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Abstract
Purpose  Increases of fractional exhaled nitric oxide (FeNO), sputum eosinophils, and methacholine responsiveness have 
been described after specific inhalation challenges (SIC) with occupational allergens, but limited information is available 
about their comparative performance. It was the aim of the study to assess the diagnostic accuracy of these non-invasive 
tests before and after SIC for the diagnosis of occupational asthma (OA).
Methods  A total of 122 subjects with work-related shortness of breath were included. The ‘gold standard’ was defined as 
airway obstruction (pulmonary responders) and/or an increase of FeNO of at least 13 ppb after SIC. The results were com-
pared with those obtained using the pulmonary responder status alone as ‘gold standard’.
Results  If the pulmonary responder status and/or an increase of FeNO was used as ‘gold standard’ for SIC, 28 out of 39 
positives (72%), but also 20 out of 83 negatives (24%) showed an increase of sputum eosinophils and/or bronchial hyper-
responsiveness after SIC. If the pulmonary responder status alone was used as ‘gold standard’, an increase of FeNO with 
a sensitivity of 0.57 and a specificity of 0.82 showed a higher accuracy than increases of sputum eosinophils (0.52/0.75) 
or bronchial hyperresponsiveness (0.43/0.87). Individual case analyses suggest that a few cases of OA may be detected by 
increases of sputum eosinophils or bronchial hyperresponsiveness alone, but probably false-positive tests dominate.
Conclusion  It is recommended to use both lung function and increase of FeNO as primary effect parameters of SIC. Changes 
of sputum eosinophils and bronchial hyperresponsiveness after SIC have a low additional diagnostic value, but may be use-
ful in individual cases.

Keywords  Occupational asthma · Fractional exhaled nitric oxide · Specific inhalation challenge · Sputum eosinophils · 
Bronchial hyperresponsiveness

Introduction

Specific inhalation challenges (SIC) with occupational 
agents in the laboratory are still considered as the ‘gold 
standard’ for diagnosing occupational asthma (OA) (Van-
denplas et  al. 2017). Historically, effect parameters of 
SIC are symptoms and lung function, i.e., spirometry in 
most countries. It is well known that both false-negative 
and false-positive tests may occur, but, due to the lack of 

an alternative ‘gold standard’, the number of such tests 
is difficult to assess (Vandenplas et al. 2014). It has been 
reported that non-invasive methods like serial measurements 
of fractional exhaled nitric oxide (FeNO), sputum eosino-
phils, and bronchial hyperresponsiveness before and after 
SIC may increase the diagnostic accuracy (Quirce et al. 
2010). Possibly due to its easy measurement, the most fre-
quently used non-invasive tool is the assessment of FeNO 
before and after SIC. Two studies reported high specificity 
of FeNO with low sensitivity, but, in a combined overall 
diagnostic approach, sensitivity of SIC could be increased 
(Sastre et al. 2013; Engel et al. 2018). Similar results were 
obtained with measurements of sputum eosinophils (Van-
denplas et al. 2009) and bronchial hyperresponsiveness 
before and after SIC (Vandenplas et al. 1996; Sastre et al. 
2003). Comparative studies are sparse: with the pulmonary 
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responder status as ‘gold standard’ sputum eosinophils 
demonstrated higher sensitivity and positive predictive 
value than FeNO with similar specificity and negative pre-
dictive value (Lemière et al. 2010). Recently, it was shown 
that the change in sputum eosinophils yielded a higher 
diagnostic accuracy compared to changes in methacho-
line responsiveness, but a combination of both parameters  
achieved a sensitivity of 0.84 and a specificity of 0.74 for the 
diagnosis of OA (Racine et al. 2017). In this study, we used 
two different ‘gold standards’. As shown recently, FeNO 
measurements before and after SIC increase sensitivity of 
SIC considerably without relevant loss of specificity (Engel 
et al. 2018). Due to its simple and objective measurement, 
we used the pulmonary responder status (assessed by lung 
function) and/or an increase of FeNO as ‘gold standard’ in a 
combined approach (primary ‘gold standard’) and evaluated 
the additional value of measurements of sputum eosinophils 
and methacholine testing, which are more cumbersome to 
perform. In addition, we used pulmonary responder status 
alone as secondary ‘gold standard’.

Methods

Subjects and study design

All subjects with suspected OA referred to our outpatient 
clinic by the accident insurances or courts who underwent 
SIC from 2006 to 2016 and agreed to participate were 
included. Twenty subjects without sputum results were 
excluded; the remaining 122 subjects were included in the 
analyses. Of these 122 subjects, 13 did not undergo two 
methacholine challenges due to technical or personal rea-
sons. There were no further missing values. The investiga-
tions were performed on 3 consecutive days as described 
previously (Engel et al. 2018). Briefly, during the first day 
(control day), the subjects underwent baseline examinations 
including skin prick testing (SPT) and methacholine testing 
as well as repeated pulmonary function tests to document a 
stable respiratory status. On the second day, SIC with the 
suspected allergen were performed. FeNO measurements 
and sputum induction with saline were performed directly 
before and 24 h after SIC, and methacholine testing was 
repeated 24 h after SIC. Figure 1 illustrates the sequence 
of examinations. Out of the 122 subjects investigated in the 
present study, 97 subjects had already been included in a 
recent study which examined the use of FeNO measurements 
only (Engel et al. 2018). The Ethics Committee of the Ruhr 
University Bochum gave approval to perform the study and 
all subjects gave informed consent.

Procedures

Subjects answered a questionnaire about personal data, 
smoking habits (current cigarette smoking or not), medi-
cal history, and exposures at work. The temporal context 
of asthma symptoms was described by latency, defined 
as time between the beginning of exposure to the onset 
of asthma symptoms and by time without exposure to 
diagnosis.

Spirometry and body plethysmography were performed 
as described earlier (Miller et al. 2005; Wanger et al. 2005) 
with MasterLab (CareFusion, Würzburg, Germany). Refer-
ence values for spirometry of the European Community for 
Steel and Coal (ECSC) were chosen (Quanjer et al. 1993).

Methacholine testing was performed as previously 
described with a reservoir method (Merget et al. 2005), 
whereat bronchial hyperresponsiveness was assumed if 
FEV1 decreased ≥ 20% from baseline (PD20FEV1) and/or 
sRt doubled and increased to ≥ 2 kPa s (PD100sRt+) with a 
cumulative dose of ≤ 300 µg methacholine.

All subjects underwent SPT with a battery of 20 envi-
ronmental allergens from various manufacturers, and if 
available, allergen-specific sensitizations were tested by 
SPT with the suspected occupational allergen. Atopy was 
defined by a positive SPT (wheal ≥ 3 mm) with any envi-
ronmental allergen. Specific allergen sensitization was 
defined by a positive SPT and/or a positive ImmunoCAP 
(≥ 0.35 kU/L; ThermoFisher Scientific Inc, Uppsala, Swe-
den) with the suspected occupational allergen.

Induced sputum was collected after inhalation of iso-
tonic (0.9%) saline aerosol, generated by an ultrasonic 

Day 1 Day 2 Day 3

Questionnaire 
Physical examination 

Blood collection 
Electrocardiogram 

Lung function 

Lung function 
MCH-Testing 

SPT

Control* 

Lung function 

FeNO
Lung function

Sputum

SIC 

Lung function**

FeNO
Lung function

Sputum
MCH-Testing 

Fig. 1   Schematic flowchart for sequence of examinations of perform-
ing specific inhalation challenges. *Inhalation with control substance 
for SIC with particulate substances; **Follow-up to 4 h post-SIC
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nebulizer (Pari Boy, PARI GmbH, Starnberg, Germany) 
for six times 5  min (Bacci et  al. 1996), processed as 
described earlier (Raulf-Heimsoth et al. 2011; Raulf et al. 
2015), and total cell count and differential cytology were 
assessed. Absolute numbers and percentages of eosino-
phils and neutrophils were used for analyses.

Due to the great number of different allergens, the meth-
ods of allergen application were manifold (Engel et  al. 
2018). SIC were evaluated by spirometry, body plethysmo
graphy, and FeNO increase (measured with NIOX MINO®, 
Aerocrine, Solna, Sweden, according to the international 
recommendations (American Thoracic Society et al. 2005)). 
Asthma medication (steroids and/or bronchodilators) was 
interrupted for at least 12 h prior to methacholine testing 
and 36 h to SIC. Multiple step protocols with at least four 
steps of doubling or quadrupling doses were used for SIC 
whereby the minimum and maximum doses differed depend-
ing on the allergen. Allergens are presented in the appen-
dix. Spirometry and body plethysmography were performed 
before and after each step as well as until 4 h after the end 
of SIC (follow-up). Pulmonary responders were defined as 
subjects with a decrease of FEV1 ≥ 20% from baseline and 
doubling of sRt with an increase to ≥ 2 kPa s, the remainders 
as pulmonary nonresponders. A positive reaction beginning 
during the exposure or during the first 60 min after the end 
of SIC was defined as immediate reaction whereby a late 
reaction was classified as positive reaction that started later 
than 60 min after the end of exposure.

For FeNO increase during SIC, a cut-off of ≥ 13 ppb has 
been described to be highly predictive of OA in a recent 
study (Engel et al. 2018). Thus, in the present study, a FeNO 
increase ≥ 13 ppb was used as additional positivity crite-
rion. Pulmonary responders and nonresponders with a FeNO 
increase ≥ 13 ppb were defined as SIC positive (group A). 
If no criterion (neither pulmonary response nor a FeNO 
increase ≥ 13 ppb) was fulfilled SIC was assigned negative 
(groups B and C). Subjects with negative SIC but increase 
of bronchial hyperresponsiveness and/or sputum eosino-
phils were assigned to group B, those subjects without any 
changes after SIC to group C (Fig. 2). Subjects of group 
B and subjects of group C with sensitizations to occupa-
tional allergens were evaluated individually by an overall 
expert rating taking into account all available information 
and examinations like specific allergen sensitization, serial 
FeNO measurements at work and at home, near positive 
SIC reactions, or improvement of symptoms after exposure 
cessation.

Statistical analyses

Whereas pulmonary responder status and FeNO defined the 
(primary) ‘gold standard’, changes in sputum eosinophils 
and bronchial hyperresponsiveness were chosen as effect 

parameters. Between-group differences were analyzed by 
Mann–Whitney U test for continuous variables and by Chi-
square test for categorical variables whereby they were con-
sidered significant at a p value of ≤ 0.05. Changes in FeNO 
(Δ FeNO) and sputum eosinophils (Δ sputum eosinophils) 
from before to after SIC were calculated by subtracting the 
value before SIC from the value after SIC. A receiver-oper-
ating characteristic (ROC) curve was built and the maximum 
Youden Index (sensitivity + specificity − 1) was calculated 
to determine the optimal cut-off for a significant increase 
in sputum eosinophils. To define the discriminatory ability 
of Δ sputum eosinophils the area under the curve (AUC) 
was determined. A significant increase of bronchial hyper-
responsiveness was assumed if the ratio of PD20FEV1 before 
SIC/PD20FEV1 after SIC was ≥ 2. In subjects who did not 
show a significant reaction in methacholine testing before 
SIC but after SIC, PD20FEV1 before SIC was presumed 
500 µg and the ratio of PD20FEV1 before SIC/PD20FEV1 
after SIC was calculated. If bronchial hyperresponsiveness 
after SIC was not measured due to airway obstruction or 
medication (n = 4), we assumed an increase of bronchial 

n = 83

without
further
criteria
(n = 63)

∆BHR≥ 2
(n = 5)

SIC-Negatives*

∆eosinophils ≥ 3%
+∆BHR ≥ 2

(n = 1) 

∆eosinophils
≥ 3%

(n = 14)

n = 39

Pulmonary
nonresponders
+∆FeNO≥ 13 ppb

(n = 18)

Pulmonary
responders

(n = 21)

SIC-Positives
(Group A)

∆FeNO≥ 13 ppb
(n = 12)

Group B Group C

Fig. 2   Group assignment considering significant changes in FeNO, 
bronchial hyperresponsiveness, and sputum eosinophils. *SIC nega-
tives were defined as pulmonary nonresponders without FeNO 
increase ≥ 13 ppb
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hyperresponsiveness. The statistical analyses were done with 
the software SAS, version 9.4 (SAS Institute Inc., Cary, NC, 
USA).

Results

Eighty-three of the 122 subjects (68%) did not show a sig-
nificant change of pulmonary function and/or FeNO during 
SIC (SIC negatives, Table 1; groups B and C). Thirty-nine 
subjects (32%) were considered SIC positives (group A); 
among them, 21 pulmonary responders (12 of them with 
an increase of FeNO ≥ 13 ppb) and 18 pulmonary nonre-
sponders with a FeNO increase ≥ 13 ppb (Table 1, Fig. 2). 
SIC positives were younger (p = 0.04), showed higher total 
IgE (p = 0.001), a higher rate of atopy (p = 0.02), and spe-
cific allergen sensitization (p = 0.002) than SIC negatives 
(groups B and C). Post-SIC sputum eosinophils as well as 
the increases of sputum eosinophils and of bronchial hyper-
responsiveness after SIC were significantly higher in SIC 
positives (p < 0.001).

To determine the diagnostic accuracy of sputum eosino-
phils, an ROC curve was built and the area under the curve 
(AUC) was calculated with 0.72 [95% confidence interval 
(CI) 0.6–0.8]. Youden Index was generated and proposed a 
change of eosinophils in sputum after SIC of at least 3% as 
optimal cut-off with a sensitivity of 0.51 and a specificity 
of 0.87 (Fig. 3).

Among the 39 SIC positives, 15 subjects (38%) showed 
an increase of sputum eosinophils without an increase of 
bronchial hyperresponsiveness. Seven SIC positives (18%) 
demonstrated an increase of bronchial hyperresponsiveness 
alone and further 6 (15%) showed significant changes of 
both criteria after SIC. Out of the 83 SIC negatives, 20 sub-
jects (24%) demonstrated significant increases of sputum 
eosinophils and/or bronchial hyperresponsiveness (Table 1, 
group B). In detail: 14 subjects (17%) showed an increase 
of sputum eosinophils alone, 5 subjects (6%) of bronchial 
hyperresponsiveness alone, and 1 subject (1%) showed sig-
nificant changes of both criteria after SIC (Fig. 2; Table 2). 
Allergens which induced significant changes of eosinophil 
counts or bronchial hyperresponsiveness were manifold with 
a preponderance of low-molecular-weight (LMW) allergens. 
This result represents roughly the allergen distribution in 
our whole-study population (Table 1; a list of allergens is 
presented in the appendix). Out of the 20 subjects of group 
B, overall expert rating resulted in a diagnosis of OA in 
only one subject (Table 2). Seven subjects (35%) were rated 
doubtful; in these cases, a clear decision was impossible. 
Three subjects showed a positive result in specific allergen 
sensitization. One of them received a positive overall rating 
and two were rated doubtful. Overall, OA was considered as 
possible diagnosis in 8 of the 83 pulmonary nonresponders 

without increases of FeNO ≥ 13 ppb after SIC, this repre-
sents a possible false-negative classification of about 10%.

To evaluate whether subjects of group B show dis-
tinct phenotypes we compared them with groups A and 
C (Table 1). Subjects of group B were older (p = 0.012), 
showed lower total IgE (p = 0.013), lower baseline FeNO 
values (p = 0.045), and higher sputum neutrophil counts 24 h 
after SIC (13.5% vs. 37.5% (median), p = 0.049) than group 
A. Although not significant, group B had fewer atopics, 
more non-smokers, less specific sensitizations, and higher 
baseline neutrophil values than group A. Subjects of group B 
also showed significantly higher sputum neutrophil numbers 
after SIC (37.5% vs. 12.5% (median), p = 0.009) than those 
of group C. However, group B did not show significant dif-
ferences in neutrophil increase compared to either groups A 
or C (Table 1).

Six of the seven SIC negative subjects with specific sensi-
tizations to occupational allergens were considered doubtful 
or probable OA, among them three subjects with increases 
of sputum eosinophils.

Table 3 demonstrates a summary of sensitivities, specifi-
cities, and predictive values of sputum eosinophil counts and 
bronchial hyperresponsiveness separately and in combina-
tion as additional tools to the reference parameters for diag-
nosing OA. A change of sputum eosinophils ≥ 3% showed 
a sensitivity of 0.51 and specificity of 0.86, whereas the 
increase of bronchial hyperresponsiveness showed a clearly 
lower sensitivity (0.38) with similar specificity (0.92). If 
lung function criteria alone were used as ‘gold standard’, the 
diagnostic accuracy of increases of FeNO was slightly supe-
rior to increases of sputum eosinophil counts and bronchial 
hyperresponsiveness for diagnosing OA. A combination of 
these parameters improves specificity, but is accompanied 
by a substantial loss of sensitivity.

Discussion

Studies with the aim to compare efficiencies of various diag-
nostic tests need a valid ‘gold standard’. Most previous stud-
ies about the accuracy of non-invasive tests like increases of 
FeNO, sputum eosinophils, and bronchial hyperresponsive-
ness for the diagnosis of OA used lung function, i.e., the 
pulmonary responder status as ‘gold standard’, although it is 
well known that false-positive and false-negative tests occur 
(Vandenplas et al. 2014). There are a few studies which used 
the results of repetitive SICs as ‘gold standard’: Whereas 
two studies represent case series with a few additional cases 
of OA that were detected only after repetitive SICs (Vanden-
plas et al. 1996; Sastre et al. 2003), one larger study of 68 
subjects showed that an increase of sputum eosinophils > 3% 
had a sensitivity of 0.67 and a specificity of 0.97 (Vanden
plas et al. 2009). Although the number of subjects who were 
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Table 1   Personal and clinical data

ICS inhaled corticosteroids, HMW high molecular weight, LMW low molecular weight, FEV1 forced expiratory volume in one second, sRt spe-
cific airway resistance, FeNO fractional exhaled nitric oxide, Δ FeNO difference in FeNO values after minus before specific inhalation challenge, 
Δ sputum eosinophils difference in sputum eosinophil counts after minus before specific inhalation challenge, increase of bronchial hyperrespon-
siveness ratio PD20FEV1 before/after SIC ≥ 2, ns not significant
a SIC positives: pulmonary response (FEV1 decrease ≥ 20% and sRt increase ≥ 100% to ≥ 2 kPa s) and/or Δ FeNO ≥ 13 ppb
b Negative SIC but significant increases of sputum eosinophils and/or bronchial hyperresponsiveness (subjects shown in detail in Table 2)
c Negative SIC without significant increases of sputum eosinophils and/or bronchial hyperresponsiveness
d nd: calculation of p value was not done, because parameters were used for group assignment
$ Only significant results are shown (p < 0.05)

SIC positives (n = 39) SIC negatives (n = 83)

Group Aa (n = 39) Group Bb (n = 20) Group Cc (n = 63) p value$ Total (n = 122)

Age: years [median (range)] 42 (20–61) 53 (20–63) 47 (22–69) AB:0.012 47 (20–69)
Male gender: n (%) 26 (67) 12 (60) 41 (65) ns 79 (65)
Atopy: n (%) 23 (59) 7 (37) 22 (37) AC:0.029 52 (44)
Current smokers: n (%) 11 (28) 2 (10) 14 (22) ns 27 (22)
Never- or ex-smokers: n (%) 28 (72) 18 (90) 49 (78) 95 (78)
Beginning of exposure to onset of symptoms: 

years [median (range)]
4 (0–41) 1.8 (0–28) 6 (0–42) ns 4 (0–42)

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

0.5 (0–2) 0.9 (0–6) 0.75 (0–15) ns 0.75 (0–15)

ICS treatment: n (%) 14 (37) 11 (55) 35 (57) ns 60 (50)
HMW allergens: n (%) 9 (23) 4 (20) 6 (10) ns 19 (16)
LMW allergens: n (%) 30 (77) 16 (80) 57 (90) 103 (84)
Total IgE: kU/L [median (range)] 106 (4–1274) 24 (5–536) 24 (2–5000) AB:0.013

AC:0.02
40 (2–5000)

Specific allergen sensitization: n (%) 13 (33) 3 (16) 4 (7) AC:0.001 20 (16)
Pulmonary responders: n (%) 21 (54) 0 0 ndd 21 (17)
Immediate reaction: n (%) 15 (38) 0 0 ndd 15 (12)
Late reaction: n (%) 4 (10) 0 0 4 (3)
Baseline FEV1: %pred [median (range)] 100 (67–128) 103 (81–133) 97 (64–127) ns 99 (64–133)
Baseline sRt: kPa s [median (range)] 0.9 (0.4–2.6) 0.8 (0.4–2.4) 0.8 (0.1–2.8) ns 0.8 (0.1–2.8)
Baseline bronchial hyperresponsiveness: n (%) 20 (54) 6 (30) 29 (47) ns 55 (46)
Increase of bronchial hyperresponsiveness: n 

(%)
13 (38) 6 (35) 0 ndd 19 (17)

Baseline FeNO: ppb [median (range)] 24 (3–151) 14 (6–97) 14 (5–119) AB:0.045
AC:0.01

15 (3–151)

Post-SIC FeNO: ppb [median (range)] 54 (6–156) 15 (9–83) 16 (6–126) AB: < 0.001
AC: < 0.001

20 (6–156)

Δ FeNO: ppb [median (range)] 19 (− 42–127) 2.5 (− 14–8) 1 (− 12–10) AB: < 0.001
AC: < 0.001

3.5 (− 42–127)

Δ FeNO ≥ 13 ppb: n (%) 30 (76.9) 0 0 ndd 30 (24.6)
Baseline sputum eosinophils: % [median 

(range)]
1 (0–23) 0.25 (0–6.5) 0.5 (0–29) ns 0.5 (0–29)

Post-SIC sputum eosinophils: % [median 
(range)]

5.5 (0–47.5) 4.7 (0–11.5) 0.5 (0–16.5) AC: < 0.001
BC: < 0.001

1.5 (0–47.5)

Δ Sputum eosinophils: % [median (range)] 3.3 (− 3.5–47.5) 4.4 (0–10) 0.0 (− 20.5–2.5) AC: < 0.001
BC: < 0.001

0.0 (− 20.5–47.5)

Δ Sputum eosinophils ≥ 3%: n (%) 21 (53.8) 15 (75) 0 ndd 36 (29.5)
Baseline sputum neutrophils: % [median 

(range)]
14.5 (0–76.5) 27.5 (0–82.7) 18.5 (0–78) ns 17.8 (0–82.7)

Post-SIC sputum neutrophils: % [median 
(range)]

13.5 (0–59.5) 37.5 (0–69.5) 12.5 (0–72.5) AB:0.049
BC:0.009

14 (0–72.5)

Δ Sputum neutrophils: % [median (range)] 0 (− 34–54) 1 (− 22–70) − 1.5 (− 78–67) ns − 0.5 (− 78–70)
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detected with a positive SIC only after subsequent testing 
was low (n = 6), it is clear from that study that specificity of 
eosinophil increases should be rather high. This finding was 
more or less corroborated in the present study with specifici-
ties of 0.75 and 0.87 with both ‘gold standards’.

In this study, we used a combination of pulmonary 
responder status and/or an increase of FeNO as ‘gold stand-
ard’. This approach was stipulated by a previous study that 
showed that an increase of FeNO is highly predictive of OA 
and minimizes the number of false-negative SIC results 
(Engel et al. 2018). The number of false-positive increases 
of FeNO was very low (3 out of 117 (2.6%) negative or 
doubtful SICs). Here, an overall expert rating was used as 
the ‘gold standard’. Thus, the true number of false-positive 
FeNO increases is actually not known, but should be very 
low. Although the performances of the three non-invasive 
tools were similar in this study, we included FeNO meas-
urements in the ‘gold standard’ for SIC evaluation, because 
FeNO is easy to perform and well standardized.

Sputum eosinophil counts have been reported to perform 
better to predict OA than FeNO (Lemière et al. 2010). This 
result could not be corroborated in this study: the test effi-
ciency of FeNO was slightly higher than of increases of spu-
tum eosinophils or bronchial hyperresponsiveness if the pul-
monary responder status alone was used as ‘gold standard’.

It is a major result of this study that 20 out of 83 (24%) 
pulmonary nonresponders without an increase of FeNO 

showed either an increase in sputum eosinophils or bron-
chial hyperresponsiveness. In one case (No 1 in Table 2), it 
is probable that the inhaled allergen dose was too low, but 
additional seven subjects (8%) who were considered doubt-
ful indicate that OA may be suspected in spite of a pulmo-
nary nonresponder status and a lack of a FeNO increase. It 
should be noted that the differences of performance between 
increases of FeNO and sputum eosinophils were minor in 
the present study, but, due to its much easier measurement, 
FeNO is the preferable parameter. We consider this finding 
compatible with the previous studies.

It is of importance how a significant increase of the 
parameters is defined. In the present study, we used an 
increase of FeNO of ≥ 13 ppb as cut-off, which has been 
established in a recent study (Engel et al. 2018), and is 
almost identical with a cut-off proposed by others (Lemi-
ère et al. 2014). The cut-off for sputum eosinophil increase 
of 3% was assessed by ROC plot and fitted well with the 
previous recommendations (Vandenplas et al. 2009). For 
bronchial hyperresponsiveness, we used a somewhat arbi-
trary cut-off (i.e., doubling of the provocation dose for a 
significant change in lung function), but this was due to the 
lacking data in the literature concerning the combined use of 
spirometry and body plethysmography (which we used for 
high specificity). The finding that sensitivities were rather 
low for all parameters irrespective of the reference is a fur-
ther indicator that the choice of the cut-off for each param-
eter is not a relevant confounder of the overall results and 
the conclusions of this study.

In this study, SIC positives as defined by the primary 
‘gold standard’ were younger, showed higher total IgE, a 
higher rate of atopy, and specific allergen sensitization. This 
finding might be due to selection, but we consider atopy, 
specific sensitization, and elevated baseline FeNO as plausi-
ble predictors of a positive SIC. Whereas atopy and baseline 
FeNO cannot be used as diagnostic tools due to low speci-
ficity, specific sensitization should have a high predictive 
value for a positive SIC. Actually, six of the seven SIC neg-
ative subjects with specific sensitizations were considered 
doubtful or probable OA; among them, three subjects with 
increases of sputum eosinophils. This indicates that sputum 
eosinophils may be more sensitive than FeNO in a few cases.

Also the fact that SIC negative subjects who showed 
increases of sputum eosinophils or bronchial hyperrespon-
siveness were younger and had higher total IgE-factors 
which were associated with positive SIC-indicates that the 
primary ‘gold standard’ was not ideal, and that increases of 
sputum eosinophils or bronchial hyperresponsiveness may 
be predictive of OA in individual cases if lung function or 
FeNO are negative.

Subjects with OA showed neither increased numbers 
of baseline neutrophils nor increased neutrophil numbers 
after SIC. Whereas SIC did not affect neutrophil numbers, 
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neutrophils at baseline as well as after SIC were higher in 
group B. This might be indicative of (chronic) neutrophilic 
bronchitis. The question whether increases of eosinophils or 
hyperresponsiveness after SIC occur more often in subjects 
with neutrophilic bronchitis or whether there is a distinct 
phenotype of OA cannot be answered with the available 
data. As SICs were performed only with substances of defi-
nite or possible immunologic mechanism, we cannot answer 
the question whether non-immunologic reactions may be 
accompanied by changes of non-invasive parameters. Inter-
estingly, SICs with disinfectants, hairdressing substances, or 
sodium sulphite did not show any such changes.

It is a strength of this study that a high number of subjects 
were included who completed all tests with a wide variety of 
different allergens. Thus, selection due to missing data and 
confounding due to testing with selected allergens is con-
sidered minor. Differences between this study and previous 
results with respect to the diagnostic accuracy of FeNO and 
sputum eosinophils (Lemière et al. 2010) are also considered 
minor and may be explained by differences in sputum col-
lection or subject selection.

Medication was withheld from the first day onwards to 
obtain similar exposure conditions of the subjects. This 
might have made the patients more susceptible and, thus, 
might have facilitated false-positive SICs. This cannot be 
excluded in view of the rather high percentage of pulmo-
nary responders without any change of the non-invasive 
parameters, but we consider this less likely due to a lack of 
an increase of bronchial hyperresponsiveness in most pul-
monary nonresponders. Also repetitive sputum induction 
before SIC and 24 h afterwards is not considered to affect 
reactions, because, in contrast to many other researchers, we 

used no hypertonic saline for sputum induction. Here, again, 
no change of the non-invasive parameters was seen in most 
pulmonary nonresponders.

In summary, this study corroborates the previous results 
that serial measurements of non-invasive parameters like 
FeNO, sputum eosinophils, or bronchial hyperresponsive-
ness may increase the accuracy for diagnosing OA. Although 
each of these parameters yields similar results, FeNO is 
less cumbersome to perform and thus should be preferred. 
Increases of sputum eosinophil counts and bronchial hyper-
responsiveness without lung functional response and/or 
FeNO increase may indicate OA in a few cases.
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Table 3   Sensitivities, specificities, and predictive values of different criteria according to different ‘gold standards’ for positive SIC

Δ sputum eosinophils difference of sputum eosinophils after minus before SIC ≥ 3%, Δ bronchial hyperresponsiveness PD20FEV1 before/after 
SIC ≥ 2, Δ FeNO difference of FeNO after minus before SIC ≥ 13 ppb

Criterion/criteria Sensitivity Specificity Positive  
predictive  
value

Negative 
predictive 
value

Primary ‘gold standard’ for positive SIC: lung function criteria (sRt and FEV1) and/or increase of FeNO ≥ 13 ppb
 Δ Sputum eosinophils 0.51 0.86 0.64 0.79
 Δ bronchial hyperresponsiveness 0.38 0.92 0.68 0.76
 Δ Sputum eosinophils and Δ bronchial hyperresponsiveness 0.17 0.98 0.85 0.72

Secondary ‘gold standard’ for positive SIC: lung function criteria (sRt and FEV1) only
 Δ Sputum eosinophils 0.52 0.75 0.30 0.88
 Δ Bronchial hyperresponsiveness 0.43 0.87 0.36 0.90
 Δ FeNO 0.57 0.82 0.40 0.90
 Δ Sputum eosinophils and Δ bronchial hyperresponsiveness 0.18 0.95 0.42 0.87
 Δ FeNO and Δ sputum eosinophils 0.33 0.90 0.41 0.86
 Δ FeNO and Δ bronchial hyperresponsiveness 0.25 0.93 0.40 0.87
 Δ FeNO and Δ sputum eosinophils and Δ bronchial hyperrespon-

siveness
0.12 0.96 0.40 0.86
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the institutional and national research committee and with the 1964 
Helsinki declaration and its later amendments or comparable ethical 
standards. Informed consent was obtained from all participants for 
being included in the study.

Appendix

Association between SIC results and type of agent

Type of agent Positivesa 
(n = 39)

Negatives 
(n = 83)

Total (n = 122)

HMW Enzymes n = 1
Animal dander=2
Molds n = 1
Wash nut n = 1
Flour n = 3
Plants n = 1

Molds n = 1
Flour n = 1
Pectin n = 1
Feathers n = 1
Milk protein 

n = 2
Straw, grain n = 1
Heated cotton 

mat n = 1
Gammarus n = 1
Latex n = 1

Total n = 9 Total n = 10 Total n = 19
LMW Platinum salts 

n = 7
Persulfate salts 

n = 2
Cobalt powder 

n = 1

Hairdressing 
products n = 5

Platinum salts 
n = 3

Disinfectants 
n = 5

Acrylates n = 2
Primer coating 

n = 1
Teflon n = 1
Adhesive n = 1
Sodium sulphite 

n = 1
Persulfate salts 

n = 2
Total n = 10 Total n = 21 Total n = 31

Isocyanates MDI n = 18
NDI n = 1
IPDI n = 1

MDI n = 26
HDI n = 21
IPDI n = 2
TDI n = 3

Total n = 20 Total n = 52 Total n = 72

Animal dander cow and mouse, HMW high-molecular weight aller-
gens, LMW low-molecular weight allergens excluding isocyanates, 
MMA methyl methacrylate, MDI diphenylmethane-4,4’-diisocyanate, 
NDI naphthylene-1,5-diisocyanate, HDI 1,6-hexamethylene diisocy-
anate, IPDI isophorone diisocyanate, TDI toluene diisocyanate
a SIC Pulmonary responders and/or increase of FeNO ≥ 13ppb
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