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Abstract

Purpose of the Review A comprehensive literature review was conducted in order to identify and summarize recent research
on IgE-mediated occupational respiratory allergy to flour, focusing on the impact of modern developments in the baking
industry characterized by industrialization of production processes and a growing use of baking “improvers”.

Recent Findings Although respiratory allergy to flour is a potentially preventable condition through effective workplace
control measures, available data indicate that exposure to flour dust has not decreased in the last decade and flour remains
the most prevalent cause of occupational respiratory allergy. The development of the baking industry has led to the introduc-
tion of new allergen sources, although their contribution to the development of clinical respiratory allergy remains largely
uncertain. In recent years, the diagnostic performance of serum-specific IgE antibody determination against wheat/rye flour
and a-amylase compared with specific inhalation challenge with flour as the reference standard has been clarified, making
these tests a first-line component of diagnostic algorithms.

Summary Available information on the prevalence and incidence of respiratory allergy to flour in recent decades indicates
that this condition still imposes a substantial health and socioeconomic burden worldwide. Available data highlight the need
to reinforce workplace health-related policies and regulations.

Keywords Flour allergy - Occupational asthma - Occupational rhinitis - Rye flour - Specific IgE antibodies - Wheat flour

Introduction

The allergic nature of occupational asthma (OA) — often
referred to as baker’s asthma — and rhinitis (OR) caused by
cereal flour was recognized almost a century ago [1]. Since
then, a considerable amount of research has been conducted
and progress has been made in identifying the causal aller-
gens, the determinants of the disease, and the development
of preventive strategies [2-5].

Nevertheless, the baking industry has experienced impor-
tant developments during recent decades due to the industri-
alization of production processes, technological innovations,
and changing nutritional habits of consumers. As a result
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of the modern developments in the bakery industry, flour
may now contain a wide variety of potential allergens, which
include not only wheat and rye flour, but also flour derived
from other cereals (e.g., barley, oats rice, corn, einkorn),
non-cereal flours (buckwheat, soybean, lupine), “improvers”
(mainly enzymes), seeds (e.g., sesame, sunflower), and vari-
ous other ingredients (e.g., gluten, malt flour, egg powder,
whey protein powder, emulsifiers).

This document aims to critically analyze and synthesize
the available literature on occupational respiratory allergy
to flour (ORAF) with a special focus on studies published
during the last five years. We conducted a scoping review of
the evidence pertaining to the impact of recent developments
in baking processes on causal allergens, epidemiology, and
diagnostic approaches to flour-induced OA and OR.

Methods

A PubMed search was performed using the key-
words ("Flour"[Mesh] OR “Baker”) AND ["Asthma,
Occupational"[Mesh] OR"Rhinitis, Allergic"[Mesh])"]. This

@ Springer


http://orcid.org/0000-0002-4608-3310
http://orcid.org/0000-0001-6083-2931
http://orcid.org/0000-0001-6315-120X
http://crossmark.crossref.org/dialog/?doi=10.1007/s11882-025-01204-x&domain=pdf

22 Page 2 of 12

Current Allergy and Asthma Reports (2025) 25:22

literature search identified 16 potentially relevant original
studies and case series published between January 2020 and
December 2024. The bibliographic search was extended to the
period 2000-2024 to identify cross-sectional studies assess-
ing the prevalence of work-related asthma (WRA) and rhinitis
(WRR) symptoms and/or IgE-mediated sensitization to bak-
ery allergens in exposed workforces. The publications cited in
the reference lists of the retrieved studies and review articles
were scrutinized in order to identify other potentially relevant
reports to contextualize recent data.

The Modern Bakery Environment

Since the seventies, technical innovations in bakery processes
have introduced a variety of additives. These “improver” addi-
tives include mainly enzymes (i.e., a-amylase, glucoamylase,
cellulase, xylanase, f-xylosidase, and proteases) that are
potential allergen sources, the best known of which is fun-
gal a-amylase. These enzymes are incorporated into flour to
improve the processability of dough and enhance the softness
and shelf life of end products [6, 7]. Currently, flour is usually
delivered to bakeries as premixed, ready-to-use flour products
whose composition has been developed to obtain specific char-
acteristics of the final product.

On the other hand, increasing awareness of the impact
of food on health in affluent countries has led to changes in
nutrition habits and a demand for a greater variety of breads,
especially gluten-free alternatives (e.g., made from buckwheat,
soybean, and lupine flours).

Industrialization and urbanization have led to a shift from tra-
ditional small-sized “craft” bakeries to highly mechanized and
almost fully automated “industrial” bakeries. In some countries,
the production of bread products has been relocated from large-
scale industrial to small-scale “in-store” supermarket bakeries.
The impact of these changes in production sites on workplace
exposure to flour dust remains largely unknown. A meta-anal-
ysis of 21 studies evaluating flour dust exposure published up
to 2017 confirmed that weighing/mixing and dough forming
produced the highest inhalable dust (3.1-4.9 mg/m®) and wheat
allergen levels (37-40 pg/m3) [8]. Multivariate models identified
these specific tasks and small bakery size as predictors of higher
inhalable dust and wheat allergen concentrations. Overall, the
models showed a slight decline in inhalable flour dust levels over
the years since 1990, while both wheat allergen and a-amylase
increased from 1990 to 1996, then decreased.

Flour Allergens
Cereal Flour Allergens

Wheat flour is composed of starch (about 70-75%) and
proteins classified into three fractions according to their
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solubility: 1) the water/salt-soluble fraction, which
includes albumins and globulins; 2) the water/ethanol
soluble gliadins; and 3) the glutenins which are extractable
in dilute acetic acid [9, 10]. Wheat is a complex allergenic
mixture containing more than 100 different IgE-binding
protein spots [9, 10]. To date, 28 wheat allergens have
been characterized and listed in the World Health Organi-
zation/International Union of Immunological Societies
allergen nomenclature database (www.allergen.org, last
accessed March 23, 2025). Wheat allergens involved in
ORAF are described in Table 1 [11].

Sander and coworkers [11] found a great inter-
individual variability in the pattern of sIgE reactivity to
19 recombinant wheat flour proteins. The highest rates
of sIgE reactivity were found for dimeric a-amylase
inhibitors 0.19 (Tri a 28) and Tri a 29.01 and a thiol
reductase homologue (Tri a 27), but none of the single
wheat allergens tested so far have fulfilled the criteria
for being a major allergen involved in ORAF. Receiver
operating characteristics analysis revealed that a
combination of sIgE against five components (Tri a 27,
Tri a 28, Tri a 29.02, Tri a 39, and Tri a 32) produced the
highest area under the curve (0.84) for identifying ORAF,
but this was still lower than the values (0.89 and 0.88)
provided by the determination of sIgE against whole
wheat (ImmunoCAP f4) and rye (ImmunoCAP f5) flour
extracts, respectively.

The vast majority of subjects with ORAF show sIgE
against both wheat and rye flours [12]. Several allergens
of cereals other than wheat and rye (barley, oat, and
maize) have been identified using sera from subjects with
ORAF (Table 1). However, their role in the development
of ORAF remains uncertain because most subjects (89%)
with a positive specific inhalation challenge (SIC) with
flour and positive sIgE against wheat and/or rye flour
also show sIgE reactivity to at least one of the other
cereals [12].

Non-Cereal Flours

A recent case series further highlighted the potential
respiratory sensitizing potential of buckwheat (Fagopyrum
esculentum), an herbaceous plant of the Polygonaceae
family [13]. Occupational exposure to buckwheat flour is
likely to increase since this seed has a high protein content
and is used to produce gluten-free bread and cookies, and
traditional “ethnic” foods such as noodles, blinis, and crepes.

Soybean (Glycine max) and lupine (Lupinus angus-
tifolius/albus) flours, both legumes of the Fabaceae
family, are also increasingly used because of their high
protein content and absence of gluten. The soybean aller-
gens involved in flour-induced OA are predominantly
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Table 1 Cereal flour allergens

Allergen® Biochemical name

Clinical relevance

Wheat (Triticum aestivum)

Tria 15 ‘Wheat monomeric a-amylase inhibitor 0.28 (WMA- sIgE-reactivity in 9% of ORAF, but not in controls®
1-0.28)
Tria 25 Thioredoxin sIgE-reactivity in 18% of ORAF and 17% of controls®
[11]
Tria27 Thiol reductase homologue sIgE-reactivity in 27% of ORAF, but not in controls® [11]
Tria28 Dimeric a-amylase inhibitor 0.19 sIgE-reactivity in 24% of ORAF, but not in controls® [11]
Tria?29 Tetrameric a-amylase inhibitor
- Tria 29.0201 CM2 sIgE-reactivity to Tri a 29.0201 in 14% of ORAF, but not
in controls® [11]
- Tri a29.0101 CM1 sIgE reactivity to Tri a 29.0101 in 21% of ORAF and 7%
of controls® [11]
Tri a 30 Tetrameric a-amylase inhibitor CM3 sIgE-reactivity in 10% of ORAF, but not in controls® [11]
Tria 31 Triosephosphate-isomerase (TPIS) Not exclusively recognized by specific IgE from bakers
[11]
Tria32 1-cys-peroxiredoxin sIgE-reactivity in 14% of ORAF, but not in controls® [11]
Tria33 Serpin sIgE-reactivity in 8% of ORAF, but not in controls® [11]
Tria 34 Glyceraldehyde- 3-phosphate-dehydrogenase sIgE-reactivity in 5% of ORAF, but not in controls® [11]
(GAPDH)
Tri a 35 Dehydrin sIgE-reactivity in 2% of ORAF, but not in controls® [11]
Tri a 39 Serine protease inhibitor-like protein (SPILA) sIgE-reactivity in 18% of ORAF, but not in controls® [11]
Tri a 40 Wheat tetrameric a-amylase inhibitor-CM17 protein sIgE-reactivity in 8% of ORAF and 15% of controls®;
Tri a 40.0101 has minimal effect on sensitivity and
specificity [11]
Na Glucose/ribitol dehydrogenase as novel wheat allergens Identified in pooled sera from Italian bakers [75], but not
in assessed in individual sera
Na Class I heat shock protein 1

Rye (Secale cereale)

Sec ¢ 38
nated as Sec ¢ 1)

Barley (Hordeum vulgare)
Hor v 15

Maize (Zea mays)

Zeam 25 Thioredoxin-A1

Dimeric a-amylase/trypsin inhibitor (formerly desig-

Salt-soluble a-amylase inhibitor BMAI- 1 precursor

sIgE reactivity in 15 of 21 subjects with ORAF patients
[76]

Major IgE-binding component in sera from subjects with
ORAF [77]

Shares 74% identity with Tri a 25 [78]

CM Chloroform/methanol-soluble, ORAF occupational respiratory allergy to flour, sIgE specific IgE antibody

#World Health Organization/International Union of Immunological Societies allergen nomenclature (http://www.allergen.org)

Control subjects in reference [11] include individuals with pollen allergy and wheat sIgE

high-molecular-weight proteins present in both soybean
hulls and flour Interestingly, whereas allergens involved
in asthma outbreaks during soybean unloading, are mainly
low-molecular-weight proteins (Gly m 1 and Gly m 2)
concentrated in the hull [14]. Gly m 4, 5, and 6 are avail-
able as recombinant soy allergens, but further validation
is needed to determine if these allergens are relevant in
ORAF and whether they should be implemented in the
diagnosis evaluation of this condition.

Up to now, lupine flour has been documented as
inducing OA and OR in food processing workers, but

not in bakers [15]. Among 116 bakers without known
food allergy who were evaluated for WRA and/or WRR
symptoms, 33% exhibited sIgE to lupine and 23% to
soybean [16]. Among the lupine-sensitized subjects,
sIgE to peanut was detected in 92% and to soy in 61%.
Only three out of the 38 subjects with lupine sIgE failed
to show sensitization to wheat or rye, but the clinical
relevance of lupine sensitization was not substantiated
through SICs in these subjects. In addition, inhibition
experiments suggested IgE cross-reactivity between
wheat flour and lupine.
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Enzymes

The role of “improver” enzymes in the development of flour-
induced OA and OR is still uncertain. The most frequently
used enzyme is fungal a-amylase derived from Aspergillus
oryzae, which is listed as Asp o 21 and available for sIgE
assay (ImmunoCAP k87, Thermo Fisher Scientific, Uppsala,
Sweden). Analysis of the E-PHOCAS cohort showed that 15%
of 179 subjects with a positive flour SIC showed sIgE against
a-amylase, but only one of these subjects was not sensitized
to wheat or rye [12]. These data suggest a minor direct role of
sensitization to a-amylase in the development of clinical ORAF.
Substantial rates (6%—13%) of sensitization to enzymes
other than a-amylase, including glucoamylase, cellulase,
and xylanase have been reported among bakers [17-19].
Simonis et al. [19] compared the sensitization profiles of
bakers evaluated for ORAF during the periods 1999-2001
and 2009-2011 together with their personal exposure to
inhalable dust. They found a decline in the rate of sensitiza-
tion to fungal a-amylase from 26 to 13% and a decrease in
a-amylase exposure while overall dust exposure remained
unchanged. During the period 2009-2011, the rate of sensiti-
zation to glucoamylase derived from Aspergillus niger (38%)
was higher than those observed for cellulase (16%) and
a-amylase (13%). Overall, 30% of bakers were sensitized to
at least one of these three baking enzymes. Nevertheless, the
clinical relevance and the contributions of baking enzymes
separate from those of flour and a-amylase have been docu-
mented only in occasional case reports. In addition, a study
of UK supermarket bakers experiencing work-related res-
piratory symptoms provided evidence that only a small pro-
portion of bakers (5%) is sensitized to “improver” enzymes
without co-sensitization to either flour or a-amylase [20].

Burden of the Disease

Prevalence and Incidence among Exposed
Workforces

Cross-sectional studies conducted among workers exposed to
flour before 1998 provided prevalence estimates of 5%—28%
for sensitization to wheat and 2%-16% for sensitization to
a-amylase either by skin-prick tests (SPT) or sIgE tests [2].
The rate of work-related asthma (WRA) and work-related
rhinitis (WRR) symptoms ranged from 3 to 21% and from 7
to 30%, respectively [2]. Of note, WRR symptoms were 1.3
to 10 times more frequent than WRA symptoms.

Pooled estimates of the prevalence of WRR, WRA,
and positive SPT and sIgE against wheat and a-amylase
derived from 14 cross-sectional studies of bakery workers
published between 2000 and 2024 are summarized in
Table 2 [21-34]. These data further demonstrate that
substantial proportions of reported WRR and WRA
symptoms are not mediated by IgE-sensitization to flour
allergens. On the other hand, IgE-mediated sensitization
to wheat may not be associated with respiratory symptoms
in approximately 60% of bakery workers [23, 25, 28, 32].
In addition, SPT to flour may be positive in 1.5% to 5%
of subjects nonoccupationally exposed to flour, probably
resulting from cross-reactivity with grass pollen allergens
[35, 36]. The association of WRR/WRA symptoms with
IgE-mediated sensitization to wheat, considered as a
proxy for probable OR and OA, was available in only four
studies [23, 25, 28, 32] (Table 2). These studies provided
pooled estimates of 12% (95% confidence interval [CI],
4-19%) for probable OR and 6% (95% CI, 2-11%) for
probable OA.

Table 2 Pooled prevalence
estimates of work-related
respiratory symptoms and IgE-
mediated sensitization to flour

allergens reported by cross-
sectional studies of exposed
workers (2000-2024)

Outcome Pooled prevalence  No. of studies (no. of References
estimate subjects)
% (95% CI)
Work-related rhinitis symptoms 28 (21-35) 11 (3,857) [23-30, 32-34]
Work-related asthma symptoms 11 (8-15) 11 (3,798) [23-28, 30-34]
Positive SPT to wheat 13 (9-16) 6 (1,468) [21, 22, 26, 29, 30, 32]
Positive SPT to a-amylase 5 (0-10) 3 (867) [22, 26, 29]
Positive sIgE to wheat 12 (6-18) 7 (2,463) [23-28, 32]
Positive sIgE to a-amylase 3(1-4) 6 (1,623) [23, 24, 26-28, 32]
Probable occupational rhinitis® 12 (4-19) 4 (1,685) [23, 25, 28, 32]
Probable occupational asthma® 6 (2-11) 4 (1,685) [23, 25, 28, 32]

95% CI 95% confidence interval, sIgE specific IgE antibodies, SPT skin-prick test. Pooled estimates were
obtained using the restricted maximum likelihood estimator method.

“Probable occupational rhinitis defined by work-related rhinitis symptoms associated with sIgE against

wheat.

®Probable occupational asthma defined by work-related asthma symptoms associated with sIgE against

wheat.
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The few studies that relied on measurement of nonspecific
bronchial hyperresponsiveness (NSBH) to methacholine or
histamine or reversible airflow obstruction [28, 31, 32] and/
or monitoring of peak expiratory flow rates at work and away
from work [33], and/or SIC [21] provided prevalence esti-
mates of OA ranging from 2.0% to 6.4%.

Epidemiological studies investigating the incidence of
ORAF among exposed workers are far less common than
studies assessing its prevalence. Only two prospective stud-
ies of newly exposed bakery workers [37] or baker appren-
tices [38] combined objective tests (i.e., assessment of
IgE-mediated sensitization or SIC) in addition to the results
obtained from questionnaires for defining probable OA due
to flour. These older studies provided estimates of 1 [37] to 3
[38] incident cases of probable OA per 100 person-years. A
recent survey conducted among bakery students in Alberta,
Canada during the period 2015-2018 found an incidence of
positive SPT to flour of 2.5 per 100 person-years, indicat-
ing an ongoing sensitizing effect of exposure to the bakery
environment [39]. Estimates of the incidence of probable
OR, defined by WRR associated with sensitization to bakery
allergens, ranged between 1.3 and 6.3 new cases per 100
person-years [40].

Prevalence and Incidence in Population-Based
Studies

Limited information is available on the burden of ORAF
in the general population. The Occupational Disease Sur-
veillance System in the Province of Ontario, Canada
(2002-2013), documented an increased risk of new-onset
asthma among male bakers and confectionery workers (haz-
ard ratio, 2.3 [95% confidence interval [CI], 1.5-3.6]) [41].
A population-based case—control study of incident asthma
among adults in Southern Finland found an increased risk
of atopic asthma in bakers and food processors (odds ratio,
4.7,95% CI 1.2-18.7) [42]

National voluntary notification programs and medicolegal
statistics of OA indicated that flour was the most frequent
cause of OA between 1989 and 2002 in almost all industrial-
ized countries [43]. More recent data from surveillance pro-
grams in the UK (1992-2006) [44] and France (2001-2018)
[45] suggest a downward trend in the numbers of incident
cases of OA, including flour-induced OA. Nevertheless,
flour remained the most prevalent cause of OA in France,
accounting for 10% of notified cases [45] and the second
commonest reported cause (8.5%) in Korea [46]. In the ret-
rospective E-PHOCAS cohort of 1,167 subjects with OA
ascertained through an SIC completed during the 2006-2015
in 20 European tertiary centers, flour was still identified as
the most prevalent cause of OA, accounting for 30% of all
OA cases [47].

Risk Factors

A recent systematic review of the current evidence on the
role of environmental and host factors in the initiation of OA
concluded that the level of workplace exposure to wheat and
a-amylase and atopy are the major risk factors for the devel-
opment of IgE-mediated sensitization to these allergens and
probable OA among exposed workers [48]. There is moder-
ate evidence that allergic rhinitis and NSBH before entering
exposure to flour are associated with an increased risk of
acquiring IgE-mediated sensitization to work-related HMW
allergens, including flour [49]. Although WRR precedes the
occurrence of WRA in approximately 60% of the subjects
with flour-induced OA [12], the likelihood of developing
flour-induced OA among workers affected with OR induced
by flour has never been formally quantified.

There is only weak evidence supporting a role of smoking
[24], skin exposure to flour [34, 50], and genetic factors (i.e.,
Toll-like receptor 4 variants and beta,-adrenergic receptor
polymorphisms) [51, 52] in the development of ORAF.

Pathophysiological Mechanisms

Although flour-induced OA is deemed to be mediated by
an IgE-mediated type I hypersensitivity mechanism, a sub-
stantial proportion (12%-38%) of subjects who develop an
asthmatic reaction after challenge exposure to flour fail to
demonstrate sIgE reactivity to currently available bakery
allergens (Table 3). Doyen et al. [12] found that those sub-
jects with undetectable sIgE against wheat and rye and a
positive SIC with flour required a significantly longer dura-
tion of challenge exposure to flour to elicit an asthmatic
reaction and exhibited a significantly smaller increase in
post-challenge fractional exhaled nitric oxide (FeNO).
They also showed lower levels of baseline blood and spu-
tum eosinophil counts, although sputum eosinophils signifi-
cantly increased after asthmatic reactions induced by flour
exposure. These findings suggest an attenuated degree of
specific bronchial responsiveness to flour allergens and a
low baseline T2 status. Another potential explanation for
the absence of detectable sIgE against wheat and rye is that
some relevant allergens might be missing in the wheat or rye
extracts currently used to assess sIgE [53].

The majority (71%) of asthmatic reactions induced by
flour are associated with a> 2% increase in sputum eosino-
phils [54], which is consistent with what has been described
in individuals exposed to common inhalant allergens [55].
In 60% of the subjects with flour-induced OA, the asthmatic
reaction is associated with an increase in FeNO (> 13 ppb),
reflecting T2-derived inflammation [54], Nevertheless, 16%
of subjects with a positive SIC response to flour show a
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Table 3 Sensitivity, specificity, and predictive values of skin-prick tests and sIgE determination compared to specific inhalation challenges with

flour

Prevalence of
positive SICs

Flour allergen Threshold

Sensitivity® (%) Specificity® (%) Positive pre-

Negative pre-  Reference

dictive value® dictive value®

(%) (%) (%)
Skin-prick tests
Wheat >2 mm 37/71 (52) 68 74 74 68 Van Kampen, 2008 [59]
>5mm 37/71 (52) 22 100 100 54
Rye > 2 mm 63/95 (66) 78 84 91 66 Van Kampen, 2008 [59]
> 4.5 mm 37/71 (52) 38 100 100 45
Wheat >3 mm 151/314 (48) 42 86 73 61 Wiszniewska 2011 [60]
Wheat” > 1.5 mm 77/120 (64) 38-58 89-93 88-92 49-58 Van Kampen, 2013 [61]
Rye® > 1.5 mm 76/119 (64) 21-81 88-98 89-97 40-72
Specific IgE antibodies®
Wheat > 035 KU,/ 37/71(52) 87 68 74 82 Van Kampen, 2008 [59]
>232KU /¢ 37/71 (52) 51 100 100 65
Rye > 0.35KU,/1 - 63/95 (66) 87 62 82 71 Van Kampen, 2008 [59]
>9.64 KU,/I® 63/95 (66) 30 100 100 42
Wheat > 0.35 KUA/L 151/314 (48) 62 77 72 68 Wiszniewska 2011 [60]
Wheat >0.35KU,/1 205/264 (78) 84 (78-89) 71 (58-82) 91 (86-95) 56 (44-67) Doyen, 2024 [12]
> 5.10 KUY 205/264 (78) 40 (33-47) 97 (88-100) 98 (92-100) 32 (25-39)
Rye >0.35KU,/1 - 205/264 (78) 85 (80-90) 78 (65-88) 93 (88-96) 61 (49-72)
> 6.20 KU,/ 205/264 (78) 42 (36-50) 97 (88-100) 98 (92-100) 33 (26-40)
a-amylase > 0.35 KUA/l 151/314 (48) 17 93 68 54 Wiszniewska 2011 [60]
a-amylase >0.35KU,/1 - 179/226 (79) 13 (9-19) 100 (94-100) 100 (87-100) 24 (20-31) Doyen, 2024 [12]

SIC Specific inhlation challenge with flour, SPT Skin-prick test, sIgE Specific IgE antibodies.

“TmmunoCAP, Thermo Fischer Scientific—Phadia, Uppsala, Sweden.

®SPT performed with four commercial extracts compared with the SIC results.

“Threshold sIgE value providing a positive predictive value of 100% compared with the SIC result.

Threshold sIgE value providing a specificity > 95% compared with the SIC result.

°95% confidence interval between parentheses.

post-challenge neutrophilic pattern (i.e., sputum neutrophil
count >76%) [56]. Of note, flour was involved in a substan-
tial proportion (46%) of the subjects with a post-challenge
neutrophilic pattern in the E-PHOCAS cohort [56]. These
data indicate that a high-molecular-weight protein agent
can induce an eosinophilic or neutrophilic pattern of airway
inflammation independently from the presence of sIgE.

Diagnostic Approaches

Vailable data indicate that ORAF still remains unrecognized
for a long time. In the E-PHOCAS cohort, the median dura-
tion of WRA symptoms prior to the diagnosis of OA due to
flour was 3 years (25 th—75 th percentiles, 1-6) [12].

The clinical history has a high sensitivity but a low
specificity for diagnosing OA in general, indicating a
need for further objective assessments to reach a definite
diagnosis [57]. The available information on the validity
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of these procedures is critically reviewed below to provide
pragmatic guidance to clinicians who are investigating
workers with flour-related asthma symptoms. On the basis
of existing evidence, a working diagnostic algorithm is
proposed that can be adapted to the purpose of diagnosis
and available resources (Fig. 1).

Clinical Features

The vast majority (92%) of workers with flour-induced OA
also experience WRR symptoms, but this proportion is not
significantly different from that recorded in subjects with
WRA symptoms who showed a negative SIC with flour
(86%) [12].

Data from the E-PHOCAS cohort [12] showed that a
substantial proportion (20%) of the workers with flour-
induced OA experience work-related skin symptoms
consistent with contact urticaria (7%) and/or protein
contact dermatitis (13%). In a recent epidemiological
survey of 727 bakery workers, Olivieri et al. [34] found
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INVESTIGATION OF FLOUR-RELATED ASTHMA SYMPTOMS

| First-line procedures |

Assessment of NSBH
(or reversible airway obstruction)

i v i

Assessment of sIgE against wheat
and rye flour

v v v

Negative while Negative but | Positive

Negative | Weakly positive Highly positive

exposed at work
» NPV >95%

FeNO 225 ppb or
sputum eosino 22%

(e.g., <5 KU,/L) (e.g., >5 KU,/L)

=» PPV >90%

1

1 1
: :
i ¥ i
1 e 1
' Specialized procedures Positive NSBH !
1 or :
i slgE against !
i . Serial measurements of PEF/FEV, a-amylase !
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[ No occupational asthma ] [ Occupational asthma ]

Fig.1 A pragmatic, evidence-based algorithm for diagnosing flour-
induced occupational asthma. Specialized procedures should be con-
sidered when establishing or excluding a diagnosis of flour-induced
occupational asthma is required for the most appropriate management
of patients. FeNO, fractional exhaled nitric oxide; NPV, negative pre-
dictive value; NSBH, nonspecific bronchial hyperresponsiveness; OA,
occupational asthma; PEF, peak expiratory flow; PPV, positive pre-

that work-related dermatitis symptoms were significantly
more frequent in workers who experienced WRR (28%)
and WRA (44%) than in those without airway symptoms
(6%) but they did not assess IgE-mediated sensitization to
bakery allergens. In a review of 291 cases of occupational
contact urticaria or protein contact dermatitis, flour was
the most prevalent cause, accounting for 15% of all cases
[58]. Among these subjects with skin allergy to flour,
25% and 67% were diagnosed with concomitant OA or
OR due to flour, respectively.

Intriguingly, food allergy to flour is an extremely rare
occurrence in subjects with ORAF [16], with the notable
exception of OA caused by buckwheat flour [13].

dictive value; sIgE, specific IgE antibodies; SIC, specific inhalation
challenge with flour. * If the SIC with flour is negative/equivocal, but
the clinical history is highly suggestive of OA, consider serial meas-
urements of PEF and/or NSBH and/or airway inflammatory markers
at work and away from work. ** If assessment at work is negative/
equivocal while the clinical history is highly suggestive of OA, con-
sider an SIC with the flour(s) used at work in the laboratory

Immunological Tests

The major limitation of SPT is the lack of quality and
availability of commercial flour extracts. The sensitivity
of commercial extracts of wheat and rye is generally low,
ranging from 38 to 81% compared with the result of SIC
with flour (Table 3) [12, 59-61] and is largely affected by
their highly variable protein and antigen content [61]. In
addition, SPT with flour extracts was less sensitive than
the assessment of sIgE against wheat and rye (Table 3).
Among 264 subjects who completed an SIC with
flour in the E-PHOCAS study, sIgE levels >0.35 kUA/L
against wheat and rye flours provided similarly high
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sensitivities of ~85%, moderate specificities (71%—78%),
high positive predictive values (PPVs) (91%-93%), and
low negative predictive values (NPVs) (56%-61%) [12].
Increasing the threshold sIgE value to 5.10 kU,/L for
wheat and to 6.20 kU,/L for rye flour provided a specific-
ity >95% and further enhanced the PPV to 98%, strongly
supporting a diagnosis of flour-induced OA without the
need to perform an SIC (Table 3).

Remarkably, an sIgE level >0.35 kU,/L against fungal
a-amylase was detected in 15% of subjects with a positive
SIC to flour but in none of the subjects with a negative
SIC, providing a specificity and a PPV of 100% in iden-
tifying flour-induced OA (Table 3) [12]. Accordingly, the
identification of sIgE against a-amylase could provide
further evidence supporting a diagnosis of flour-induced
OA, especially in subjects who demonstrate a “low” titer
of sIgE against wheat or rye (e.g., 0.35-5 KU,/L).

Nonspecific Bronchial Hyperresponsiveness Testing

Although the presence of NSBH has a low specificity and
PPV, the absence of NSBH has a high NPV, making the
diagnosis of OA highly unlikely in the absence of NSBH
[57, 62]. However, cessation of exposure to the offending
agent is often associated with an improvement in NSBH
that may even fully resolve within a few days of being off
work. Pralong et al. [63] demonstrated that the sensitivity
and NPV of NSBH decreased from 98% when NSBH is
measured while the subjects are exposed at work to 67%
and 82%, respectively, when they are off work at the time
of assessment.

In the cohort of subjects challenged with flour in the
E-PHOCAS cohort, the presence of NSBH at baseline
assessment yielded a low sensitivity (74%) [12], but 44%
of the subjects were removed from exposure at the time
of evaluation. Nevertheless, using the presence of either
baseline NSBH or a positive sIgE assay against wheat
or rye in identifying a positive SIC response increased
the sensitivity from 84% with sIgE alone to 98% and the
NPV from 61 to 80%. On the other hand, combining the
presence of NSBH and a positive sIgE result to wheat
or rye flour increased the specificity of sIgE assessment
alone from 71% up to 85% and the PPV from 91 to 93%.
Accordingly, the presence of NSBH in subjects with a
“low” level of sIgE could support a diagnosis of OA.

Assessment of Exposure-Related Changes
in Functional and Inflammatory Indices

Although SIC is still regarded as the “reference” method
for diagnosing OA [64, 65], this specialized technique is
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unavailable in most countries. Alternatively, the causal
relationship between WRA symptoms and exposure to
flour can be investigated using serial assessments of
changes in functional indices (peak expiratory flow
rate, forced expiratory volume in 1 s, NSBH) and/or
inflammatory markers (FeNO, sputum eosinophils)
related to workplace exposure [57]. In addition, a recent
study showed that exposure-related changes in FeNO (>
13 ppb) and sputum eosinophils (> 1.25%) each achieve
a> 95% specificity in identifying asthmatic reactions and
strongly support a diagnosis of OA [54].

Outcome and Management

Systematic reviews of OA due to various agents agreed
that complete cessation of exposure to agents causing OA
is associated with the highest probability of improvement
[66, 67]. However, patients should be aware that removal
from exposure results in symptom recovery and resolution
of NSBH in less than one-third of affected workers [66-68].
In addition, complete avoidance of exposure is associated
with a substantial psycho-social and financial impact [66].
Accordingly, reduction of exposure to the causal agent
may be considered an alternative to complete avoidance in
order to minimize adverse socio-economic consequences
[66, 67]. Overall, reduction of exposure seems to have a
less beneficial effect than complete avoidance [66, 67] and
requires careful medical monitoring in order to ensure an
early identification of asthma worsening. However, there is
scarce information on the outcome and management options
of ORAF [69].

The management of flour-induced OR aims not only to
minimize nasal symptoms and their impact on patients’
quality of life, but may also offer the opportunity to
prevent the subsequent development of OA. Nevertheless,
quantitative estimates of the long-term risk of developing
OA among workers with flour-induced OR are lacking
[40]. The clinical benefits resulting from complete
avoidance of exposure to the offending agent should
therefore be weighed against the potential adverse
socio-economic impact of removal from exposure on an
individual basis [40].

Although some improvement in asthma control and FeNO
level during sublingual specific immunotherapy with wheat
flour extracts has been reported [70], it remains unknown
whether this approach has a beneficial effect on the long-
term course of the disease in workers who remain exposed
to the causal agent. Furthermore, this therapeutic option is
currently limited by the unavailability of standardized aller-
gen extracts [71].
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Prevention

Preventive strategies and their effectiveness in reducing
flour dust exposures and ORAF have been comprehensively
reviewed by Jeebhay and Baatjies [5]. Reducing exposure to
flour dust is the most rational primary prevention approach
for minimizing the burden of the disease. Although
improved exhaust ventilation at highly exposed job sites,
enclosure or automation of parts of the baking process,
and substitution of traditional wheat flour used for dusting
surfaces with “low dust” flours [72] can substantially
reduce exposure, compliance with occupational exposure
limits seems to remain suboptimal. A recent survey
of Italian facilities found that a substantial proportion
(83%) of personal exposure samples were still above the
Threshold Limit Value-Time Weighted Average of 0.5 mg/
m? of flour dust recommended by the American Conference
of Governmental Industrial Hygienists, especially during
dough making and forming [73].

It is increasingly acknowledged that effective prevention
strategies should be multifaceted, combining engineering
measures aimed at reducing flour dust exposure with
education and worker training to improve work and cleaning
practices, exposure monitoring to ensure compliance, and
medical surveillance for the early identification of high-
risk workers [5]. However, there are few well-designed
intervention studies with quantified exposure data that
have assessed the impact of prevention strategies on the
incidence of ORAF over time. Al Badri et al. [74] conducted
a controlled randomized trial evaluating the long-term health
outcomes of workplace interventions in bakers in South
Africa. This study found that FeNO decline at the one-
year follow-up assessment was greater in the intervention
group (i.e., enclosed mixer or training), especially among
participants with baseline FeNO > 25 ppb, compared with
the control group.

Conclusions

The key lesson from recent data is that flour-induced OA
and OR are still major contributors to the global burden of
occupational respiratory allergies. Although substantial pro-
gress has been made in characterizing bakery allergens and
delineating preventive strategies, a number of unanswered
questions should be further addressed.

Refinement of diagnostic testing should focus on charac-
terizing sIgE reactivity to cereal allergen components and
“improver” enzymes in the subset of subjects who develop
a positive bronchial response to flour without detectable
sIgE using currently available assays. In addition, tools for
detecting sIgE sensitization to new flour ingredients used for

the production of gluten-free and vegan products, should be
developed and made available to clinicians.

Prospective workplace intervention studies coupled with
exposure monitoring should be implemented in order to evaluate
the impact of prevention strategies on the incidence of ORAF
and their effectiveness in individuals with flour-induced OA and/
or OR who remain at work. To improve personalized disease
management, further research is required to quantify the risk and
identify the determinants of the development of flour-induced
OA among workers with OR who remain exposed to flour.

Exploring serial measurements of airway inflammatory
markers such as FeNO is warranted for improving the early
identification of flour-induced OA and assessing the long-
term impact of workplace interventions.
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This multicenter study assessed the diagnostic accu-
racy of sIgE against wheat and rye flour, and fungal
alpha-amylase compared with the results of specific
inhalation challenge with flour as the reference stand-
ard in a large multicenter cohort of subjects evaluated
for flour-related asthma symptoms. In addition, the
E-PHOCAS cohort is the first that comprehensively
characterizes the clinical and inflammatory character-
istics of flour-induced occupational asthma.
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