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Abstract
Objectives: To develop and validate a prediction model to detect sensitization to wheat allergens in bakery workers.
Study Design and Setting: The prediction model was developed in 867 Dutch bakery workers (development set, prevalence of sen-

sitization 13%) and included questionnaire items (candidate predictors). First, principal component analysis was used to reduce the number
of candidate predictors. Then, multivariable logistic regression analysis was used to develop the model. Internal validation and extent of
optimism was assessed with bootstrapping. External validation was studied in 390 independent Dutch bakery workers (validation set, prev-
alence of sensitization 20%).

Results: The prediction model contained the predictors nasoconjunctival symptoms, asthma symptoms, shortness of breath and wheeze,
work-related upper and lower respiratory symptoms, and traditional bakery. The model showed good discrimination with an area under the
receiver operating characteristic (ROC) curve area of 0.76 (and 0.75 after internal validation). Application of the model in the validation set
gave a reasonable discrimination (ROC area 5 0.69) and good calibration after a small adjustment of the model intercept.

Conclusion: A simple model with questionnaire items only can be used to stratify bakers according to their risk of sensitization to
wheat allergens. Its use may increase the cost-effectiveness of (subsequent) medical surveillance. � 2010 Elsevier Inc. All rights reserved.
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1. Introduction

In the past few decades, occupational allergic diseases
(OADs) including occupational asthma (OA) have been
shown to be a major respiratory problem. Many OA cases
are related to exposure to highemolecular weight (HMW)
allergens, including wheat flour and fungal a-amylase
allergens in bakery and flour producing industries [1e3].
Although highly exposed individuals are more likely to have
serious complaints and disability [4], workers with intermit-
tent or occasional exposures may also be affected [5]. Recent
studies suggest that there is no reason to assume that the
burden of OAD is decreasing. So, prevention should focus
on finding new cases, detecting subclinical illness, and early
intervention in already asthmatic workers [1,3].
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A genuine diagnosis of OAD, such as OA, can only be
made in a particular person at a particular time in a clinical
setting. Therefore, identification of OAD in bakers exposed
to flour allergens should not focus on clinically established
allergic disease but on highly associated preliminary symp-
toms and signs. Sensitization to allergens is an outcome
strongly associated with OA and the most appropriate char-
acteristic that can easily be investigated. Sensitized sub-
jects, when continuously exposed to such allergens, are at
high risk of developing occupational allergy outcomes
[6]. A logical approach is therefore to first identify sensi-
tized workers. After detecting workers with a high risk of
wheat sensitization, additional clinical investigations may
be restricted to this group, leaving a considerable number
of workers with a low risk in which no or less far reaching
medical investigations are needed [7].

For that reason, a diagnostic questionnaire model was
developed to estimate the individual probability of the pres-
ence of sensitization to wheat allergens. This model enables
objective and standardized quantification of the individual
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What is new?

A simple diagnostic questionnaire model for detec-
tion of sensitization to wheat allergens was developed
and validated. This model will enable stratification of
risk of sensitization to wheat allergens among bakers.

probability of wheat sensitization in a cost-effective manner
by avoiding as much as possible the use of (invasive) ad-
vanced and costly reference tests. With the development
of a diagnostic model for sensitization to wheat allergens,
the authors aimed to easily detect individuals with a high
probability of having OAD [8,9].

The accuracy of prediction rules is generally lower com-
pared with the accuracy in the data on which the prediction
rule is developed [10,11]. Therefore, the authors evaluated
whether the developed diagnostic model performed accu-
rately in new workers, and finally whether the performance
of the diagnostic model could be improved (updated) before
reliable implementation will be accepted in daily care use by
occupational physicians in medical surveillance programs.
The so obtained final diagnostic model was then simplified
into an easy-to-use scoring rule to enhance its use in practice.
2. Methods

2.1. Populations

Data from a study performed in the framework of
a National Occupational Respiratory Allergy Surveillance
Program among bakery workers in The Netherlands were
used to develop the diagnostic model (development set)
[12]. Between June 2005 and June 2006, 341 and 28
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Fig. 1. Recruitment of participan
randomly selected traditional and industrial bakeries, respec-
tively were approached. From these companies, 64.5% (238
of 369) participated in the study, comprising 1,249 workers.
Twelve bakeries no longer existed, 116 companies refused to
cooperate, whereas three bakeries were withdrawn from the
invitation list for different reasons. From these 1,249
workers, 186 did not want to participate, 173 were not
available for reason of vacation, sick leave, or leaving their
employer, resulting in 890 workers for serology testing and
participation in responding to an extensive self-administered
questionnaire. Twenty-three of these workers refused to give
blood leaving 867 (80.6% 5 867/[1249� 173]) workers for
further analysis (Fig. 1).

A second data set from a cross-sectional study in four
sectors of baking and flour producing industries was used
to validate and update the diagnostic model (validation
set). This study included 153 workers from traditional
bakeries, 85 from industrial bakeries, 83 from the milling
industry, and 69 from the baking product manufacturers
[13]. The authors considered the latter three groups as
workers from nontraditional bakeries. Informed consent
was obtained from all participating workers in both studies.

2.2. Reference standard

In both studies, sensitization towheat allergens was chosen
as the outcome. Specific IgE antibodies were measured with
a modified enzyme immunoassay (EIA) [14]. Sensitization
to wheat allergens was considered present if the optical den-
sity (OD) of 492 exceeded the ODþ 0.10 of the reagent blank
(no serum control). In the validation set, specific IgE anti-
bodies were measured with a commercial immunoassay
(Pharmacia CAP system; Pharmacia Diagnostics, Uppsala,
Sweden). A concentration of 0.7 kU/L or greater (class II)
was considered positive. The EIA for wheat allergens has
deretsigerer
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been compared earlier to the CAP assay. The overall agree-
ment was satisfactory and good at higher titers [14].
2.3. Potential predictors

Diagnostic information was collected with a question-
naire. In both studies, workers were asked to complete
a self-administered respiratory questionnaire, which con-
tained items from internationally accepted questionnaires
[15,16]. The questionnaire comprised items on employment
data (job, tasks), history of lower and upper respiratory
symptoms, allergic symptoms because of common aller-
gens, symptoms suggesting bronchial hyperresponsiveness
(BHR), work-related upper and lower respiratory symp-
toms, skin symptoms, absenteeism, medication use,
changes in tasks or jobs, and smoking habits.

Given the 108 sensitized workers (number of events) in the
development set with 75 questionnaire items on symptoms as
candidate predictors, variable reduction was required. When
too many candidate predictors are considered in the develop-
ment process of a prediction model, the model shows too ex-
treme predictions in new patients. A rule of thumb is to have at
least 10 events per candidate predictor [17]. The number of
candidate predictors was reduced with principal component
analysis (PCA) that identified clusters of correlated question-
naire items [18]. Clusters with eigenvalues greater than one
(i.e., explaining more variance than a single predictor) were
selected and considered as candidate predictors. Each
selected cluster contained questionnaire items with factor
loadings higher than 0.6.

The PCA resulted in 14 clusters with eigenvalues greater
than one. The following clusters were identified and named
(post hoc) as adequately as possible: ‘‘asthma symptoms in
the last 12 months,’’ ‘‘shortness of breath and wheeze,’’
‘‘chronic cough and phlegm in the last 12 months,’’ ‘‘upper re-
spiratory symptoms,’’ ‘‘allergic symptoms in contact with
house dust mites and/or plants,’’ ‘‘allergic symptoms in contact
with pets,’’ ‘‘allergic symptoms because of certain food,’’
‘‘symptoms suggestive of BHR induced by smoke,’’ ‘‘symp-
toms suggestive of BHR induced by change of temperature,’’
‘‘skin symptoms,’’ ‘‘upper respiratory symptoms during work,’’
‘‘lower respiratory symptoms during work,’’ ‘‘upper respiratory
symptoms after work,’’ and ‘‘lower respiratory symptoms after
work.’’ For details regarding included questionnaire items in
each cluster, see Appendix. A cluster was regarded positive if
at least one of the included questionnaire items was present.

To further reduce the number of clusters, the authors
combined clusters with a Pearson correlation coefficient
of 0.7 or higher. As a consequence, the clusters ‘‘upper re-
spiratory symptoms during work’’ and ‘‘upper respiratory
symptoms after work’’ were combined and renamed as
‘‘work-related upper respiratory symptoms.’’ Similarly,
‘‘lower respiratory symptoms during work’’ and ‘‘lower re-
spiratory symptoms after work’’ were combined and re-
named as ‘‘work-related lower respiratory symptoms.’’
As a result, 13 candidate predictors were defined: 12 clus-
ters of questionnaire items and type of bakery (industrial or
traditional). Age, sex, and smoking habits were not consid-
ered as candidate predictors, based on the literature [2].
2.4. Data analysis

2.4.1. Model development
Multivariable logistic regression analysis starting with

all 13 above-defined candidate predictors (12 clusters plus
type of bakery) was done to develop a diagnostic model
for sensitization to wheat allergens using the development
set. Backward stepwise selection was applied using the
likelihood ratio test with a P-value corresponding to
Akaike’s information criterion (P-value ! 0.157) to select
the most important predictors [19,20].

The model’s ability to discriminate sensitized from non-
sensitized workers (discrimination) was assessed with the
receiver operating characteristic (ROC) area. The ROC area
can range from 0.5 (no discrimination) to 1.0 (perfect dis-
crimination) [21]. Internal validity and adjustment for over-
fitting of the model was executed with a bootstrapping
procedure (S-Plus 6 for windows; Insightful Corporation,
Seattle, WA) [22]. One hundred bootstrap samples were
drawn from the development set. In each bootstrap sample,
the entire modeling (predictor selection) process was
repeated. The bootstrap procedure yields a ROC area cor-
rected for optimism and a shrinkage factor to adjust the
model for overfitting. The regression coefficients of the
predictors in the model were multiplied by the shrinkage
factor to prevent too extreme predictions for new workers
[10,22,23].
2.4.2. Methods to validate and update the diagnostic
model

The accuracy of internally validated and adjusted model
was tested on the data of the validation set. The regression
formula from the developed model was applied to all bak-
ery workers of the validation set. The agreement between
the predicted probabilities and the observed frequencies
for sensitization (calibration) was evaluated graphically
by plotting the predicted probabilities (x-axis) by the ob-
served frequencies (y-axis) of the outcome [24]. The asso-
ciation between predicted probabilities and observed
frequencies can be described by a line with an intercept
and a slope. An intercept of zero and a slope of one indicate
perfect calibration. The unreliability statistic U was used to
perform one test that the intercept is not statistically signif-
icantly different from zero and the slope not different from
one (Chi-square distribution with two degrees of freedom)
[25]. The discrimination was assessed with the ROC area.
If the model did not perform well in the validation set,
the authors updated the model to improve the performance
using methods that were previously described, starting with
adjustment of only the intercept [10,11].
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2.4.3. Model application
To facilitate the application of the model in practice, the

final model was converted to an easy-to-use scoring rule.
The regression coefficients of the predictors were divided
by the smallest one and rounded to the nearest half integer.
For each worker, the sum score was calculated. The sum
scores were related to the corresponding probabilities of be-
ing sensitized to wheat allergens. To enhance decision mak-
ing, workers were stratified into three different (low,
intermediate, and high) probability groups. Different addi-
tional medical investigations may be applied to each prob-
ability group.

2.4.4. Missing data
Deleting subjects with a missing value leads to a loss of

statistical power and can lead to biased results. Therefore,
imputing missing values is generally preferred to complete
case analysis [26,27]. Missing data were single imputed with
values obtained from regression equations using SPSS ver-
sion 15.0 (Statistical Package for Social Sciences, Chicago,
IL, USA). The development set contained 286 (32.1%) sub-
jects with one or more missing questionnaire items, of which
Table 1

Distribution of workers’ characteristics in the development and validation sets

Workers Characteristics

Age (yr)a

Male (gender)

Ever smoker

Traditional bakers

Nasoconjunctival symptoms in the last 12 mob

Asthma symptoms in the last 12 moc

Shortness of breath and wheezed

Chronic cough and phlegm in the last 12 moe

Allergic symptoms in contact with HDM and/or plantsf

Allergic symptoms in contact with petsg

Allergic symptoms after ingestion of particular foodh

Symptoms suggestive of BHR induced by dust and/or smokei

Symptoms suggestive of BHR induced by change in temperaturej

Skin symptomsk

Work-related upper respiratory symptomsl

Work-related lower respiratory symptomsm

IgE sensitization to wheat allergens

Data presented as n (%) unless otherwise stated.

Abbreviations: HDM, house dust mite; BHR, bronchial hyperresponsiveness.
a Median (range).
b Present if experience allergic symptoms, including hay fever, blocked or run

watery or red eyes in the last 12 mo.
c Present if experience at least one of the following in the last 12 mo: asthma
d Present if experience at least one of the following: respiratory problem, sho

wheezing.
e Present if experience chronic (3 mo) cough or cough with phlegm in the l
f Present if experience upper and/or lower respiratory and/or skin symptoms
g Present if experience upper and/or lower respiratory and/or skin symptoms
h Present if experience upper and/or lower respiratory and/or skin symptoms
i Present if experience respiratory problem because of dust, smoke, or tobac
j Present if experience respiratory problem because of change in temperatur
k Present if experience dry skin, itchy skin, and/or eczema in the last 12 mo
l Present if experience itchy or blocked nose and/or itchy eyes during or af

m Present if experience asthma, wheezing, shortness of breath, and/or chest
135 had one missing item. The validation set contained 144
(36.9%) subjects with at least one missing questionnaire
items, of which 100 had one missing item.
3. Results

Table 1 shows the distribution of the workers’ characteris-
tics in the development and validation sets. Most workers in
the development set were traditional bakers (74%) compared
with 39% in the validation set. The prevalence of wheat
sensitization was 13% and 20% in the development and
validation sets, respectively. Table 2 shows the univariable
association between the candidate predictors and sensitiza-
tion in the development set. Nasoconjunctival symptoms,
asthma symptoms, shortness of breath and wheeze, work-
related respiratory symptoms, both upper and lower, were
strongly associated with wheat sensitization.

3.1. Model development

Table 3 shows the final, internally validated, and ad-
justed model obtained from the development set. The
Development set (n 5 867) Validation set (n 5 390)

40 (17e79) 37 (17e63)

820 (95) 380 (97)

509 (59) 220 (56)

645 (74) 153 (39)

560 (65) 274 (70)

32 (4) 36 (9)

261 (30) 136 (35)

138 (16) Not available

226 (26) 93 (24)

95 (11) 38 (10)

103 (12) 9 (2)

253 (29) 104 (27)

145 (17) 66 (17)

357 (41) 171 (44)

200 (23) 159 (41)

104 (12) 88 (23)

108 (13) 76 (20)

ny nose, and sneezing awakened because of nasal symptoms and/or itchy or

attack, awakened by an asthma attack, asthma attack induced by exercise.

rtness of breath while walking at normal pace with someone of same age or

ast 12 mo.

in contact with HDM or plants.

in contact with pets.

after ingestion of certain food.

co.

e.

.

ter work, which improve when away from work.

tightness during or after work, which improve when away from work.



Table 2

Univariable association between the candidate predictors and sensitization to wheat allergens in the development set

Workers Characteristics Nonsensitized (n 5 759) Sensitized (n 5 108) OR 95% CI

Traditional bakers 556 (73) 89 (82) 1.7 1.0, 2.8

Nasoconjunctival symptoms in the last 12 mo 465 (61) 95 (88) 4.6 2.5, 8.4

Asthma symptoms in the last 12 mo 18 (2) 14 (13) 6.1 3.0, 12.7

Shortness of breath and wheeze 193 (25) 68 (63) 5.0 3.3, 7.6

Chronic cough and phlegm in the last 12 mo 114 (15) 24 (22) 1.6 1.0, 2.7

Allergic symptoms in contact with HDM and/or plants 177 (23) 49 (45) 2.7 1.8, 4.1

Allergic symptoms in contact with pets 74 (10) 21 (19) 2.2 1.3, 3.8

Allergic symptoms after ingestion of particular food 81 (11) 22 (20) 2.1 1.3, 3.6

Symptoms suggestive of BHR induced by dust and/or smoke 206 (27) 47 (44) 2.1 1.4, 3.1

Symptoms suggestive of BHR induced by change in temperature 112 (15) 33 (31) 2.5 1.6, 4.0

Skin symptoms 306 (40) 51 (47) 1.3 0.9, 2.0

Work-related upper respiratory symptoms 144 (19) 56 (52) 4.6 3.0, 7.0

Work-related lower respiratory symptoms 64 (8) 40 (37) 6.4 4.0, 10.2

Data presented as n (%) unless otherwise stated.

Abbreviations: OR, odds ratio; CI, confidence interval; HDM, house dust mite; BHR, bronchial hyperresponsiveness.
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shrinkage factor for adjusting the regression coefficients
obtained from the bootstrapping procedure was 0.89. The
model showed good discrimination, with a ROC area of
0.75 after correction based on bootstrapping (95% confi-
dence interval (CI): 0.71, 0.81).
3.2. Model validation and updating

Without adjustment, the discrimination of the developed
model in the validation set was reasonable (ROC area of
0.69, 95% CI: 0.62, 0.75) but the calibration was poor (U
Chi-square 5 19.9, P-value ! 0.001). The calibration plot
shows that the predicted probabilities were systematically
too low (Fig. 2a). Reestimation of the intercept (from
�3.66 to �3.05) of the model improved the calibration
(U Chi-square 5 2.2, P-value 5 0.335, see Fig. 2b). The
difference of intercept between the development and vali-
dation sets (0.61) was explained by the different outcome
prevalence (13% and 20%). The difference in intercept
was 1.8 (exp0.61) on the odds scale, which was very similar
to the differences in prevalence on the odds scale ([0.20/
Table 3

Multivariable associations between the predictors and sensitization to wheat alle

Intercept and predictors ba

Intercept �3.6

Traditional baker 0.6

Nasoconjunctival symptoms in the last 12 mo 0.7

Asthma symptoms in the last 12 mo 0.6

Shortness of breath and wheeze 0.6

Work-related upper respiratory symptoms 0.4

Work-related lower respiratory symptoms 0.6

ROC area (95% CI) 0.7

The predicted probability of wheat sensitization can be calculated using th

baker� 0.67þ nasoconjunctival symptoms in the last 12 mo� 0.72þ asthma

ze� 0.61þwork-related upper respiratory symptoms� 0.47þwork-related low

and zero when absent.

Abbreviations: CI, confidence interval; OR, odds ratio; HDM, house dus

characteristic area.
a Regression coefficient multiplied with a shrinkage factor (obtained from th
0.80]/[0.13/0.87] 5 1.7). These findings suggest that the
differences in prevalence could not be explained by differ-
ences in predictor values. Hence the final model consisted
of the six predictors with two possible intercepts.
3.3. Model application

To enhance its application in practice, the regression co-
efficients of the predictors were simplified into easy-to-use
numbers (Fig. 3). The corresponding predicted probability
of wheat sensitization for each sum score is shown for
a prevalence of 13% and for a prevalence of 20% (Fig. 3,
lower part). As an example, a traditional baker with no
symptom except hay fever had a sum score of two
(1þ 1þ 0þ 0þ 0þ 0), which corresponds to a predicted
probability of wheat sensitization of 9% or 15%, depending
on the population to which the baker belongs.

The workers were finally categorized into three groups:
low probability (sum score 0e1), intermediate probability
(sum score 2e3), and high probability (sum score >4).
A clear association could be observed between these
rgens in the development set

OR 95% CI

6

7 2.2 1.2, 3.9

2 2.3 1.2, 4.5

3 2.0 0.9, 4.4

1 2.3 1.3, 3.8

7 1.7 0.9, 3.1

1 2.2 1.1, 4.4

5 (0.71e0.81)

e following formula: P(sensitization) 5 1/(1þ exp(�(�3.66þ traditional

symptoms in the last 12 mo� 0.63þ shortness of breath and whee-

er respiratory symptoms� 0.61))). Predictor value is one when present

t mite; BHR, bronchial hyperresponsiveness; ROC, receiver operating

e bootstrapping procedure) of 0.89.
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Fig. 2. Calibration plots of the wheat questionnaire model in the validation set when the original model was applied without adjustment (a) and when the

intercept of the model was reestimated (b). The solid line is a smoothed curve that represents a nonparametric estimate of the relation between the predicted

probability and the observed sensitization rate. Ideally, this line fits the dotted line that represents perfect calibration. Triangles indicate the observed sen-

sitization rate per equal-size-quintiles of the predicted probability. Distribution of the predicted probabilities is indicated with vertical lines at the bottom.
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probability groups and the prevalence of sensitization and
symptoms in the development set (Table 4). Only 2e6%
of the workers in the low probability group had allergic
symptoms, 4% had a doctor’s visit for respiratory com-
plaints, 4% used medication to improve their respiratory
complaints, 2% was absent from work because of allergic
symptoms, and 0.3% changed jobs because of allergic
symptoms. These figures were much lower compared with
workers in the intermediate or high probability group. The
sensitivity and specificity were 0.88 and 0.43, respectively,
when the cut point for a positive test was between the low
and intermediate probability groups, and were 0.46 and
0.89, respectively, when the cut point was between the in-
termediate and high probability groups.
4. Discussion

A simple diagnostic model for the detection of sensitiza-
tion to wheat allergens was developed and validated in
bakery workers. The model included six items: nasocon-
junctival symptoms in the last 12 months, asthma problems
in the last 12 months, shortness of breath and wheeze,
work-related upper and lower respiratory symptoms, and
type of bakery (traditional yes or no). Exposure to wheat
allergens was presented by a proxy variable, that is, type
of bakery. The authors intentionally did not include raw
exposure variables to have a simple model consisting of
questionnaire items that are available in daily occupational
health practice.

The diagnostic model showed adequate discrimination
in the validation set, but the predictions were in general
too low. Simple reestimation of the intercept improved
the model’s calibration. In its form as an easy-to-use scor-
ing rule, the model enables manual calculation of the indi-
vidual probability of being sensitized to wheat allergens.
Our findings support the idea that simple questionnaire
items can be used to identify bakery workers at high risk
for sensitization to wheat allergens.
We started by reducing 75 questionnaire items on symp-
toms to 12 candidate predictors. The multivariable modeling
was based on 108 cases and 13 candidate predictors (ratio
8:1). A bootstrapping technique was used to check whether
the model produced optimistic (i.e., too high or too low)
estimates. Finally, an external data set was used to test our
model in a new population of bakers. It is generally acknowl-
edged that differences between the population where a model
is derived and where a model is applied may influence its
performance and therefore, external validation is recommen-
ded to determine whether a model is applicable in new
populations [10,23]. The calibration plot in Fig. 2a indeed
demonstrates that when the original diagnostic model was
applied in the validation set, it produced systematically
too low predicted probabilitiesddespite adjustment for
overfitting using bootstrapping techniques [19,28]. Reesti-
mation of the intercept alone already improved the calibra-
tion of the model in the validation set. This improvement
suggests that different intercepts may be required to obtain
correct absolute predicted risks for the two populations.
For future applications in other baker populations, the same
predictors could likely be applied. As for the choice of the
intercept, it is more reasonable to use the intercept from
the derivation set (�3.66) because this set consisted of
workers from randomly selected bakeries with a prevalence
rate of wheat sensitization in the range of what is commonly
found [4,29].

Simple reestimation of the intercept can only improve
the calibration of the model. By default the model discrim-
ination will not change because the relative ranking of the
sensitized workers vs. nonsensitized is not altered by this
update method. Therefore, in an extra analysis a more ad-
vanced update method [8,9] was performed to evaluate if
the model’s discrimination could be improved. A total rees-
timation of the intercept and all regression coefficients in
the validation set yielded a ROC area of 0.71, which was
comparable to the ROC area from simple adjustment of
the intercept (0.69).



…Sum score

1If experience at least one of the following symptom 
during or after work:
asthma
wheezing 
shortness of breath
chest tightness

All symptoms should improve when away from work

Work-related lower 
respiratory symptoms

1If experience at least one of the following symptom 
during or after work:
itchy nose 
blocked nose 
itchy eyes

All symptoms should improve when away from work

Work-related upper 
respiratory symptoms

1If experience at least one of the following: 
respiratory problem
shortness of breath while walking at normal pace with someone of same age 
wheezing in the last 12 months

Shortness of breath 
and wheeze

1If in the last 12 months experience at least one of the following: 
asthma attack
awakened due asthma attack
asthma attack induced by exercise

Asthma symptoms 
in the last 12 months 

1If in the last 12 months experience at least one of the following:
●
●
●
●

●
●
●

●
●
●

●
●
●

●
●
●
●

allergic symptoms including hay-fever
blocked/runny nose or sneezing 
awakened due to nasal symptoms 
itchy/ watery/ red eyes

Nasoconjunctival symptoms 
in the last 12 months

1If traditional bakerType of bakery

ScoreValueVariable in the model

685337231595Mean predicted probability (%)

5763212919611Observed wheat sensitization (%)

71953797411246N

Validation set (prevalence=20%)

54382415953Mean predicted probability (%)

694726141051Observed wheat sensitization (%)

13497014125726275N

Development set (prevalence=13%)

6543210Sum score 

Fig. 3. Scoring rule for sensitization to wheat allergen and the corresponding predicted probability.
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IgE sensitization to wheat allergens is closely associated
with the development of allergic respiratory diseases
among bakery workers [30]. The diagnosis of any allergic
disease (especially bronchial asthma) can only be made at
an individual level in a clinical setting. However, at the
population level, precursors of the disease of interest can
be used for the detection of workers with an elevated risk
of sensitization. Subsequent diagnostic investigations can
be limited to these high-risk workers, leaving a considerable
amount of bakers in which no further medical investiga-
tions are needed. Therefore, instead of using a clinical
definition, such as OA, the authors used class II positive
IgE serology to wheat allergens as the reference standard.

As an illustration of how the model can formalize deci-
sion making and improve the efficiency of surveillance, the
workers were stratified into three probability groups. In
workers with a high probability of wheat sensitization, ad-
vanced medical investigations are needed and may be best
performed in an occupational respiratory health clinic.
Workers with an intermediate probability can be evaluated
further by occupational physicians. No further medical in-
vestigations are advised for workers with a low probability;



Table 4

General and health characteristics across low, intermediate, and high probability groups in the development set

Workers Characteristics

Low probability

(sum score 0e1) (n 5 337)

Intermediate probability

(sum score 2e3) (n 5 398)

High probability (sum

score > 4) (n 5 132)

Age (yr)a 43 (18e79) 37 (17e79) 37 (19e63)

Allergic symptoms in contact with HDM and/or plants 21 (6) 123 (31) 82 (62)

Allergic symptoms in contact with pets 7 (2) 44 (11) 44 (33)

Allergic symptoms after ingestion of particular food 20 (6) 48 (12) 35 (27)

Symptoms suggestive of BHR induced by dust and/or smoke 49 (15) 122 (31) 82 (62)

Symptoms suggestive of BHR induced by change in temperature 11 (3) 65 (16) 69 (52)

Use of medication to improve respiratory complaints

in the last 12 mo (e.g., inhalants)

12 (4) 90 (23) 72 (55)

Doctor visit for respiratory complaints 12 (4) 79 (20) 79 (60)

Absenteeism because of allergic symptoms in the last 12 mo 6 (2) 24 (6) 19 (14)

Change of function or task because of respiratory symptoms 1 (0.3) 0 (0) 7 (5)

Mean predicted probability of wheat sensitization, %b 4 (0.1) 11 (2) 32 (0.8)

IgE sensitization to wheat allergens presentc 13 (4) 45 (11) 50 (38)

IgE sensitization to wheat allergens absent 324 (96) 353 (89) 82 (62)

Sensitivity (95% CI) 0.88 (0.82e0.94) 0.46 (0.37e0.56)

Specificity (95% CI) 0.43 (0.40e0.47) 0.89 (0.87e0.91)

Data presented as n (%) unless otherwise stated.

Abbreviations: HDM, house dust mite; BHR, bronchial hyperresponsiveness; CI, confidence interval.
a Median (range).
b Mean (standard error).
c The percentages equal to positive predictive values.
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they will be enrolled in the next round of detection pro-
gram. If a sum score of four or higher was proposed as
a high threshold, 132 (15%) workers would be advised
for additional clinical investigations, of which 50 (38%)
of them were found to be sensitized to wheat allergens.
Nonetheless, this group showed very high proportions of al-
lergic and BHR symptoms, on average two and 10 times
higher than what was found in the intermediate and low
probability group, respectively. This group also showed
higher rates of medication use, doctor visit, absenteeism,
and change in function because of respiratory or allergic
symptoms than the other groups. In the intermediate group,
these figures were lower than the high probability group but
definitely higher than the low probability group. Thirteen
(4%) sensitized workers will be falsely classified as not be-
ing sensitized in the low probability group, but serological
tests will be correctly withheld in 324 (37% of the total
population) workers. None of these 13 false-negative cases
used medication; they also had no doctor visit, absenteeism,
or change in function because of respiratory or allergic
symptoms (results not shown). These findings suggested
that the choice of the score thresholds was clinically sound.

For decision-making purposes, the choice of the thresh-
old value is an important issue. This value should be based
on the balance between the acceptable proportion of missed
cases and the reduction of unnecessary tests. In general,
a higher threshold leads to fewer subjects in the high prob-
ability group; the specificity is higher but at the cost of
lower sensitivity. The context where the model will be ap-
plied also determines the choice of the threshold value. In
case of (occupational) allergic disease, false-positive cases
will undergo a simple serological test to confirm the pres-
ence of work-related sensitization and investigations will
end when they eventually have a negative serology result.
The false-negative cases might have a more serious conse-
quence because further exposure might lead to the develop-
ment of OADs. Nevertheless, our findings suggest that they
belong to a group of sensitized workers with less serious
health problems that did not influence their work capability
at that moment.

Recent study shows that continued exposure to the same
occupational HMW allergens increased the risk of develop-
ing OAD [6]. Unfortunately, continued exposure to the same
occupational sensitizers is unavoidable for some occupations
(e.g., veterinarian, traditional baker). However, many ex-
posed workers are employed by companies that have the
means to reduce exposure of the identified sensitized person,
that is, by conducting job rotation, enforcing the use of per-
sonal protection device, and create a more hygienic working
environment (e.g., good ventilation system).

In conclusion, an easy-to-use and accurate diagnostic
model for sensitization to wheat allergens was developed.
The model uses simple questionnaire items, which are com-
monly available in occupational health practice. By applying
this model and stratifying the workers based on their risk of
being sensitized to wheat allergens, the efficiency of a medi-
cal surveillance program in the baking industry may be in-
creased. External validation and updating in a sample of
independent bakery workers yielded a model that is ready
to be used in a wider population of bakery workers.
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Appendix (for web-only) 

Principal component analysis was performed to reduce the number of questionnaire items. We identified clusters of correlated items with Eigenvalue greater 

than 1 (Table). The identified clusters were named post hoc as adequately as possible. A cluster was defined positive if at least one of the items included in 

the cluster was present. For symptoms during and after work, a cluster was defined positive if at least one of the items included in the cluster was present and 

if the symptoms improved when away from work.  

 

Clusters of correlating questionnaire items and percentage of explained variance as determined by principal component analysis (factor loadings after 

orthogonal varimax rotation between brackets) 

 

1. Respiratory symptoms (cumulative explained variance 65.1%) 
     3 clusters 

1.1. Asthma symptoms in the last 12 months 
(37.7%) 

1.2. Shortness of breath and wheeze  
(15.9%) 

1.3. Chronic cough and phlegm in the last 
12 months (10.9%) 

Have you had asthma attacks?  
(0.88) 
Have you ever awakened due to asthma attack? 
(0.84) 
Have you had asthma attack induced by exercise? 
(0.88) 

Have you ever had respiratory problems?  
(0.80) 
Have you had shortness of breath after walking in normal pace? 
(0.60) 
Have you ever had wheeze in the chest in the last 12 months? 
(0.77) 

Have you ever had chronic cough  
(3 months)? (0.83) 
Have you ever had chronic cough with 
phlegm (3 months)? (0.81) 

 
 

2. Upper respiratory symptoms (cumulative explained variance 50.5%) 
    1 cluster 

Have you ever had allergic symptoms, including hay-fever? (0.71) 
Have you had blocked/runny nose or sneezing in 12 months? (0.71) 
Have you ever awakened due to nasal symptoms? (0.67) 
Have you had itchy/watery/red eyes in 12 months? (0.75) 
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3. Skin symptoms (cumulative explained variance 59.6%) 
    1 cluster 

Have you ever had dry skin in the last 12 months? (0.70) 
Have you ever had itchy skin in the last 12 months? (0.78) 
Have you ever had eczema in elbow, knee, or neck? (0.81) 
Have you ever had eczema in the last 12 months? (0.79) 

 
 
 

4. Allergic symptoms (cumulative explained variance 59.0%) 
    3 clusters 

4.1. In contact with HDM and/or plants (35.2%) 4.2. In contact with pets (12.6%) 4.3. To certain food (11.2%) 

Respiratory symptoms in contact with house dust mites?  
(0.72) 
Respiratory symptoms in contact with plants or pollens?  
(0.73) 
Skin symptoms in contact with house dust mites?  
(0.68) 
Skin symptoms in contact with plants or pollens?  
(0.69) 

Respiratory symptoms in contact with pets?   
(0.87) 
Skin symptoms in contact with pets?   
(0.89) 

Respiratory symptoms after ingestion certain food?   
 (0.78) 
Skin symptoms after ingestion certain food?   
 (0.83) 

 
 

5. Symptoms suggestive of BHR (cumulative explained variance 51.5%) 
    2 clusters 

5.1. Induced by smoke (35.9%) 5.2. Induced by change of temperature (15.6%) 

By dust (0.75) 
By smoke (0.89) 
By tobacco smoke (0.83) 

From warm to cold (0.70) 
From cold to warm (0.64) 
By fog (0.640) 
By freezing cold (0.74) 
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6. During work symptoms (cumulative explained variance 51.3%) 
    2 clusters 

6.1. Upper respiratory symptoms (38.3%) 6.2. Lower respiratory symptoms (13.0%) 

Itchy eyes (0.65) 
Runny nose (0.83) 
Blocked nose (0.81) 

Asthma attacks (0.70) 
Wheezing (0.77) 
Shortness of breath (0.74) 
Chest tightness (0.74) 

 
 

7. After work symptoms (cumulative explained variance 52.5%) 
    2 clusters 

7.1. Lower respiratory symptoms (39.5%) 7.2. Upper respiratory symptoms (13.0%) 

Asthma attack (0.69) 
Wheezing (0.78) 
Shortness of breath (0.74) 
Chest tightness (0.70) 

Itchy eyes (0.69) 
Runny nose (0.84) 
Blocked nose (0.81) 
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