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Abstract
Purpose  An increase of fractional exhaled nitric oxide (FeNO) has been described after specific inhalation challenges 
(SICs) with occupational allergens, but the clinical role of FeNO measurements before and after SIC is unknown. It was the 
aim of this study to assess the diagnostic accuracy of FeNO measurements before and after SIC in subjects with suspected 
occupational asthma (OA).
Methods  One hundred forty-eight patients with suspected OA were examined by SIC with various occupational allergens. 
Subjects were assigned to pulmonary responders, nonresponders or doubtful by standard lung function criteria. FeNO was 
measured before SIC (baseline) and 24 h afterwards. Subjects with negative or doubtful SIC but increase of FeNO were 
evaluated individually by an overall expert rating. Effect modifiers of FeNO increases were assessed by regression analyses.
Results  Thirty-one patients (21%) were classified as pulmonary responders, 105 (71%) as nonresponders and 12 (8%) as 
doubtful. With the pulmonary responder status as gold standard an increase of FeNO ≥ 13 ppb showed a specificity of 0.9 
and a sensitivity of 0.5. Seventeen subjects with negative or doubtful responder status showed such an increase of FeNO, 
among them 13 subjects with definitive or probable OA after expert rating. Regression analyses revealed no significant 
modifiers for the FeNO increase.
Conclusion  An increase of FeNO after SIC is highly predictive of OA and should be regarded as an additional criterion for 
the interpretation of SIC with occupational agents.

Keywords  Asthma · Occupational · Fractional exhaled nitric oxide · Specific inhalation challenge · Predictive value

Introduction

Increased levels of fractional exhaled nitric oxide (FeNO) 
represent a marker of eosinophilic airway inflammation 
which is a feature of (immunologic) occupational asthma 
(OA) (Lemiere 2007). As the diagnosis of OA is associated 
with substantial health and socioeconomic impacts (Van-
denplas et al. 2003), an accurate diagnosis is of high impor-
tance. Specific inhalation challenges (SICs) in the labora-
tory are still regarded as the gold standard for establishing 
the diagnosis of OA. Historically, lung function, especially 

forced expiratory volume in 1 s (FEV1) is the primary out-
come parameter.

A moderate number of studies analyzed FeNO meas-
urements before and after SIC with occupational aller-
gens. Concentrations of FeNO are lower in smokers and 
higher in atopics (Jonaid et al. 2014), but it is not known 
to what extent these factors modify also the acute response 
during SIC. An increase of FeNO of 17.5 ppb after SIC 
has been considered to provide the optimal sensitivity 
and specificity associated with positive SIC in an earlier 
study (Lemiere et al. 2014). However, it is a matter of 
discussion which level of increase of FeNO after SIC is 
highly predictive of OA, especially in smokers or atopics. 
Also there are few data about other modifiers, e.g. it is 
not known whether FeNO increases depend on the type 
of the agent, severity of the asthmatic reaction, smoking 
status or medication use. It is known that FeNO concen-
trations may increase after SIC, but this is clearly not the 
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case in all subjects with an asthmatic response (pulmo-
nary responders) (Barbinova and Baur 2006; Piipari et al. 
2002), and obviously FeNO may increase also in pulmo-
nary nonresponders (Barbinova and Baur 2006). So far 
no study made an attempt to explain these “false posi-
tive” FeNO increases in pulmonary nonresponders, thus 
it remains unknown whether an increase of FeNO after 
SIC is indicative of OA. It has been shown that increases 
of sputum eosinophils are highly predictive of a positive 
asthmatic reaction after repetitive SICs (Vandenplas et al. 
2009), but studies examining FeNO before and after SIC 
do not allow to give an estimate of the test accuracy for 
clinical decision making in individual cases (Ferrazzoni 
et al. 2009; Mason et al. 2016; Piipari et al. 2002; Pedrosa 
et al. 2012; Sastre et al. 2013; Walters et al. 2014). It was 
the aim of this study to assess the diagnostic accuracy 
of FeNO measurements before and after SIC for clinical 
decision making and to identify effect modifiers of FeNO 
increases.

Methods

Subjects and study design

All subjects referred to our outpatient clinic with sus-
pected OA who underwent SIC with putative allergens 
from 2006 to 2015 and agreed to participate were included 
in this study. The investigations were performed on three 
consecutive days, with few exceptions. During the first 
day (“control day”) the subjects answered a questionnaire 
and underwent a physical examination, routine laboratory 
testing, total and specific immunoglobulin E antibodies to 
occupational allergens (sIgE), electrocardiogram, X-ray 
of the thorax (if not done earlier), skin prick testing (SPT) 
with occupational and common environmental allergens, 
methacholine testing, and repeated pulmonary function 
tests to document a stable respiratory status. On the second 
day SIC with the putative allergen was performed. Lung 
function parameters and FeNO were measured before the 
challenge (baseline). Spirometry and bodyplethysmogra-
phy were performed before and after each challenge step 
as well as until 4 h after the end of SIC (follow-up). Those 
subjects challenged with low-molecular weight substances 
like diisocyanates were equipped with a portable spirom-
eter and kept in hospital during night. On the third day, 
24 h after exposure, pulmonary function tests and FeNO 
testing were repeated. Induced sputum was collected 
immediately before and 24 h after SIC in some subjects. 
In this study, we report the results of sputum analyses of 
11 subjects with doubtful or negative SIC responder status 

with increases of FeNO. Sputum collection and analysis 
were performed as described earlier (Raulf et al. 2015).

Questionnaire

Personal data and information about current cigarette smok-
ing status, medical history, asthma prior to exposure to the 
suspected occupational allergen, exposures at work and 
medication were obtained by a questionnaire and a physician 
interview. All subjects complained of work-related shortness 
of breath.

Allergy testing

SPT were performed with a battery of 20 environmental 
allergens from various manufacturers and if available with 
occupational allergens. A positive reaction was assumed if 
the wheal reaction was ≥ 3 mm. Total IgE was measured 
in sera by ImmunoCAP (Thermo Fisher Scientific, Phadia 
AB, Uppsala, Sweden). SIgE testing was performed if avail-
able (ImmunoCAP) and a sIgE concentration of ≥ 0.35 kU/L 
was considered positive. Atopy was defined by a positive 
SPT to at least one environmental allergen. Occupational 
allergens were categorized in three groups according to the 
size of the allergens: high-molecular weight (HMW) aller-
gens, low-molecular weight allergens (without isocyanates; 
LMW), and isocyanates.

Lung function and methacholine testing

Pulmonary function measurements (spirometry and body-
plethysmography; MasterLab, CareFusion, Würzburg, Ger-
many) were performed as described earlier (Wanger et al. 
2005; Miller et al. 2005). The European Community for 
Steel and Coal (ECSC) reference values for spirometry were 
chosen (Quanjer et al. 1993). Methacholine testing was per-
formed with a reservoir method as described earlier (Merget 
et al. 2005). Repetitive methacholine testing before and after 
SIC was performed in some subjects and is shown for 11 
cases with doubtful or negative SIC responder status with 
increases of FeNO.

FeNO measurements

FeNO was measured according to international recommen-
dations (American Thoracic Society and European Respira-
tory Society 2005) at 50 mL/s with NIOX FLEX® or NIOX 
MINO® (Aerocrine, Solna, Sweden).

Specific inhalation challenges

SICs were evaluated by spirometry and bodyplethys-
mography. Asthma medication (steroids and/or 
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bronchodilators) was withheld for at least 12 h before 
methacholine testing and 24 h before SIC. Due to the 
great number of different allergens the methods of SIC 
were variable. Each SIC was performed according to a 
multiple step protocol with at least four steps of doubling 
or quadrupling doses. For water soluble allergens we used 
commercial extracts if available.

Most soluble allergens were inhaled with 5 or 10 
breaths (depending on the allergen) by an APSpro dosim-
eter (Jaeger, Würzburg, Germany) and a DeVilbiss 646 
nebulizer (DeVilbiss Healthcare, Mannheim, Germany). 
Inhalations were performed as described by the ATS 
for methacholine challenges, with minor modifications 
(American Thoracic Society 2000; Merget et al. 2009). 
Soluble allergens were platinum salts (n = 14 tests), molds 
(n = 8), mites (n = 4), persulfate salts (n = 4), animal hair 
(n = 2), milk (n = 1), amylase (n = 2), pectin (n = 1), wash-
nut (n = 1) and rhodium salt (n = 1).

Isocyanate challenges were performed according to 
a 4-step-1-day whole body challenge protocol (Schei-
dler et al. 2013). Allergens were diphenylmethane-4,4′-
diisocyanate [MDI] (n = 43), 1,6-hexamethylene diiso-
cyanate [HDI] (n = 24), isophoronediisocyanate [IPDI] 
(n = 4), toluene diisocyanate [TDI] (n = 3) and naphthyl-
ene-1,5-diisocyanate [NDI] (n = 2).

SICs with particulate allergens were performed by a 
RBG-1000-L dust disperser (Palas GmbH, Karlsruhe, 
Germany). Allergens were flour (n = 4), milk powder 
(n = 2) and cobalt powder (n = 1).

Workplace-simulating exposures were performed with 
hairdressing products (n = 11), disinfectants (n = 5), latex 
(n = 2), straw and grain (n = 2), chicken feathers (n = 1), 
wall color (n = 1), primer coat (n = 1) and Teflon (n = 1).

A posit ive challenge was assumed if  FEV1 
decreased ≥ 20% and sRt increased ≥ 100% to ≥ 2 kPa 
s. If only one positivity criterion was fulfilled (either 
FEV1 or sRt) and the test had to be stopped because of 
symptoms we classified the challenge positive. A chal-
lenge was considered negative if there was no decrease of 
FEV1 ≥ 20% and no increase of sRt ≥ 100% to ≥ 2 kPa s. 
If only FEV1 decreased ≥ 20% and the test was completed 
insufficient cooperation was assumed and the challenge 
considered negative. SICs which could not be assigned to 
positive or negative, e.g. tests which were completed and 
fulfilled only one positivity criterion together with suffi-
cient cooperation of the patient were considered doubtful. 
Each positive reaction that started later than 60 min after 
the end of exposure was classified as late reaction.

The Ethics Committee of the Ruhr-Universität Bochum 
gave approval to perform the study and all subjects gave 
informed consent.

Statistical analyses

Continuous variables were described by medians and ranges. 
Differences between subjects with positive, doubtful and 
negative SICs were tested pairwise with the Mann–Whitney-
U-test for continuous variables and with the Chi-square test 
for categorical variables. Differences of baseline FeNO and 
FeNO increases between subjects with and without specific 
sensitizations were tested with the Mann–Whitney-U-test. 
Correlations between parameters were calculated with 
Spearman’s rank correlation test. To find a classification 
rule based on the FeNO measurements, data of 105 subjects 
with a negative SIC and 31 subjects with a positive SIC were 
taken for receiver-operating characteristic (ROC) curves, 
and the maximum Youden Indexes (sensitivity + specific-
ity − 1) were calculated for the whole group and after strati-
fication for smoking, atopy or ICS treatment to determine 
the optimal cut-off for a positive FeNO increase. In a second 
approach the cut-off was defined at a fixed specificity of 0.9. 
A logistic regression model was used to define modifying 
factors. The dependent variables were the optimal cut-offs 
for a significant FeNO increase as defined by ROC-curves. 
Independent variables were medication with inhaled corti-
costeroids, type of agent, smoking status, atopy and baseline 
FeNO.

The statistical analysis was done with SAS, version 9.4 
(SAS Institute Inc., Cary, NC, USA).

Results

Out of 148 subjects with suspected OA, 31 subjects showed 
positive and 12 subjects doubtful asthmatic reactions after 
SICs (Table 1). The most important differences in charac-
teristics and clinical data between subjects with positive and 
negative pulmonary responder status were lower age, earlier 
occurrence of symptoms, higher total IgE, higher post SIC 
FeNO and higher rates of atopy, hyperresponsiveness and 
specific sensitization in the pulmonary responders. Inter-
estingly subjects with a doubtful SIC showed significantly 
higher total IgE and post SIC FeNO than subjects with a 
negative SIC. However, the median FeNO values at baseline 
showed no significant differences between the groups of sub-
jects with positive, negative or doubtful SICs.

The agents which induced a positive SIC could be 
assigned to the three types of agents in about equal num-
bers, whereas there was a wide range of different agents 
in each group (Table 2). Most SICs were performed with 
isocyanates (51%), but these tests accounted for only 36% 
of positive SIC results. Positive and doubtful SICs were 
almost exclusively associated with immediate reactions. 
Late reactions were observed in five cases (four pulmonary 
responders and one subject with doubtful responder status). 
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Six subjects showed a maximum fall in FEV1 > 50% from 
baseline. All these strong asthmatic reactions showed a good 
immediate reversibility after medication (systemic corticos-
teroids and inhaled short-acting beta-agonists), in no case 
intensive care was necessary.

Youden Index defined the cut-offs for post challenge 
increase of FeNO from baseline as 10.5 ppb for the whole 
group with a sensitivity of 0.55 and a specificity of 0.88 
[area under the curve (AUC) 0.71; 95% CI 0.59–0.83] 
(Table 3). After stratification for smoking, atopy or ICS 

treatment, sensitivities varied between 0.38 and 0.80 
and specificities between 0.82 and 0.98. As high speci-
ficity (only few false positive results) was desirable and 
due to the low number of subjects in the subgroups, we 
decided to set the specificity at 0.9, resulting in a FeNO 
increase ≥ 13 ppb as cut-off for all subjects (Fig. 1), despite 
some variability between the cut-offs within subgroups. 
Absolute changes in FeNO performed slightly better than 
relative changes (data not shown).

Table 1   Personal and clinical data according to pulmonary responder status

SIC specific inhalation challenge, ICS inhaled corticosteroids, HMW high-molecular weight allergens, LMW low-molecular weight allergens 
excluding isocyanates, FEV1 forced expiratory volume in one second, sRt specific airway resistance, FeNO fractional exhaled nitric oxide
*Only significant results are shown (p < 0.05); P–D positives versus doubtfuls, P–N positives versus negatives, D–N doubtfuls versus negatives

SIC result P values* Total (n = 148)

Positive (P) (n = 31) Doubtful (D) (n = 12) Negative (N) (n = 105)

Age: years [median (range)] 34 (20–58) 42 (27–74) 46 (20–64) P–N 0.01 43 (20–74)
Male gender: n (%) 25 (81) 10 (83) 59 (56) P–N 0.01 94 (64)
Atopy: n (%) 21 (68) 6 (55) 43 (41) P–N 0.01 70 (48)
Smoking habits
 Current smokers: n (%) 13 (42) 1 (8) 26 (25) P–D 0.04 40 (27)
 Non- or exsmokers: n (%) 18 (58) 11 (92) 79 (75) 108 (73)

Beginning of exposure to onset of symp-
toms: years [median (range)]

3 (0–27) 7 (0–50) 6 (0–49) P–D 0.01
P–N 0.04

5 (0–50)

End of exposure to diagnosis: years 
[median (range)]

0.5 (0–2.5) 0.9 (0–5.8) 0.5 (0–20) 0.5 (0–20)

ICS treatment: n (%) 13 (43) 8 (73) 51 (49) 72 (49)
Hyperresponsiveness: n (%) 23 (77) 7 (64) 42 (40) P–N < 0.001 72 (49)
Type of agent
 HMW: n (%) 10 (32) 3 (25) 16 (15) 29 (20)
 LMW: n (%) 10 (32) 4 (33) 29 (28) 43 (29)

Isocyanates: n (%) 11 (36) 5 (42) 60 (57) 76 (51)
Total IgE: kU/L [median (range)] 166 (2–1274) 110 (12–4506) 35 (2–5000) P–N < 0.001

D–N 0.04
53 (2–5000)

Specific allergen sensitization: n (%) 18 (58) 3 (25) 11 (11) P–D 0.05
P–N < 0.001

32 (22)

Type of reaction –
 Immediate: n (%) 3.25 (86) 11 (92) 36 (88)
 Late: n (%) 4 (14) 1 (8) 5 (12)

Baseline FEV1%pred [median (range)] 96 (67–118) 92 (71–128) 100 (66–133) 98 (66–133)
Max. fall in FEV1%Baseline [median 

(range)]
32 (19–74) 25 (9–32) – P–D 0.02 –

Time to max. fall of FEV1: min [median 
(range)]

20 (0–360) 0 (0–1440) – –

Baseline sRt: kPa s [median (range)] 0.9 (0.6–2.6) 0.8 (0.5–2.3) 0.7 (0.4–2.8) P–N 0.002 0.8 (0.4–2.8)
Max. increase of sRt: kPa s [median 

(range)]
2.3 (0–8.1) 1.2 (0–2.7) – P–D 0.009 –

Time to max. of sRt: min [median (range)] 10 (0–360) 0 (0–1440) – –
Baseline FeNO: ppb [median (range)] 23 (3–151) 19 (8–119) 14 (3–158) 15 (3–158)
FeNO post SIC: ppb [median (range)] 41 (5–156) 36 (9–156) 17 (6–193) D–N 0.02

P–N < 0.001
21 (5–193)
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Thir ty-two subjects presented an increase in FeNO ≥ 13 ppb, among them 16 pulmonary responders, 11 

Table 2   SIC results according to pulmonary responder status and type of agent

SIC procedure: aworkplace simulation (without air monitoring), binhaled nebulized solutions with defined allergen concentrations, cstandardized 
whole body exposures
SIC specific inhalation challenge; animal hair: cow and mouse, HMW high-molecular weight allergens, LMW low-molecular weight allergens 
excluding isocyanates, MMA methyl methacrylate, MDI diphenylmethane-4,4′-diisocyanate, NDI naphthylene-1,5-diisocyanate, HDI 1,6-hexam-
ethylene diisocyanate, IPDI isophorone diisocyanate, TDI toluene diisocyanate

Type of agent SIC result

Positive (n = 31) Doubtful (n = 12) Negative (n = 105) Total (n = 148)

HMW Amylaseb (n = 2)
Animal hairb (n = 2)
Mitesb (n = 2)
Moldsb (n = 2)
Wash nutb (n = 1)
Flourc (n = 1)

Latexa (n = 1)
Mitesb (n = 1)
Milk powderc (n = 1)

Flourc (n = 3)
Mitesb (n = 1)
Latexa (n = 1)
Pectinb (n = 1)
Feathersa (n = 1)
Milkb (n = 1)
Straw, graina (n = 2
Moldsb (n = 6)

Total (n = 10) Total (n = 3) Total (n = 16) (n = 29)
LMW Platinum saltb (n = 6)

Persulfate saltb (n = 1)
Cobalt powdera (n = 1)
Rhodium saltb (n = 1)
Hairdressing productsa (n = 1)

Platinum saltb (n = 2)
Hairdressing productsa (n = 1)
MMAc (n = 1)

Hairdressing productsa (n = 9)
Platinum saltb (n = 6)
Disinfectantsa (n = 5)
Persulfate saltb (n = 3)
MMAc (n = 1)
Cyanacrylatesc (n = 1)
Painta (n = 1)
Formaldehydec (n = 1)
Primer coatinga (n = 1)
Teflona (n = 1)

Total (n = 10) Total (n = 4) Total (n = 29) (n = 43)
Isocyanatesc MDI (n = 10)

NDI (n = 1)
MDI (n = 3)
HDI (n = 2)

MDI (n = 30)
HDI (n = 22)
IPDI (n = 4)
TDI (n = 3)
NDI (n = 1)

Total (n = 11) Total (n = 5) Total (n = 60) (n = 76)

Table 3   Cut-offs, sensitivities and specificities of the differences in FeNO concentrations before and after SIC with the pulmonary responder 
status as the gold standard in the whole group and after stratification for smoking, atopy and ICS treatment

Evaluation was performed using the cut-offs which were obtained by the maximum Youden Index and in addition with a fixed specificity of 0.9. 
Only subjects with positive and negative pulmonary responder status were considered (n = 136)
ROC receiver-operating characteristic, AUC​ area under the curve

Analysis Parameter Whole group Current smoking Atopy ICS treatment

Yes No Yes No Yes No

ROC curve: 
maximum 
Youden 
Index

AUC​
(95% CI)

0.71
(0.59–0.83)

0.77
(0.59–0.96)

0.66
(0.49–0.83)

0.60
(0.43–0.77)

0.9
(0.79-1.0)

0.78
(0.60–0.96)

0.68
(0.51–0.85)

Cut-off (opti-
mal)

10.5 ppb 7 ppb 27.5 ppb 16.5 ppb 12 ppb 12.5 ppb 10.5 ppb

Sensitivity 0.55 0.77 0.44 0.38 0.80 0.54 0.59
Specificity 0.88 0.89 0.95 0.91 0.92 0.98 0.82

Specificity: 0.9 Cut-off 13 ppb 12.5 ppb 13.5 ppb 16.5 ppb 10.5 ppb 9.5 ppb 27 ppb
Sensitivity 0.52 0.62 0.44 0.38 0.80 0.54 0.41
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nonresponders and 5 doubtfuls (Fig. 2). Not all pulmonary 
responders showed an increase of FeNO after SIC which 
explained the moderate sensitivities. However, the moder-
ate sensitivity was associated with a high specificity, thus 
a detailed analysis was performed in subjects with nega-
tive or doubtful SIC but with an increase of FeNO ≥ 13 ppb. 
Characteristics of the 17 subjects with doubtful or negative 
pulmonary responder status, but with significant increases of 
FeNO according to different cut-off criteria are presented in 
Table 4. Ten of them were classified subsequently positive, 
and 3 further subjects were rated as probable OA because 
further evidence for OA was available. Only four subjects 
had no further evidence for OA. Interestingly, the “false 
negative” pulmonary responders had been challenged with 
LMW agents or isocyanates, with one exception (flour). 
Among the four true negatives there was one subject with 
very high baseline FeNO (158 ppb), which increased by 
35 ppb, but there was no further evidence for OA. The over-
all rating of subjects with doubtful responder status without 
positive FeNO increases (n = 7) yielded 2 cases with prob-
able OA (data not shown).

Of the 15 pulmonary responders without a FeNO 
increase ≥ 13 ppb five subjects were challenged with LMW 
allergens (including isocyanates) and 10 subjects with HMW 
allergens (data not shown).

Baseline FeNO was moderately associated with total IgE 
(rs 0.254) and was higher in subjects with specific sensitiza-
tions (p = 0.006). However, there were neither correlations 
between baseline FeNO nor between FeNO increase and 
total IgE. Subjects with and without specific sensitizations 
to occupational allergens did not show significant differences 
of FeNO increase.

Regression analyses did not show relevant modifying fac-
tors for a FeNO increase of ≥ 13 ppb (Table 5), and similar 
results were obtained with the further cut-offs as dependent 
variables (data not shown).

Discussion

Recent reviews of diagnostic tests in occupational asthma 
stated that there are conflicting results concerning the use-
fulness of FeNO measurements before and after SIC (Van-
denplas et al. 2014) and that further studies are needed 
(Pralong and Cartier 2017). The major new finding of this 
study is that a combination of lung function and FeNO as 
outcomes of SIC minimizes false negative SIC results, and 
that increases of FeNO after SIC are highly predictive of 
OA, with a low number of false positive FeNO increases (in 
this study below 10%).

It is a strength of this study that additional informa-
tion like sputum analyses, measurements of bronchial 

Fig. 1   ROC-plot for the total group showing differences in FeNO 
concentrations before and after SIC with the pulmonary responder 
status as the gold standard. Only SIC positive and negative subjects 
were considered (n = 136). A cut-off of a FeNO increase ≥ 13  ppb 
resulted in a specificity of 0.9 (circle)

Fig. 2   Baseline and post SIC FeNO concentrations for all subjects 
(n = 148). Circles represent SIC positive (n = 31), triangles doubt-
ful (n = 12), and (filled) squares SIC negative subjects (n = 105). The 
dashed line shows the cut-off for a FeNO increase of 13  ppb. The 
numbers indicate subjects with an increase of FeNO in SIC negative 
and doubtful subjects (numbers correspond to Table 4)
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hyperresponsiveness or of FeNO during holidays or clinical 
longitudinal observations were available in some subjects, 
but it is a weakness that such information were not avail-
able for all subjects and that these subjects were selected. 
Thus, the resulting expert rating that was performed in this 
study may be criticized, but it is difficult to obtain a valid 
gold standard for OA. Repetitive SICs which have been per-
formed by others (Vandenplas et al. 2009) were not consid-
ered in our diagnostic repertoire. Although this study clearly 
shows an additional value of FeNO measurements for a cor-
rect diagnosis of OA, an estimation of the precise number of 
false negative SICs that can be avoided with the additional 
use of FeNO measurements should be made with caution. 
Also the increased number of such cases among subjects 
with OA due to isocyanates (in this study 7 out of the 10 
false negative SICs) has to be considered.

As already described in previous studies we have found 
a lack of FeNO increases after SIC in about half of the pul-
monary responders and a considerable number of FeNO 
increases among pulmonary nonresponders. Whereas the 
former is unequivocal (Barbinova and Baur 2006; Piipari 
et al. 2002) the latter has not been found consistently (Pii-
pari et al. 2002; Pedrosa et al. 2012), is poorly understood 
(Barbinova and Baur 2006), or is not addressed specifically 
(Lemiere et al. 2014; Sastre et al. 2013; Walters et al. 2014). 
Single cases without an asthmatic reaction, but an increase 
of sputum eosinophils after SIC with various allergens have 
been described earlier. These subjects were thought to suffer 
from eosinophilic bronchitis (Barranco et al. 2008; Lemiere 
et al. 1997; Quirce 2004). Also in the present study, such 
cases with negative functional response, but increases of 
FeNO or sputum eosinophils were observed. However, it was 
difficult to separate false negative SICs in subjects with OA 

from subjects with possible eosinophilic bronchitis. Also 
false positive increases of eosinophils have to be considered. 
Overall, we consider the number of cases with eosinophilic 
bronchitis in this study as low.

Several recommendations have been made concerning 
the definition of a significant increase of FeNO. In a recent 
study with a high number of study subjects, an increase of 
17.5 ppb was considered optimal after analyses of ROC 
curves (Lemiere et al. 2014). Stratification according to 
smoking, atopy and ICS treatment resulted in variable cut-
offs which were somewhat arbitrary due to the shapes of 
the ROC curves. As these modifiers had also no significant 
effects in multivariate analyses, we decided to use one cut-
off for the whole group. Since the optimal cut-off in the 
whole group which was determined by maximum Youden 
Index resulted in a specificity of 0.88, we chose a cut-off at 
a fixed specificity of 0.9 (≥ 13 ppb). The results with this 
cut-off were comparable with those of the cut-off of 17.5 ppb 
proposed recently by others (Lemiere et al. 2014), however, 
with the lower cut-off of 13 ppb we detected 4 additional 
subjects, among them one subject with definite and two 
subjects with probable OA according to expert rating. The 
cut-off used in this study is also very close to further recom-
mendations (Piipari et al. 2002; Pedrosa et al. 2012).

Further strengths of this study are the high number of 
subjects and the widespread spectrum of allergens. Unfor-
tunately, the number of positive SIC with HMW substances 
was underrepresented in the present study. This is a conse-
quence of selection and also due to the fact that SIC were 
rarely performed in subjects with unequivocal sensitization 
and a history suggestive of OA.

Previous studies assigned subjects to a positive or a neg-
ative SIC. In the present study, we included a “doubtful” 

Table 5   Factors associated with 
a change in FeNO ≥ 13 ppb after 
SIC

SIC specific inhalation challenge, FEV1 forced expiratory volume in 1 s, ICS inhaled corticosteroids, LMW 
allergens low-molecular weight allergens excluding isocyanates, HMW allergens high-molecular weight 
allergens

Δ FeNO < 13 ppb Δ FeNO ≥ 13 ppb OR (95% CI) P value

Female 42 12 Reference
Male 66 20 0.69 (0.26–1.87) 0.47
Type of allergen: LMW 30 11 Reference
Type of allergen: HMW 23 1 0.11 (0.01–1.08) 0.058
Type of allergen: isocyanates 55 20 1.63 (0.58–4.63) 0.36
Nonsmoking 48 18 Reference
Smoking 27 10 1.25 (0.45–3.45) 0.67
Ex smoking 33 4 0.42 (0.12–1.51) 0.19
No atopy 60 15 Reference
Atopy 48 17 1.86 (0.75–4.64) 0.18
No ICS treatment 51 21 Reference
ICS treatment 57 11 0.53 (0.22–1.30) 0.17
Baseline FeNO 1.02 (1.0–1.03) 0.08
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group. Doubtfuls were subjects with non-matching results 
of spirometry and body plethysmography which is used fre-
quently in Germany due to its advantages of lower impor-
tance of the subjects’ cooperation and no need of deep inha-
lations and forced expirations that may be difficult to obtain 
after pronounced asthmatic reactions. Although the number 
of doubtful tests was low, it is of interest that five of 12 
doubtful tests obtained a final positive overall rating, all with 
a FeNO increases ≥ 13 ppb. Thus, FeNO measurements are 
of particular value if lung function does not allow a valid 
interpretation of SIC, if SIC are near-positive, or if SIC were 
not completed due to, e.g. hyperventilation.

In the present study no modifiers of a FeNO increase 
could be detected. Whereas it is clear that baseline FeNO is 
lower in smokers and higher in atopics, this is less clear for 
the increase of FeNO after SIC. Only few studies examined 
effect modifiers by regression analyses, and descriptive anal-
yses were often performed in a low number of subjects, thus 
the statistical power to detect significant modifiers remains 
low. However, it was not the primary aim of this study to 
identify modifiers. A recent study which addressed this ques-
tion concluded that the only modifier was the type of agent, 
HMW substances inducing an increase of FeNO more con-
sistently than LMW substances (Lemiere et al. 2014). In the 
present study, the type of agent was not a significant modi-
fier, but this finding is limited by the low number of positive 
SICs with HMW substances in this study.

Interestingly, baseline FeNO was higher in subjects with 
specific sensitizations to occupational allergens, but FeNO 
increase was not. The latter can be explained by the high 
number of subjects with isocyanate asthma who did not 
show sensitization by SPT or in vitro tests, but demonstrated 
FeNO increases in many cases. Also FeNO increase was not 
correlated with ‘markers’ of allergy like total IgE, but the 
low number of subjects with FeNO increase limits further 
interpretation.

Overall, the present study strongly supports the recom-
mendation to include FeNO measurements before and after 
SIC as a further important tool in the diagnosis of OA. We 
consider the high specificity of a FeNO increase in line 
with previous studies, but—to our knowledge—none of 
these studies took a closer look on subjects with doubtful or 
negative SIC defined by lung function criteria. As sensitiv-
ity of FeNO measurements is low, it should not be used as a 
single tool, but be combined with lung function. There are 
few comparative studies of FeNO with further noninvasive 
parameters, but the assessment of induced sputum eosino-
phils has been reported to be superior to FeNO measure-
ments (Lemiere 2007). Considering the high specificity of a 
FeNO increase in this study it is recommended to reproduce 
this finding and to study whether sputum analyses or meas-
urements of bronchial hyperresponsiveness before and after 
SIC add relevant information.
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