present anal-
ysis, only patients patch tested with the baseline series
were included. However, the composition of the baseline
series had changed several times during the study period.
For the present analysis, a ‘common denominator’ set
of allergens was chosen (n=24) that was regarded as
a good compromise in terms of including a sufficient
number of cases to achieve sufficient statistical power,
and addressing an adequate number of allergens that
can be considered to be fairly representative of a baseline
series (Table S1). For the purpose of the present analysis,
reactions to the following allergens were considered to
be equivalent: (i) fragrance mix II and hydroxyisohexyl
3-cyclohexene carboxaldehyde, (ii) mercapto mix (three
or four components) with 2-mercaptobenzothiazole, and
(iii) methyldibromo glutaronitrile (MDBGN, 0.2 or 0.3%
pet.) or MDBGN with 2-phenoxyethanol (Euxyl™ K 400,
1% pet.). Patch test reactions were dichotomized into
positive [if +, ++ or +++ on day (D) 3, or, exceptionally, if
no D3 reading was available, on D4] versus non-positive
(negative, ?+, or irritant reaction). Anatomical sites were
categorized into five groups as trunk, hand(s)/arm(s),
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Fig. 1. The 20 most important pairs of allergens associated with
polysensitization, ordered by importance from left to right. The
mean decrease in the Gini index, a measure for the importance of
the variables in producing purer splits in the random forest, and
thus for a variable’s importance, is shown as black triangles,
decreasing from the left to the right variable (left y-axis). To
determine the final logistic regression model, areas under the
receiver operating characteristic curve (AUCs) for a growing
number of allergen pairs were calculated, leading to increasing AUC
values from only one variable (‘fragrance mix I and Myroxylon
pereirae’) to 20 allergen pairs, including ‘potassium dichromate and
Myroxylon pereirae’, shown in this plot. The AUCs are indicated by
grey circles (right y-axis). For an explanation of the statistical
methods, see the text and Table S1.

foot/feet/leg(s), face/head, and remaining categories or
missing. Eventually, 105 325 patients in whom all 24
allergens had been tested were included in the analyses.

Statistical methods were used first to address the selec-
tion of meaningful, important variables. To this end, the
complete dataset consisting of 105 325 observations was
split into a tuning dataset (n=35 294) and a validation
dataset (n=70 031). The importance of allergens for PS
was estimated by first training a random forest (6) on the
tuning dataset. A random forest is a classification ensem-
ble consisting of several hundred classification trees, in
our case 500. The trees are trained by use of a subset
of the dataset, so that different trees are constructed.
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Typically, bootstrap samples are drawn to obtain different
subsets. As the tuning dataset was comparatively large,
to speed up the training process, subsets consisting of
a randomly selected 10% of the available observations
were constructed for training of the classification trees.
To increase the difference between trees, and thus to
increase ensemble diversity, which is deemed to be impor-
tant for the performance of the ensemble (6), at each split
of a single tree only a random subset of all available vari-
ables is considered. As split criterion, the so-called Gini
index was used. This index, which generally quantifies
inequality of a distribution, is a measure of the purity of
the split in the present context, that is, the proportions
of classes after the split: a pure split leads to observations
belonging to only one class of the outcome (PS) in one
node and to observations belonging to the other class in
the other node, and thereby to a Gini index close to 0. A
way to determine the importance of a specific variable for
the performance of the random forest is to sum up the
decrease of impurity at each split where this variable is
used. The estimation of the importance for each variable
in the dataset allows for a ranking of these variables
by their importance. The quality of the random forest
regarding classification accuracy is given by the so-called
out-of-bag estimation (Appendix S1).

The number and list of variables (allergen pairs) for a
logistic regression model were determined by sequential
assessment of the performance of several models trained
with 1–50 of the most important allergens as deter-
mined by random forest variable importance, together
with the clinical variables sex, age and site, by 10-fold
cross-validation. The most parsimonious model achieving
an area under the receiver operating characteristic curve
(AUC) of >0.90, as a stop criterion, determined the opti-
mal number of allergens. For a more detailed description,
see Appendix S1.

The pairs of allergens identified in the previous step,
along with age, sex and sites as described above, were used
in a logistic regression analysis on the validation dataset
as explanatory factors for the dichotomous outcome PS,
that is, positive reactions to three or more allergens versus
no, one or two positive reactions to the baseline series. The
association was quantified with odds ratios accompanied
by 95% confidence intervals calculated with the profile
likelihood method. For statistical analyses, the software
package R was used (version 3.2.2, www.r-project.org/,
package randomForest).

Results

With the sequential approach used, 17 pairs of allergens,
in addition to the basic variables, sufficed to achieve an

AUC of >90%. The mean decrease in the Gini coefficient
and the increase in the AUC associated with adding the
additional pairs are shown in Fig. 1; it can be seen that
the addition of further variables beyond the 17 (e.g. the
rightmost three pairs) would further increase the accu-
racy of prediction, but at the expense of making the model
less parsimonious.

The selected variables were used in a logistic regres-
sion analysis in a second step (Table 1). Whereas sex was
not associated with PS in this analysis, a weak but sig-
nificant association with age was found, and anatomi-
cal sites previously identified as being associated with PS
were confirmed, namely, hand/arm and foot/leg dermati-
tis. However, the novel approach of this analysis was to
incorporate pairs of allergens as predictors of PS. Pairs of
fragrances (if propolis and colophonium are considered
to be at least ‘fragrance-related’), metals and combina-
tions of these two groups of allergens were the main driv-
ing force of PS; only lanolin alcohols, on the 14th rank,
and MDBGN, on the 16th rank, are included as important
other predictors.

Discussion

The present analysis unifies two different perspectives: pri-
marily, the interest in factors associated with PS, similarly
to previous analyses (2, 3), but also the role of associa-
tions between pairs of allergens, as first examined in (7).
Evidently, only pairs that are associated to some extent
and are thus also relatively common as a pair, and fur-
thermore in which at least one component is associated
with another contact allergy, or other contact allergies,
will have sufficient leverage to be associated with PS, that
is, the occurrence of at least one further reaction, beyond
those two defining the pair.

The canopy of mutual associations, which is partic-
ularly strong in the case of fragrance mix I (7), is evi-
dent from the fact that this allergen occurs in nine of 17
selected pairs (Table 1). This is in contrast to nickel, which
is more of a solitary allergen (7), and which is involved in
just four pairs (Table 1), even though it is the most com-
mon allergen, with a prevalence of 14.3% in univariate
analysis (Table S1). As a consequence, the importance of
fragrance mix I for PS is much higher than that of nickel.

In conclusion, the present analysis provides a unique
view on PS, which is conventionally defined as the occur-
rence of at least three positive reactions to the (European)
baseline series (3), based on state-of-the-art statistical
methodology concerning variable selection. Thereby, it
became apparent that (combinations of/with) fragrances
are the main driving forces of multiple sensitization, possi-
bly because exposure to fragrances is both ubiquitous and
multiple (8).
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Table 1. Results of a logistic regression analysis with polysensitization as outcome (prevalence, 8.6%) (reference: no, one or two positive
reactions to baseline series allergens) and the variables shown in the table as explanatory factors

Variable % OR 95%CI

Basic clinical/demographic data
Sex: female (ref.: male) 62.3 0.99 0.91–1.09
Age (per year); mean, 50.7; standard deviation, 18.3 – 1.01 1.01–1.01
Site: trunk 16.4 1.00 Reference
Site: hand(s) or arm(s) 31.6 1.60 1.40–1.82
Site: foot/feet or leg(s) 16.0 1.37 1.18–1.59
Site: face/head 20.6 0.90 0.77–1.05
Site: ‘other’ or missing 15.4 0.72 0.61–0.85

Pairs of allergens
Fragrance mix I and Myroxylon pereirae 2.7 17.3 14.2–21.1
Fragrance mix I and fragrance mix II 2.1 25.4 21.1–30.5
Cobalt chloride and potassium dichromate 1.5 39.7 32.5–48.5
Fragrance mix II and Myroxylon pereirae 1.1 34.2 24.0–48.8
Fragrance mix I and nickel sulfate 1.5 18.1 14.0–23.4
Potassium dichromate and nickel sulfate 1.3 34.0 26.8–43.0
Cobalt chloride and nickel sulfate 3.0 19.4 16.7–22.4
Fragrance mix I and propolis 0.96 38.9 26.4–57.4
Myroxylon pereirae and propolis 1.2 34.2 26.0–45.0
Colophonium and Myroxylon pereirae 1.1 46.2 34.9–61.4
Nickel sulfate and Myroxylon pereirae 1.3 23.8 18.6–30.3
Fragrance mix I and colophonium 0.90 36.9 24.2–56.3
Fragrance mix I and oil of turpentine 0.61 44.7 27.8–73.0
Myroxylon pereirae and lanolin alcohols 0.74 42.8 30.3–60.7
Cobalt chloride and fragrance mix I 0.74 35.8 22.2–58.1
Fragrance mix I and methyldibromo glutaronitrile 0.74 44.6 30.4–65.5
Fragrance mix I and lanolin alcohols 0.74 43.5 29.6–64.4

CI, confidence interval; OR, odds ratio.
The variables in the lower part are ordered according to their importance (see Fig. 1).
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Additional Supporting Information may be found in the
online version of this article:

Table S1. Set of allergens included in the German
baseline series during the study period, simultaneously
patch tested in 105 325 patients. All allergens in pet.,
except where indicated otherwise.

Appendix S1. Description of the approach to variable
selection.
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