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AbstrAct
background Occupational allergic diseases are a major 
problem in some workplaces like in the baking industry. 
Diagnostic rules have been used in surveillance but not 
yet in the occupational respiratory clinic.
Objective To develop diagnostic models predicting 
baker’s asthma and rhinitis among bakery workers at 
high risk of sensitisation to bakery allergens referred to a 
specialised clinic.
Methods As part of a medical surveillance programme, 
clinical evaluation was performed on 436 referred Dutch 
bakery workers at high risk for sensitisation to bakery 
allergens. Multivariable logistic regression analyses 
were developed to identify the predictors of onset of 
baker’s asthma and rhinitis using a self-administered 
questionnaire and compared using a structured 
medical history. Performance of models was assessed 
by discrimination (area under the receiver operating 
characteristics curve) and calibration (Hosmer-Lemeshow 
test). Internal validity of the models was assessed by a 
bootstrapping procedure.
results The prediction models included the predictors 
of work-related upper and lower respiratory symptoms, 
the presence of allergy and allergic symptoms, use 
of medication (last year), type of job, type of shift 
and working years with symptoms (≥10 years). The 
developed models derived from both self-administered 
questionnaire and the medical history showed a relatively 
good discrimination and calibration. The internal validity 
showed that the models developed had satisfactory 
discrimination. To improve calibrations of models, 
shrinkage factors were applied to model coefficients.
conclusion The probability of allergic asthma and 
rhinitis in referred bakers could be estimated by 
diagnostic models based on both a self-administered 
questionnaire and by taking a structured medical history.

IntrOductIOn
Occupational exposure to high molecular weight 
(HMW) flour allergens (wheat, rye, barley) and 
enzymes (α-amylase) is documented as a major 
cause of sensitisation among bakery workers,1 2 
with a yearly incidence between 1 and 10 cases per 
1000 workers.2 An elevated risk of sensitisation has 
shown to be present even at relatively low exposure 
levels.3 Any worker sensitised to bakery allergens may 
develop allergic symptoms.2 4 5 Specific immunoglob-
ulin E (IgE) responses to inhalation of flour aller-
gens have been reported in approximately 60% of 
bakery workers with work-related respiratory symp-
toms.6 Sensitisation to wheat flour allergens is well 

recognised as a risk factor for allergic  occupational 
asthma and rhinitis among bakery workers.7 8 In 
addition, symptoms of allergic occupational rhinitis 
often precede the onset of allergic occupational 
asthma.8 Medical surveillance programmes aimed 
at early detection and diagnosis of allergic occupa-
tional asthma and rhinitis in exposed bakery workers 
may encourage the implementation of exposure 
measures, prevent workers from leaving their jobs 
and reduce the incidence of allergic occupational 
asthma and hence the disease burden.5 9–12 Since the 
feasibility and cost-effectiveness of medical investiga-
tion of all bakery workers are limited, we developed 
a questionnaire-based prediction model to estimate 
the individual probability of sensitisation to bakery 
allergens.13 This prediction model enables risk strat-
ification of bakery workers into low-risk, intermedi-
ate-risk and high-risk groups, and is now applied in 
a nationwide medical surveillance programme in the 
Netherlands. Meijer et al10 showed the usefulness of 
the stratification procedure to detect work-related 
allergy among bakery workers and described the 
overall surveillance strategy.12 Workers at increased 
risk of sensitisation were referred to a specialised 
clinic for additional clinical investigations.13 The 
initial diagnostic rule aimed at the prediction of sensi-
tisation to bakery allergens. The current study focuses 
on two clinical entities, work-related allergic asthma 
and rhinitis, in bakery workers referred to a special-
ised clinic. Development of a prediction model for 
occupational allergy may further improve the selec-
tion of exposed workers for clinical evaluation.

We explored whether it is possible to construct 
simple diagnostic models predicting the individual 
probability of onset of baker’s asthma (BA) and 
baker’s rhinitis (BR) among bakery workers referred 
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What this paper adds

 ► The probability of onset of baker’s asthma and 
rhinitis in workers at risk of being sensitised 
can be estimated using the developed 
models derived from both self-administered 
questionnaire and the medical history taken by 
a physician.

 ► The self-administered questionnaire models 
can be used to select bakers for further clinical 
evaluations.

 ► The developed diagnostic prediction models 
consist of a limited set of predictors for both 
baker’s asthma and rhinitis.
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to a specialised clinic using a self-administered questionnaire and 
the medical history provided by a physician.

MAterIAls And MethOds
study design and population
On behalf of the branch of industrial and traditional bakeries in 
the Netherlands, a continuous medical surveillance programme 
has been running since 2010. For the present study, baseline 
data collected between June 2010 and March 2014 were used to 
develop simple diagnostic prediction models for early detection 
of BA and BR as outcomes. Of 7099 bakery workers who were 
recruited, 4351 workers (participation rate of 65%) completed a 
short self-administered questionnaire, including 3080 and 1271 
workers, respectively, from traditional and industrial bakeries. 
Using a questionnaire-based diagnostic model, sensitisation to 
bakery allergens (wheat, rye and α-amylase) was predicted and 
bakers were stratified into low-risk, intermediate-risk and high-
risk groups.13 This study started with a subset of data consisting 
of 436/1909 (23%) participants (see online supplementary figure 
S1) from the intermediate-risk or high-risk groups, in whom 
medical evaluation was performed after referral to a specialised 
clinic. All subjects gave informed consent.

Medical history
All referred bakers were subjected to a clinical investigation by a 
pulmonologist and an occupational physician specialised in diag-
nosing occupational respiratory disease. They used a prestructured 
medical history composed of 33 questions about allergic symptoms 
of the nose and the eyes, lung symptoms, asthma attack, allergic 
symptoms to common allergens and symptoms after exposure to 
non-specific stimuli such as fog and changes in temperature. We 
identified two clusters of correlated symptoms, including ‘rhino-
conjunctivitis’ and ‘work-related upper respiratory symptoms’. 
Rhinoconjunctivitis was defined as any experience of itchy/watery 
and/or red eyes and/or itchy/runny nose and/or sneezing. ‘Work-re-
lated upper respiratory symptoms’ was defined as the presence of 
itchy/watery eyes and/or itchy/runny nose and/or sneezing during 
work that improved away from work. Latency period was defined 
as the duration between the start of exposure to bakery allergens 
and the onset of respiratory symptoms.

The medical history was supplemented with some general 
questions such as medical and family history of asthma and 
nasal allergy (hay fever), individual history of work (eg, job title, 
number of years worked, job absenteeism and change in job due 
to allergic symptoms), smoking habits, use of medication for 
respiratory problems and visiting a physician for allergic symp-
toms. Job absenteeism was defined as taking sick leave due to 
allergic symptoms in the last year. Current smokers were defined 
as presently smoking or smoking in the last month.

The questionnaire item ‘allergy to any substance’ was defined 
as any experience of hypersensitivity or allergy to any substance 
(single or multiple) inducing an allergic response.

serum total and specific Ige tests
Serum total IgE was measured with a sandwich enzyme immu-
noassay (EIA), calibrated with commercially available IgE stan-
dards.14 Elevated total IgE was defined as ≥100 kU/L. Specific 
IgE to common allergens (house dustmite (HDM), grass pollen, 
birch pollen, cat and dog) was quantified using a previously 
developed EIA as described elsewhere.14 Specific IgE antibodies 
against wheat, rye and α-amylase were measured with an earlier 
developed and modified EIA.14 The final optical density (OD) 
was double-corrected for the serum and the reagent blanks. OD 

exceeding +0.1 of the reagent blank was considered positive. 
Atopy was defined as the presence of specific IgE to at least one 
of the common allergens tested.

lung function tests
Spirometry was performed according to the American Thoracic 
Society/European Respiratory Society standards.15 Normal values 
were derived from Quanjer et al.16 In the case of moderate or severe 
airway obstruction (forced expiratory volume in 1 s (FEV1) <50% 
predicted), reversibility was tested, and treatment for asthma or 
chronic obstructive pulmonary disease was started or optimised. 
Evaluation of work-related asthma was postponed until the clinical 
course and medication was stable for at least 6 weeks.

Non-specific bronchial hyper-responsiveness (NSBHR) was 
assessed by methacholine challenge test according to the Amer-
ican Thoracic Society guidelines.17 The test was carried out 
based on the five-breath dosimeter technique using the Aerosol 
provocation system with a DeVilbiss model 646 nebulizer (Zan, 
Oberthulpa, Germany). Airway hyper-responsiveness (BHR20) 
was defined as a provocative dose of methacholine causing a 
20% drop in FEV1(PD20) of 1.92 mg or less.

In workers with work-related asthma symptoms and positive 
NSBHR while at work or with persistent airway obstruction, 
serial peak expiratory flow (SPEF) measurements were carried 
out with a minimum of four times a day and for at least 2 weeks 
both at and off work.11 18 A difference of >20% in the mean 
peak expiratory flow rate or amplitudes between recordings at 
and off work was considered a work-related pattern.18 In addi-
tion, methacholine challenge test was repeated after 2 weeks 
away from work. A change of at least one doubling dose increase 
in PD20 was regarded as significant.

baker’s asthma and rhinitis
Medical diagnoses of BA and BR were considered as clinical 
outcomes. BA was defined on the presence of the following 
criteria: (1) diagnosis of asthma and/or work-related asthma 
symptoms, (2) work-related pattern in SPEF or change in 
NSBHR and (3) sensitisation to at least one of the bakery aller-
gens.11 18 A diagnosis of BA was excluded if there were no indi-
cations of asthma symptoms and a worker showed no positive 
NSBHR within 24 hours after exposure while working uninter-
rupted for 2 weeks. BR was defined as the presence of nasal 
symptoms while at work and sensitisation to at least one of the 
bakery allergens tested.8

statistical analysis
Descriptive statistics and the statistical analyses to develop the diag-
nostic predictive models in the development set were performed 
using SAS V.9.4. Internal validity using bootstrapping procedure 
was conducted in R (V.3.3) using the RMS library (5.0). Cut-off 
values were selected on the basis of the statistical distributions of 
numeric variables. Multiple imputation approach was performed 
for variables with a distribution of missing values from one and 
more to yield valid and unbiased results. In multivariable predic-
tion research, multiple imputation methods are known to be 
superior to single imputation techniques.19 Of the variables with 
missing values included in the model development, 15 variables 
had 1–8 missing values, and 7 had 11–26.

Model development and internal validation
Separate diagnostic prediction models, consisting of the self-ad-
ministered questionnaire model only and the medical history 
model only, were constructed for each diagnosed outcome 
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including BA and BR. At first, the most relevant variables from 
the self-administered questionnaire and also from the medical 
history as potential predictors relating to the diagnosed BA and 
BR were separately entered in the univariate logistic regression 
analyses. We kept only the candidate predictors that were asso-
ciated with diagnosed BA or BR and if they met a statistical 
significance of p<0.1. Then, multivariable backward logistic 
regression analyses were applied to select the significant poten-
tial predictors of BA and BR. At the end, the significant (p<0.05) 
predictors of BA and BR were retained in the final models. ORs 
with 95% CI were also calculated for all selected predictors 
included in the diagnostic prediction models. A bootstrapping 
resampling procedure was performed to validate the developed 
models internally. A receiver operating characteristic (ROC) 
area adjusted for model optimism and a shrinkage factor to 
adjust models for overfitting were obtained from this proce-
dure.20 Regression coefficients of predictors from the devel-
oped models were subsequently multiplied by the shrinkage 
factor to alleviate the optimistic predictions when the model is 
applied in an independent sample of workers.21

Model performance and updating
The performance of models was assessed by evaluating discrimina-
tion and calibration. Discrimination defines the ability of the model 
to correctly differentiate between individuals with and without the 
outcome or disease, and was measured by the area under the ROC 
curve. The area under the curve (AUC) ranges from 0 to 1, with 
a value of 0.5 representing ‘no discrimination’ and 1 indicating 
‘excellent discrimination’.22 In general, the best cut-point is in the 
closest upper left corner of the ROC curve, where sensitivity is 
high and 1 – specificity (the false-positive rate) is low. Therefore, 
this probability threshold was used to assess the accuracy of the 
diagnostic prediction models by computing the true positive (as 
sensitivity) and negative (as specificity) rates, and positive and 
negative predictive values. When the outcomes are binary, the 
discriminatory power of a predictive model is also measured by the 
concordance (c) statistic which is identical to the ROC area.23 We 
determined the c-statistic for all of the models in the validation set. 
Calibration refers to the agreement between the predicted proba-
bility and observed prevalence of an outcome and was assessed by 
the Hosmer-Lemeshow (HL) ‘goodness-of-fit’ test.22 The relations 
between the predicted probabilities and the observed frequencies 
of the outcomes were assessed graphically in the validation set by 
plotting the predicted probabilities on x-axis against the observed 
prevalence on y-axis.22 The agreement between the predicted 
probabilities and the observed frequencies can be visualised by 
a line which can be characterised by a calibration slope and an 
intercept. A perfect calibration is defined with an intercept of 0 
indicating that the mean predicted probability is equal to the mean 
observed frequency, and a slope equal to 1 indicating that the plot 
of calibration lies entirely on the 45° line.

The authors updated the developed models to improve the 
performance and to avoid overfitting by applying the correction 
factors obtained from the validation set to the intercept and the 
regression coefficients of the predictors in the developed models 
to be presented in the final models.

results
General and health characteristics
The study population was restricted to 421 workers, and 15 
were excluded as medical evaluation in none of these bakers 
was complete. Table 1 presents the general characteristics of 
the study population stratified into high-risk (71.5%) and 

intermediate-risk (28.5%) groups for sensitisation. The popula-
tion was predominantly male (93.6%). Current smokers were 
more frequent in the intermediate-risk group. Workers in the 
high-risk group more frequently reported job change (p=0.03) 
and job absenteeism (p=0.04). BA and BR were diagnosed in 
28 (6.5%) and 192 (54.4%) workers, respectively. In the high-
risk group, 92.9% of the workers had BA and 82% had BR. 
Workers with BA and BR in the high-risk group more frequently 
worked as bread bakers in a traditional bakery and in one shift. 
These workers also more frequently reported job absenteeism 
and change of job, percentages being considerably higher as 
compared with workers in the whole study population.

Health characteristics obtained by both self-administered ques-
tionnaire and the medical history taken by a physician, across 
different risk groups are presented in table 2. Overall, the  prevalence 
of various symptoms was relatively high in both self-administered 
questionnaire and medical history taken by a physician. More-
over, observed symptoms were reported more frequently in the 
high-risk group. Within the high-risk group, all symptoms except 
rhinitis and allergic symptoms were reported more frequently in 
workers with BA than in workers with BR. As expected, workers 
with diagnosed BA and BR were more often atopic and sensitised 
(see online supplementary table S2). Of 28 workers with BA, 27 
(96%) also had BR, indicating a strong association between these 
two outcomes (p=0.0002).

Prediction of bA and br using self-administered  
questionnaire
Model development, validation and updating
Table 3 presents the results of univariate associations between 
diagnosed BA and BR and the candidate predictors obtained 
from a self-administered questionnaire. After entering all 12 
candidate predictors in a multivariable logistic regression anal-
ysis using a backward selection, 3 predictors remained with 
significant contributions (p<0.05) to the risk prediction of 
BA (work-related lower respiratory symptoms, work-related 
conjunctivitis and use of medication in the last year). The final 
model was obtained after the internally validated and adjusted 
model in the development set. The model showed good discrim-
ination, with an ROC area of 0.87 after internal validation (95% 
CI, 0.81 to 0.89), suggesting a good differentiation between 
workers with and without diagnosed BA (table 3). This result 
showed that the optimism was very small with an AUC differ-
ence of 0.002. Calibration of the model (HL test) in the devel-
opment set was 0.94. Calibration of the model in the validation 
set is given in figure 1A. The calibration slope of non-parametric 
line was smaller than 1 (0.79 (95% CI, 0.60 to 1.06)), which is 
reflecting an overfitting of the model in the development set. 
The shrinkage factor of 0.79 obtained from the bootstrapping 
was applied to the intercept and the regression coefficients of the 
predictors in the final model.

The accuracy of the model was estimated as a sensitivity of 
98%–100%, specificity of 99%–100%, positive predictive value 
(PPV) of 32%–41% and negative predictive value (NPV) of 
60%–68% based on a selected outpoint of ≥0.14 as the desir-
able probability threshold obtained by ROC curve.

The developed questionnaire model predicting BR including 
five selected significant predictors (p<0.05) is shown in table 3. 
The selected predictor ‘type of job’ is composed of five different 
jobs, namely bread baking, confectionery, bread and confec-
tionery, work at the test bakery and preparing dough. The first 
four types of jobs were significantly associated with OR. The 
discrimination of the model after bootstrapping was fair (ROC 
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table 1 The general characteristics of the bakery workers identified by a questionnaire-based prediction model as intermediate-risk or high-risk 
groups for sensitisation to bakery allergens and workers with diagnosed baker’s asthma and rhinitis in a clinic

baker’s asthma (n=28, 6.5%) baker’s rhinitis (n=192, 54.4%)

Identified risk groups for 
sensitisation

Identified risk groups for 
sensitisation

Identified risk groups for 
sensitisation

total
(n=421)

high
(n=301)

Intermediate
(n=120)

high
(n=26)

Intermediate
(n=2)

high
(n=154)

Intermediate
(n=38)

Age, AM (SD) 41.0 (10.9) 41.0 (10.7) 41.1 (11.3) 40.8 (12.0) 53.7 (10.4) 40.7 (10.3) 38.9 (10.5)

Gender

  Male 394 (93.6) 276 (91.7) 118 (98.3) 25 (96.2) 2 (100) 141 (91.6) 38 (100)

  Female 27 (6.4) 25 (8.3) 2 (1.7) 1 (3.9) – 13 (8.4) –

Current smoker 104 (25) 62 (21)* 42 (35.3) 7 (26.9) 1 (50) 33 (21.6) 10 (27)

Work history

  Years of work, AM (SD) 21.4 (11.1) 21.1 (11.0) 22.0 (11.6) 22.2 (10.4) 31.0 (0) 21.9 (10.3) 21.5 (11.3)

  Change of job 37 (8.8) 30 (10.0)† 7 (5.8) 4 (15.4) 1 (50) 18 (11.7) 3 (7.9)

  Job absenteeism (last year) 38 (6.1) 33 (11.1)‡ 5 (4.2) 6 (23.0) – 19 (12.3) 1 (2.6)

Type of bakery

  Traditional 255 (60.6) 190 (63.0) 65 (54.2) 18 (69.2) 1 (50) 107 (69.5) 24 (63.2)

  Industrial 166 (39.4) 111 (37.0) 55 (45.8) 8 (30.8) 1 (50) 47 (30.5) 14 (38.8)

Type of job

  Bread baking 152 (36.1) 109 (36.2) 43 (35.8) 12 (43.0) – 63 (40.9) 13 (34.2)

  Confectionery 69 (16.4) 51 (16.9) 18 (15.0) 2 (7.7) – 29 (18.8) 7 (18.4)

  Bread and confectionery baking 84 (20.0) 63 (20.9) 21 (17.5) 8 (30.8) 1 (50) 37 (24.0) 9 (23.7)

  Preparing dough 38 (9.0) 23 (7.6) 15 (12.5) 2 (7.7) 1 (50) 11 (7.1) 5 (13.2)

  Work at test bakery 3 (0.7) 2 (0.7) 1 (1.0) – – –

  Storage work 11 (2.6) 7 (2.3) 4 (3.1) – – 2 (1.3) 1 (2.6)

  Maintenance work 9 (2.1) 8 (2.7) 1 (1.0) – – 1 (0.7) 1 (2.6)

  Cleaning work 3 (0.7) 2 (0.7) 1 (1.0) – – 1 (0.7) –

  Other works 52 (12.4) 36 (12.0) 16 (13.1) 2 (7.7) – 10 (6.5) 2 (5.3)

Type of shift

  One-shift work 237 (56.3) 180 (59.8) 57 (47.5) 20 (76.9) 1 (50) 100 (66.8) 22 (59.5)

  Two-shift work 65 (15.4) 43 (14.3) 22 (18.3) 1 (3.9) 1 (50) 20 (13.2) 6 (16.2)

  Three-shift work 119 (28.3) 78 (25.9) 41 (34.2) 5 (19.2) – 32 (21.0) 9 (24.3)

Data presented as n (%) unless otherwise stated; high-risk versus intermediate-risk group.
*p<0.01, †p=0.03, ‡p=0.04.
AM, arithmetic mean.tab

Workplace

area=0.71 (95% CI, 0.69 to 0.73)) and calibration of the model 
in the development set was 0.95. Model optimism was small 
(AUC difference was 0.01). The calibration plot showed a cali-
bration slope of 0.80 (95% CI, 0.65 to 0.98) in the validation 
set (figure 1B).

A sensitivity of 99%–100%, a specificity of 96%–100%, a 
PPV of 62%–66% and an NPV of 40%–44% were obtained for 
the developed model using a selected outpoint of ≥0.48 derived 
from ROC curve. For models application in clinical practice, see 
online supplementary tables S3 and S4.

Prediction of bA and br using medical history
Model development, validation and updating
Using a univariate analysis, the candidate predictors identified 
from the medical history were associated with the onset of 
BA and BR (table 4). Fitting a logistic regression model, three 
selected significant predictors (p<0.05) associated with the 
onset of BA. The ROC area of the developed model after boot-
strapping was 0.85 (95% CI, 0.78 to 0.88), and the calibration 
of the model in the development set was 0.96 (table 4). Again 
optimism was small (AUC difference was 0.02). Figure 1C shows 
the calibration plot of the model in the validation set with a 
slope of 0.82 (95% CI, 0.60 to 1.04).

The model showed a sensitivity of 98%–100%, a specificity 
of 99%–100%, a PPV of 20%–30%  and an NPV of 76%–80% 
using a selected outpoint of ≥0.10 represented by the ROC 
curve.

The developed medical history model predicting BR included 
five selected significant predictors (p<0.05). The discrimination 
of the model was fair (ROC area=0.74 (95% CI, 0.71 to 0.75)) 
in the validation set and calibration was 0.97 in the development 
set (table 4). The optimism was small (AUC difference was 0.03). 
The calibration of model produced a calibration slope of 0.83 
(95% CI, 0.69 to 1.03) (figure 1D).

The model yielded a sensitivity of 99%–100%, a specificity 
of 99%–100%, a PPV of 60%–64% and an NPV of 36%–40% 
using a selected outpoint of ≥0.47 obtained by the ROC curve. 
For models' application in clinical practice, see online supple-
mentary tables S5 and S6.

dIscussIOn
In a previously developed nationwide medical surveillance 
programme, Dutch bakery workers at high or intermediate risk 
for sensitisation to wheat, rye and/or α-amylase were referred 
to a specialised clinic for a clinical work-up.13 This study inves-
tigated the possibility of prediction of occupational allergic 
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table 2 The health characteristics of the bakery workers based on a self-administered questionnaire and the medical history provided by a 
physician

baker’s asthma (n=28, 6.5%)
baker’s rhinitis (n=192, 
54.4%)

Identified risk groups for 
sensitisation

Identified risk groups for 
sensitisation

Identified risk groups for 
sensitisation

total
(n=421)

high
(n=301)

Intermediate
(n=120)

high
(n=26)

Intermediate
(n=2)

high
(n=154)

Intermediate
(n=38)

Items derived from self-administered questionnaire

  Asthma symptoms (last year) 267 (63.4) 208 (69.1)* 59 (49.2) 24 (95.0) 1 (50) 108 (70.1) 12 (31.6)

  Allergic rhinitis (including hay fever) (currently) 272 (64.6) 260 (86.4)* 12 (10.0) 22 (84.6) – 132 (86.4) 4 (10.5)

  Conjunctivitis (last year) 280 (66.5) 218 (72.4)*** 62 (52.0) 22 (84.6) 1 (50) 114 (74.0) 22 (57.9)

  Rhinoconjunctivitis 350 (83.1) 282 (93.7) 68 (56.7) 25 (96.2) 1 (50) 149 (97.1) 36 (97.3)

  Shortness of breath (ever) 120 (28.5) 90 (29.9) 30 (25) 11 (42.3) 1 (50) 46 (29.9) 6 (15.8)

  BHR symptoms 177 (42.0) 135 (45.0) 42 (35.0) 18 (60.2) 2 (100) 73 (47.4) 14 (36.8)

  Allergic symptoms (house dust, pets, grass pollen) 252 (60.1) 215 (71.9)* 37 (30.8) 14 (53.9) 1 (50) 110 (71.9) 15 (39.5)

  Allergy to any substances 271 (64.5) 220 (73.3) 51 (41.5) 23 (88.5) 1 (50) 128 (83.1) 18 (47.4)

  Work-related upper respiratory symptoms 363 (86.2) 276 (92.0)* 87 (72.5) 26 (100) 1 (50) 146 (94.8) 34 (89.5)

  Work-related lower respiratory symptoms 217 (51.5) 161 (53.5) 56 (47.0) 25 (96.2) 2 (100) 97 (63.0) 15 (39.5)

  Visiting a physician for allergic complains (last year) 138 (32.8) 117 (38.9)† 21 (17.5) 16 (61.5) – 59 (38.3) 6 (15.8)

  Use of medication (last year) 183 (43.6) 156 (52.0)* 27 (22.5) 24 (95.0) 1 (50) 86 (55.8) 6 (15.8)

Items derived from medical history taken by a physician

  Asthma symptoms (currently) 288 (71.5) 212 (73.9) 76 (65.5) 24 (95.0) 1 (50) 114 (76.5) 25 (67.6)

  Allergic rhinitis (hay fever) (currently) 372 (92.3) 276 (96.2)*** 96 (82.8) 25 (96.2) 1 (50) 149 (97.0) 34 (91.9)

  Conjunctivitis (currently) 285 (70.7) 211 (73.5) 74 (63.8) 23 (92.0) – 118 (79.2) 24 (64.9)

  Rhinoconjunctivitis 385 (95.5) 280 (97.6)* 105 (90.5) 25 (96.2) 1 (50) 149 (97.1) 36 (97.3)

  Allergy (such as hay fever, atopy, etc) 196 (49.1) 171 (59.6) 25 (22.3) 13 (56.5) 2 (100) 94 (61.3) 11 (28.9)

  Work-related shortness of breath 215 (53.4) 160 (55.8)‡ 55 (47.4) 24 (95.0) 1 (50) 102 (68.5) 13 (35.1)

  Work-related rhinitis 241 (57.2) 199 (66.1)** 42 (35.0) 21 (80.8) 1 (50) 112 (72.7) 17 (44.7)

  Work-related sneezing 330 (78.4) 255 (84.7)* 75 (62.5) 25 (96.2) 1 (50) 141 (91.6) 33 (86.8)

  Work-related conjunctivitis 172 (41.0) 132 (43.9)** 40 (33.3) 20 (76.9) 1 (50) 78 (50.7) 14 (36.8)

  Work-related upper respiratory symptoms 363 (86.2) 276 (92.0)* 87 (72.5) 26 (100) 1 (50) 146 (94.8) 34 (89.5)

  Working years with symptoms, AM (SD) 10.0 (9.4) 10.6 (9.6) 8.4 (8.4) 11.6 (11.2) – 11.8 (9.9) 10 (10.1)

  Latency period for respiratory symptoms (eyes/nose/lungs) 
(years), AM (SD)

9.5 (9.3) 9.0 (8.9)§ 11.0 (10.7) 8 (5.9) – 9.1 (8.0) 9.4 (9.7)

  Visiting a physician 157 (38.1) 120 (40.7) 37 (31.7) 7 (26.9) – 64 (41.6) 15 (39.5)

  Use of medication for lung (last year) 97 (26.7) 86 (32.8)¶ 11 (10.9) 14 (60.9) 1 (50) 49 (36.8) 4 (12.1)

  Use of medication for nose (last year) 72 (20.2) 64 (24.7)†† 8 (8.2) 5 (27.2) – 35 (26.3) 4 (12.1)

  Family history of atopy 190 (47.9) 147 (51.9) 43 (37.3) 13 (54.2) 2 (100) 74 (51.0) 18 (48.7)

  Medical history of asthma 106 (27.1) 89 (31.8)‡‡ 17 (15.3) 9 (37.5) 1 (50) 50 (34.3) 7 (20.6)

  Medical history of rhinitis 128 (33.2) 114 (42.0)* 14 (12.6) 9 (37.5) – 62 (42.8) 8 (23.5)

Data presented as n (%) unless otherwise stated. 
*p <0.0001, **p=0.01, ***p=0.001, †p=0.0004, ‡p=0.09, §p=0.04, ¶p=0.0002, ††p=0.002, ‡‡p=0.03 are significantly different from those baker workers identified as an 
intermediate-risk group.
AM, arithmetic mean; BHR, bronchial hyper-responsiveness.

Workplace

asthma and rhinitis using two simple tools, namely a self-admin-
istered questionnaire and medical history taken by a physician. 
To the best of our knowledge, this has not been addressed in 
previous studies. The results demonstrated that the probability 
of onset of BA and BR in workers at risk of being sensitised can 
be estimated with the candidate items from both self-adminis-
tered questionnaire and the medical history. The highly sensitive 
and specific developed models showed a relatively good discrim-
ination and calibration. The results of the internal validity eval-
uation showed that the discriminations of the developed models 
in the validation set were satisfactory, and also the degree of the 
over-optimism of the developed models was very small. Calibra-
tion slopes were smaller than 1 (079–0.83).

The comparison of the selected items predicting BA and BR 
in the developed models of self-administered questionnaire 

and the medical history showed some similarities and differ-
ences. Both models predicting BA included predictors of 
work-related lower respiratory symptoms, allergy (work-re-
lated conjunctivitis reflecting allergy) and use of medication 
(as a strong predictor which might be indicative of disease 
severity). The predictor of use of medication in the ques-
tionnaire model is more sensitive than in the medical history 
model. In bakers with a low sensitisation probability, the 
reported rate of medication use was very low.10 Compar-
ison of the selected items predicting BR in both developed 
models showed some similarities as well; both included 
work-related upper and lower respiratory symptoms, allergy 
and type of job. Small differences might be explained by 
the presence of non-identical items or clusters used in 
both developed models. The predictor of type of shift was 
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Figure 1 calibration plots with empirical quintiles (the lower 2.5% and upper 97.5% quintiles) of the bootstrap distribution for the developed models 
of questionnaire and medical history predictive of baker’s asthma and baker’s rhinitis in the validation set: (A) the questionnaire model predictive of baker’s 
asthma, (B) the questionnaire model predictive of baker’s rhinitis, (c) the medical history model predictive of baker’s asthma and (D) the medical history 
model predictive of baker’s rhinitis. The dashed line is the ideal 45° line reprehensive of a perfect calibration with an intercept 0 and a slope equal to 1. The 
dotted line is a smoothed curve that displays a non-parametric estimate of the association between the predicted probability and the observed frequencies 
of the outcomes. The solid line indicates the logistic calibration. The vertical lines art the bottom exhibit the distribution of the predicted probabilities.

Workplace

selected in the self-administered questionnaire-based model, 
and the predictor of working years with work-related symp-
toms was selected in the medical history-based model.

The developed models were highly sensitive and specific. A 
previous study in Dutch isocyanate-exposed workers showed 
a high sensitivity, but relatively low specificity of a respiratory 
questionnaire for identifying occupational asthma.24 In another 
study a low sensitivity was found for a questionnaire used to 
diagnose asthma among bakery and sandwich production 
workers.25 In our study, stratifying groups at high and interme-
diate risk of sensitisation increased the predicted probability of 
having BA and BR.

From 28 workers with BA, 26 (93%) came from the high-risk 
group, for BR this was 154 out of 192 workers (80%). These 
findings suggest that priority should be given to high-risk groups 
for further clinical evaluation.

Our estimated PPV for BA was relatively low. This can most likely 
be explained by the relatively low prevalence of BA in the study 
population. PPV as the most important diagnostic measure of accu-
racy in predicting the probability of a disease is more influenced 
by the disease prevalence, whereas NPV is somewhat influenced 

weaker by the disease prevalence.26 Both estimated PPV and NPV 
predicting BA and BR cannot be generalised to other populations as 
the probability of a specific disease depends on the prevalence rate 
of disease in that population.27

In the current study, 93% of cases with BA also had BR, suggesting 
a strong link between the onsets of these two outcomes. This is 
in agreement with previous studies reporting a significant rela-
tionship between occupational asthma and rhinitis, particularly if 
HMW allergens and IgE-mediated mechanisms were involved.28–31 
Occupational rhinitis may thus be a risk factor for developing 
occupational asthma and should be addressed with a high priority 
by physicians.31 Furthermore, the application of measures such as 
reducing or eliminating allergen exposure particularly in workers 
with BR will prevent new cases of BA and subsequently decrease 
the cost and disease burden.32

The comparison of discriminative ability of both models 
predicting BA indicates that both approaches were highly sensitive 
to identify workers with and without diagnosed BA. It may also 
show the importance of application of a simple questionnaire in the 
prediction of BA in bakery workers at high risk for sensitisation and 
should have immediate clinical assessments.
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table 4 Univariate and multivariate associations between selected predictors and baker’s asthma and rhinitis using the medical history items, as 
well as the performance and the accuracy of the developed models

univariate associations Multivariate associations

p Value Or (95% cI) β (se) p Value
Or 
(95% cI)

sensitivity, % 
(95% cI)

specificity, % 
(95% cI)

PPV, %
(95% cI)

nPV, %
(95% cI)

Baker’s asthma   

  Intercept −4.6 (0.8) <0.0001   

  Conjunctivitis 0.03 3.7 (1.1 to 12.4) –   – – – – – –

  Asthma symptoms 0.005 7.2 (1.8 to 29.3)   – – – – – – –

  Work-related conjunctivitis 0.001 3.9 (1.7 to 9.0) 1.2 (0.4) 0.003 3.5 (1.4 to 
8.5)

70 (53 to 84) 62 (57 to 67) 15 (10 to 21) 96 (92 to 98)

  Work-related rhinitis 0.04 2.7 (1.0 to 7.0) – – – – – – –

  Work-related dyspnoea 0.0002 14.5 (3.6 to 58.9) 1.8 (0.6) 0.004 5.6 (1.8 to 
31.8)

93 (80 to 99) 49 (44 to 54) 16 (11 to 21) 99 (96 to 100)

  Medical history of asthma 0.02 2.3 (1.1 to 4.8) – – – – – –   –

  Use of medication for lungs 
(last year)

<0.0001 5.9 (27 to 12.5) 1.2 (0.3) 0.001 3.7 (1.6 to 
8.3)

60 (43 to 76) 79 (75 to 83) 22 (14 to 31) 95 (92 to 97)

  Chang of job 0.05 2.9 (1.0 to 8.1) – – – –   – – –

  Job absenteeism (ever) 0.004 4.4 (1.6 to 12.1) – – –   – – – –

  Working years with 
symptoms (≥10 years)

0.002 1.0 (1.0 to 1.1)   

  Model 100 (98 to 100) 100 (99 to 100) 26 (20 to 30) 78 (76 to 80)

  Discrimination: ROC area 
(95% CI) after bootstrapping

0.85 (0.78 
to 0.88)

  Calibration: 0.96

HL test value   

Baker’s rhinitis

  Intercept −2.9 (0.5) <0.0001   

  Allergy (such as hay fever, 
atopy, etc)

0.002 1.9 (1.2 to 2.8) 0.5 (0.2) 0.005 1.5 (1.0 to 
2.3)

54 (47 to 61) 56 (50 to 63) 54 (476 to 62) 61 (54 to 68)

  Rhinoconjunctivitis 0.008 15.4 (2.0 to 118.7) – – – –   – – –

  Work-related upper 
respiratory symptoms

<0.0001 4.0 (2.0 to 7.9) 1.2 (0.3) <0.0001 3.5 (1.7 to 
7.2)

91 (90 to 97) 21 (16 to 27) 52 (46 to 57) 79 (67 to 89)

  Work-related dyspnoea 0.003 1.8 (1.2 to 2.7) 0.5 (0.2) 0.002 1.6 (1.0 to 
2.4)

60 (53 to 67) 52 (45 to 59) 54 (47 to 61) 60 (53 to 67)

  Working years with 
symptoms (≥10 years)

<0.0001 2.7 (1.8 to 4.0) 0.8 (0.2) <0.0001 2.0 (1.3 to 
3.2)

51 (44 to 58) 72 (66 to 78) 62 (54 to 69) 52 (56 to 68)

  Medical history of asthma 0.01 1.7 (1.1 to 2.7)   – – – – – – –

  Medical history of rhinitis 0.003 1.9 (1.2 to 2.9) – – – – – – –

  Use of medication for lungs 0.02 1.7 (1.1 to 2.7) – – – – – – –

  Use of medication for nose 0.04 1.7 (1.0 to 2.8) – – – – – – –

  Type of job* <0.0001 3.5 (2.0 to 6.3) 1.0 (0.2) <0.0001 3.0 (1.6 to 
5.8)

91 (86 to 96) 25 (20 to 32) 55 (45 to 58) 76 (64 to 85)

  Model 100 (99 to 100) 100 (99 to 100) 62 (60 to 64) 38 (36 to 40)

  Discrimination: ROC area 
(95% CI) after bootstrapping

0.74 (0.71 
to 0.76)

  Calibration: HL test value 0.97

*Type of job was listed from five different jobs, including bread baking, confectionery, bread and confectionery baking, work at the test bakery and preparing dough.
HL test, Hosmer-Lemeshow test; NPV, negative predictive value; PPV, positive predictive value; ROC, receiver operating characteristic.

Workplace

The obtained calibration slopes smaller than 1 in the validation 
set can be a result of the model developing in a relatively small 
dataset with a small number of events, which reflects that the 
predictions were too extreme: low prediction too low, and high 
predictions too high.33 It can also be interpreted as reflecting 
a need for shrinkage of regression coefficients in a prediction 
model, which will show a better calibration in new patients.34 35 
Although calibration and discrimination are important in consid-
ering the full range of predicted risks in a prediction model, they 
do not assess clinical usefulness.34

This study confirms that our previously developed diagnostic 
model accurately predicts sensitisation to bakery allergens and 

hence can be used to select bakers for further medical evalua-
tion. The major strength of the present study is that the models 
predicting allergy were developed in a population of bakers 
with an elevated risk for sensitisation to bakery allergens who 
were referred to a specialised clinic. In this selected group of 
bakers, occupational allergy could be predicted by a question-
naire-based diagnostic prediction model and a model based 
on medical history model. Thus, medical history models may 
support physicians during clinical assessment and during medical 
phone consultation in bakers at intermediate risk.

The present study had some limitations. First, recall bias 
of previous reported symptoms by subjects particularly in 
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Workplace

the self-administered questionnaire can lead to differential 
(non-random) misclassification. This distorts the measure of 
association between exposure and outcomes by any magnitude 
and direction, and this distortion may be difficult to predict.36 37 
Second, the high number of potential candidate predictors 
studied versus the insufficient number of cases with BA may 
interfere in the detection of significant predictors. As a conse-
quence, this may affect the accuracy of the developed models. 
Since there is no exact rule for the estimation of sample size, a 
rule of thumb is that each candidate predictor requires at least 10 
cases, as suggested by Harrell et al.38 Third, the use of bivariable 
selection (BVS) of candidate predictors yielded a potential bias 
due to the BVS method wrongly rejecting potentially important 
variables, and it is unable to control confounding or intercor-
relations between independent variables.39 The fourth limita-
tion of this study is the low PPVs and NPVs of some developed 
models predictive of BA and BR, which led to the decrease in the 
diagnostic accuracy and the clinical usefulness of those models 
for clinical/occupational health purposes. Future clinical studies 
with a large sample size of bakery workers may improve the 
accuracy of the developed models.

In the Netherlands, occupational asthma is not a compen-
sable disease. Hence, the branch of traditional and industrial 
bakers developed a comprehensive programme including a good 
practice guide for bakeries with specific exposure measures and 
resources to facilitate task or job change in workers with BA.

In conclusion, we demonstrated that diagnostic prediction 
models provided simple tools to predict the onset of baker’s 
asthma and rhinitis. Our results support the idea that the self-ad-
ministered questionnaire models can be used to select bakers 
for further medical evaluation. Before the developed diagnostic 
prediction models can be used in medical practice further studies 
are needed to validate the predictive value of the models for occu-
pational asthma and rhinitis in different populations exposed to 
bakery allergens (external validation) or other HMW allergens 
(generalisability). Furthermore, cost-effectiveness studies are 
needed to use these models as a general tool in medical triage 
of workers who are occupationally exposed to bakery allergens.
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