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ABSTRACT

Background: Exposure-related changes in exhaled nitric oxide (FeNO) and sputum eosinophils have not been thoroughly com-
pared in the investigation of occupational asthma.

Objective: This study aimed at comparing the accuracies of the changes in FeNO concentrations and sputum eosinophil counts
in identifying asthmatic reactions induced by occupational agents during specific inhalation challenges (SICs).

Methods: This retrospective multicenter study included 321 subjects who completed an assessment of FeNO and sputum eosin-
ophils before and 24 h after SICs with various occupational agents, of whom 156 showed a positive result.

Results: Post-challenge changes in FeNO and sputum eosinophils showed similar accuracies, with areas under the receiver oper-
ating characteristics curve of 0.78 (95% confidence interval [95% CI], 0.72-0.83) and 0.81 (95% CI, 0.76-0.86), respectively. Increases

Abbreviations: AUC, area under the curve; CI, confidence interval; E-PHOCAS, European network for the PHenotyping of OCcupational Asthma; FeNO, fractional exhaled nitric oxide; FEV,
forced expiratory volume in 1s; HMW, high-molecular-weight; ICS, inhaled corticosteroid; LMW, low-molecular-weight; NPV, negative predictive value; NSBH, nonspecific bronchial
hyperresponsiveness; OA, occupational asthma; OR, odds ratio; PPV, positive predictive value; ROC, receiver operating characteristics; SIC, specific inhalation challenge.
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in FeNO level >13 ppb and sputum eosinophils >1.25% were identified as the optimal threshold values for differentiating positive
from negative SICs. Using these thresholds, the changes in FeNO and sputum eosinophils each achieved a > 95% specificity but a low
sensitivity (55% and 62%, respectively). FeNO and sputum eosinophils showed discordant increases in 38% of subjects with a positive
SIC. Combining either a rise in FeNO > 13 ppb or an increase in sputum eosinophils > 1.25% increased the sensitivity to 77%.

Conclusions: Increases in FeNO concentration and/or sputum eosinophils after exposure to occupational agents strongly sup-

port a diagnosis of occupational asthma. The assessment of both markers of airway inflammation should be regarded as a reliable

complementary tool to spirometry for identifying bronchial responses to occupational agents.

1 | Introduction

Making an accurate diagnosis of sensitizer-induced occupational
asthma (OA) is a key step for minimizing the adverse health and
socio-economic impacts of the disease. However, no simple test
would allow for diagnosing the condition with a sufficiently high
level of confidence [1, 2]. A substantial proportion of asthmatic
reactions induced by occupational agents is associated with an
increase in sputum eosinophil counts [3-5]. As a result, investi-
gation of airway inflammation through the induced sputum tech-
nique has been highlighted as an effective aid to lung function
tests in the investigation of OA upon exposure to occupational
agents at work [6] and during specific inhalation challenges (SIC)
in the laboratory [4, 7]. However, the analysis of sputum cells is
time-consuming, requires technical expertise, is not readily avail-
able in most clinical settings, and may be unsuccessful in a sub-
stantial fraction of those tested [8]. In contrast, the measurement
of fractional exhaled nitric oxide (FeNO) concentration as a sur-
rogate marker for eosinophilic airway inflammation is fast, feasi-
ble in almost all patients, and provides immediate results [8-10].
Several factors other than eosinophilic inflammation can be affect
FeNO levels, however, including sex, obesity, atopy, smoking, and
treatment with inhaled corticosteroids (ICS) [9-11].

A number of studies have documented a delayed increase
in FeNO after asthmatic reactions induced by various high-
molecular-weight (HMW) and low-molecular-weight (LMW)
agents [12-25]. Nevertheless, these studies provided inconsis-
tent findings regarding the usefulness of measuring FeNO in the
clinical investigation of OA [21, 23-25]. In addition, exposure-
related changes in FeNO have not been thoroughly compared to
the changes in sputum eosinophil counts as markers of OA [17].

The aim of this study was to assess and compare the accuracy of
post-challenge changes in FeNO and sputum eosinophil counts
in differentiating positive from negative SICs in a large multi-
center cohort with the ultimate goal of determining whether
measurement of these changes offers a useful adjunct to lung
function tests for diagnosing OA when the SIC provides inde-
terminate functional changes or is not feasible or not available.

2 | Methods

2.1 | Study Design and Population

This retrospective observational study was conducted among
consecutive subjects who completed a SIC with the workplace

agent suspected of causing their work-related asthma symptoms
between 2006 and 2018 in 14 tertiary centers participating to

the European network for the PHenotyping of OCcupational
Asthma (E-PHOCAS) [22, 26]. Eligible subjects for this analysis
were those with available FeNO measurements and sputum eo-
sinophil counts both before and 24 h after the SIC procedure, as
detailed in Appendix S2 and Figure S1.

2.2 | Ethics

Approval for this retrospective study was obtained from local
Institutional Review Boards, the “Comité Consultatif sur le
Traitement de 1'Information en Matiére de Recherche dans le
Domaine de la Santé” and the “Commission Nationale de 1'In-
formatique et des Libertés”.

2.3 | Data Collection

The demographic, occupational, and clinical characteristics of
the subjects at the time of the diagnostic evaluation were en-
tered in the database [22, 26]. Information was gathered about
associated work-related disorders including rhinitis, urticaria,
and contact dermatitis which were defined based on symp-
toms reported by the patients. We also collected baseline blood
eosinophil counts and induced sputum cell counts and FeNO
levels measured at baseline and 24 h after challenge exposures,
when available. The anonymized information was entered into
a standardized Excel spreadsheet at each participating center
and pooled together in a central database held at the Strasbourg
University.

2.4 | Procedures
2.4.1 | Specific Inhalation Challenges

The decision-making policy for performing SICs in each partic-
ipating center is summarized in Appendix S3. The SIC method-
ology conformed with international recommendations in terms
of the performance of a control (placebo) test on a separate day
before challenging the subjects with occupational agents and
functional monitoring for at least 6h after the control and ac-
tive challenges [27]. In all centers, asthma medications were
withdrawn according to their duration of action and ICS were
withheld three to 7days before the SIC. Challenge exposure to
occupational agents was generated using “realistic” approaches
that are further described in Appendix S3 [28]. A SIC result
was considered positive when a fall in FEV, >15% from pre-
challenge value was recorded at any time point during the func-
tional monitoring [27].
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2.4.2 | Measurements of Nonspecific Bronchial
Hyperresponsiveness

The level of NSBH was measured at baseline before the SIC pro-
cedure (i.e., at the end of the “control day”) and 24h after the last
challenge exposure. The degree of NSBH was expressed as the
concentration or dose of the pharmacological agent inducing a 15%
or 20% drop in FEV, according to the bronchoprovocation method
used in each center. NSBH was graded a posteriori as “absent”,
“mild”, or “moderate-to-severe” according to available recom-
mendations or a consensus Delphi approach among investigators
[22, 29]. Post-challenge changes in the level of NSBH were ex-
pressed as the ratio of NSBH at baseline divided by the NSBH value
measured at 24 h after the last exposure to the offending agent.

2.4.3 | Fractional Exhaled Nitric Oxide

The FeNO levels were measured using different devices based
on chemiluminescence and/or electrochemical detection and re-
ported as parts per billion (ppb). Measurements were made at a
flow rate of 50mL/s in compliance with the recommendations
of the European Respiratory Society and the American Thoracic
Society [30]. The FeNO values used in this analysis were those ob-
tained in the morning before challenge exposure to occupational
agents (i.e., baseline value) and 24 h after the last challenge. The
changes in FeNO were expressed as the post-challenge value
minus the baseline value in ppb.

2.4.4 | Induced Sputum Analysis

Sputum cell analysis was performed before and 24 h after the SICs
in eight of the 14 participating centers [5, 31]. Sputum was in-
duced through slightly different methods in participating centers,
including the inhalation of nebulized isotonic saline in one cen-
ter, a single concentration of hypertonic solution (i.e., 3% or 4%)
in two centers, and in the other five centers, increasing concentra-
tions of hypertonic solutions (i.e., 3%, 4%, and 5% in four centers
or 10% and 20% in one center) for a maximum cumulative dura-
tion of 15-30min [5]. Processing of sputum samples was carried
out either by selecting viscid portions from the expectorate (four
centers) [32] or using the whole expectorate (four centers) [33].
Homogenization of the sample was achieved by adding dithioth-
reitol (0.1%). All centers applied quality criteria based on the cell
viability (>40%) and the level of contamination by squamous cells
(<20% in five centers; <30% in two centers; and < 50% in two cen-
ters). Differential cell counts were determined by counting a min-
imum of 400 non-squamous cells. Changes in sputum eosinophils
were computed as the difference between the post-challenge and
the baseline values expressed as percent of non-squamous cells.

2.5 | Data Analysis

Continuous variables were summarized as medians and 25th-
75th percentiles and categorical variables by their frequencies
and proportions. Comparisons between subjects were made
using the chi-squared or Fisher's exact test for categorical vari-
ables and non-parametric tests for numerical variables. Receiver
operating characteristics (ROC) curves were built to evaluate

the accuracy of the post-challenge increase in FeNO and sputum
eosinophil counts to differentiate positive from negative SICs.
Sensitivity, specificity, positive predictive value (PPV), negative
predictive value (NPV), area under the ROC curve (AUC), and
Youden index (i.e., sensitivity + specificity —1) with their 95%
confidence intervals (95% CIs) were determined. The “optimal”
cut-off value was identified as the change in FeNO or sputum
eosinophils that yielded the highest Youden index value.

Multivariate logistic regressions were conducted to identify the
factors that were associated with a high (i.e., >25ppb) baseline
FeNO and increases in FeNO and sputum eosinophils above the
threshold values. These multivariate regressions were carried
out using a binomial generalized linear model and a stepwise
procedure based on the Akaike information criterion to select
the most parsimonious model. The independent variables incor-
porated into these multivariate regressions were selected on the
basis of a p value <0.10 in univariate analysis.

Statistical analyses were performed using the R software version
4.3.2 (www.r-project.org, Vienna, Austria) and p <0.05 was con-
sidered significant.

3 | Results
3.1 | Characteristics of the Subjects

The baseline characteristics of the subjects are summarized
in Table 1 and further detailed in Appendix S4 and Table S1.
Among the 321 subjects included in this analysis, 156 (49%)
showed a>15% decline in FEV1 during the SIC.

When compared to those with a negative SIC, the subjects who
developed an asthmatic response during SIC more frequently
experienced concomitant work-related rhinitis and more often
showed baseline airway obstruction and NSBH. Subjects with a
positive SIC had a higher median baseline FeNO level as well as
higher blood and sputum eosinophil counts than those with a
negative SIC (Table 1).

A multivariate logistic regression analysis was conducted
in order to identify the factors associated with a baseline
FeNO > 25 ppb (Table S2). The final multivariate model revealed
that a baseline FeNO level >25ppb was associated with male
sex, atopy, the presence of baseline NSBH, and a final diagnosis
of OA (i.e., a positive SIC). Current smoking was associated with
a lower likelihood of a FeNO level > 25 ppb.

There was a significant increase in the median FeNO concentra-
tion and sputum eosinophil count measured at 24h after chal-
lenge exposure in subjects with a positive SIC, whereas subjects
with a negative SIC had no significant changes (Table 1).

3.2 | Post-Challenge Changes in FeNO

The ROC analysis (Figure 1) showed that the accuracy of the
changes in FeNO for differentiating positive from negative SICs
expressed as the AUC was 0.78 (95% CI, 0.72-0.83). A post-
challenge FeNO increase of > 13 ppb was the optimal threshold
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TABLE1 | Characteristics of the subjects with positive and negative inhalation challenges.

Missing

Characteristics values Negative SIC (n=165) Positive SIC (n=156) p values
Type of workplace agent, HMW agent, n (%) 0 29 (17.6) 67 (42.9) <0.001
Age, year® 0 44 (35-53) 42 (34-51) 0.408
Sex, male, n (%) 0 100 (60.6) 102 (65.4) 0.376
Body mass index, kg/m? 0 26.8(24.3-30.8) 26.6 (23.7-31.4) 0.723
Smoking status, n (%)

Current smoker 0 37 (22.4) 46 (28.5) 0.890

Never and ex-smoker 128 (77.6) 110 (70.5)
Atopy®, n (%) 0 82 (49.7) 85 (54.5) 0.391
History of childhood asthma, n (%) 2/4 10 (6.1) 10 (6.6) 0.871
Duration of work exposure before onset of work- 5/5 52 (12-183) 72 (32-201) 0.065
related asthma, mo?
Duration of work-related asthma symptoms at work, 3/10 24 (9-54) 24 (12-48) 0.796
mo?
Interval since last work exposure, mo® 1/1 2(0.1-13) 5(0.1-12) 0.780
Use of an inhaled short-acting beta,-agonist, n (%) 0/6 81(49.1) 82(54.7) 0.323
Treatment with an inhaled corticosteroid, n (%) 0 84 (50.9) 75 (48.1) 0.612
Work-related rhinitis, n (%) 3/1 79 (48.8) 102 (65.8) 0.002
Work-related urticaria, n (%) 1/5 17 (10.4) 12(7.9) 0.458
Work-related contact dermatitis, n (%) 1/5 18 (11.0) 20(13.2) 0.537
Baseline spirometry

FVC, % pred? 0 101 (93-113) 102 (93-111) 0.888

FEV,, % pred?® 93 (84-104) 91 (80-100) 0.011

FEV,/FVC, %" 77 (72-81) 73 (66-79) <0.001

Airflow obstruction, n (%)¢ 13(7.9) 32(20.5) 0.001
Baseline NSBH, n (%) 0/5 69 (41.8) 113 (74.8) <0.001
Blood eosinophils

Cells/uL? 20/24 180 (100-244) 240 (135-360) <0.001

>300/uL, n (%) 24 (16.6) 51 (38.6) <0.001
Baseline FeNO

Ppb? 0 14 (9-23) 22 (12-39) <0.001

>25ppb, 1 (%) 34(20.6%) 72 (46.2%) <0.001
Post-challenge change in FeNO, ppb®¢ 0 1(-1-4) 14 (2-39) <0.001
Baseline sputum eosinophils, %* 0 0.5 (0-2.0) 1.4(0.3-4.1) <0.001
Post-challenge sputum eosinophils, %* 0 0.5(0-1.5) 5.0(1.5-15.1) <0.001
Post-challenge change in sputum eosinophils

e 0 0(-0.6-0) 2.4 (0-9.9) <0.001

>2%, n (%) 4(2.4) 89 (57.0) <0.001

Note: Data are presented as numbers (% of available data) or medians (interquartile ranges). p values in boldface are statistically significant.

Abbreviations: FeNO, fractional exhaled nitric oxide; FEV, forced expiratory volume in 1s; FVC, forced vital capacity; HMW, high molecular weight, NSBH,

nonspecific bronchial hyperresponsiveness; SIC, specific inhalation challenge.

aMedian and 25th-75th percentiles.

YAtopy defined by the presence of a positive skin-prick test to at least one common allergen.

Airflow obstruction defined by an FEV, <80% predicted value and an FEV,/FVC ratio <0.70.

dDifference between the post-challenge value measured 24 h after the last challenge exposure and the pre-challenge value expressed in ppb.

¢Changes in sputum eosinophil counts computed as the difference between the post-challenge assessment performed 24 h after the last challenge exposure and the

baseline value expressed as percent of nonsquamous cells.
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value for identifying an asthmatic reaction during the SIC, yield- Univariate associations with a post-challenge FeNO in-
ing a high specificity (95%; 95% CI, 90%-98%) and PPV (90%; crease > 13 ppb are detailed in Table S3. The multivariable lo-
95% CI, 82%-96%), but a low sensitivity (55%; 95% CI, 46%-62%)  gistic regression analysis found that, aside from a positive SIC
and NPV (68%; 95% CI, 62%-74%) (Table 2). result (odds ratio [OR], 19.3; 95% CI, (9.01-46.40); p<0.001),

100

Optimal
threshold: 2 1.25%

75

Sensitivity
(%)
o

Optimal
threshold : > 13ppb
25

0 25 50 75 100
1 - Specificity

= difference in sputum eosinophil count before and after SICs (%)
— difference in FeNO concentration count before and after SICs (ppb)

FIGURE1 | Receiver operating characteristic (ROC) plots for the differences in the absolute percentage change in sputum eosinophils (blue line)
and the concentration in FeNO expressed in ppb (red line) between baseline and 24 h after challenge exposure for identifying asthmatic reactions.
The optimal cut-off value was identified by the highest Youden index value (i.e., sensitivity + specificity — 1). FeNO, fractional exhaled nitric oxide;
SIC, specific inhalation challenge.

TABLE 2 | Sensitivity, specificity, and predictive values of post-challenge changes in FeNO and sputum eosinophils.

FeNO iincrease >13ppb

Sputum eosinophil or sputum eosinophil

FeNO increase >13ppb increase >1.25% increase >1.25%
Sensitivity, % (95% CI) 55 (46-62) 62 (54-70) 77 (70-83)
Specificity, % (95% CI) 95 (90-98) 95 (90-97) 89 (83-93)
Positive predictive value, % 90 (82-96) 92 (84-96) 87 (80-92)
(95% CI)
Negative predictive value, % 68 (62-74) 73 (66-78) 80 (74-86)
(95% CI)
AUC, (95% CI) 0.78 (0.72-0.83) 0.81 (0.76-0.86) NA
Youden Index, (95% CI) 0.48 (0.43-0.55) 0.57 (0.51-0.62) 0.66 (0.61-0.71)

Abbreviations: 95% CI, 95% confidence interval; AUC, area under the receiver operating characteristic curve; FeNO, fractional exhaled nitric oxide; NA, not applicable.

50f 10

85UB017 SUOLILLOD AII81D) 3(cfedt [dde 8y} Aq paueA0b 86 SSdILE VO ‘SN J0 S8JNI 0} AIq 1T 8UIUO /8|1 U (SUONIPUOD-pUB-SWSIALI0Y A8 | I AReiq 1 pU1|UO//:SdNY) SUONIPUD pue swie | 8y} 89S *[5202/T0/20] Uo Akeiqiauliuo A8|im (jon) urAno 8@ anbijoyied 1N JeyD U3 a1edeyiolalg Ad 9T IR/TTTT OT/I0p/Wod A im Aleq i jput|uoy/sdily Woiy papeojumod ‘0 ‘S666865T



work-related rhinitis was the most significant determinant of
an increase in post-challenge FeNO > 13 ppb (OR, 2.62; 95% CI,
1.27-5.55; p<0.001), with obesity showing a weak negative as-
sociation (OR, 0.51; 95% CI, 0.25-0.98; p=0.047) (Table 3).

TABLE 3 | Multivariate analysis of factors associated with a post-
challenge increase in FeNO > 13 ppb.

Independent

variables Odds ratio (95% CI) p value

Initial model

SIC result, positive 19.3 (9.01-46.40) <0.001

VS. negative

HMW vs. LMW
agents

1.50 (0.76-2.95) 0.239

Sex, male vs. female 1.44 (0.76-2.75) 0.265

Body mass 0.50 (0.25-0.98) 0.047
index >30kg/m?

vs. < 30kg/m?

Work-related
rhinitis, yes vs. no

1.74 (0.89-3.43) 0.104

Baseline NSBH,
present vs. absent

0.66 (0.33-1.31) 0.246

Baseline
FeNO>25ppb
vs.<25ppb

1.22 (0.65-2.29) 0.529

Final model

SIC result, positive 19.0 (9.35-43.9) <0.001

VS. negative

Work-related
rhinitis, yes vs. no

2.11 (1.14-3.98) 0.019

Body mass 0.51 (0.25-0.98) 0.047

index >30kg/m?

Note: The multivariate logistic regression analysis included 312 subjects. The
independent variables incorporated into the initial regression model were
selected on the basis of p<0.10 in univariate analysis (Table 3). p values in
boldface indicated statistical significance.

Abbreviations: 95% CI, 95% confidence interval; FeNO, fractional exhaled nitric
oxide; HMW, high molecular weight, LMW, low molecular weight; NSBH,
nonspecific bronchial hyperresponsiveness; SIC, specific inhalation challenge.

3.3 | Post-Challenge Changes in Sputum
Eosinophils

The AUC for the difference between the post-challenge and the
baseline percentage of sputum eosinophils was 0.81 (95% CI,
0.76-0.86) (Figure 1). The ROC curve identified a post-challenge
increase >1.25% from baseline value in sputum eosinophils as
the optimal threshold. Using this cut-off, the specificity and
PPV of the changes in sputum eosinophils as compared with the
SIC results were 95% (95% CI, 90%-97%) and 92% (95% CI, 84%-
96%), respectively, with a sensitivity of 62% (95% CI, 54%-70%)
and a NPV of 73% (95% CI, 66%-78%) (Table 2). The multivari-
ate logistic regression analysis revealed that a>1.25% increase
in sputum eosinophils was significantly and independently
associated with a positive SIC (OR, 28.68; 95% CI, 13.75-67.89;
p=0.026) and challenge exposure to HMW agents (OR, 2.08;
95% CI, 1.11-3.96; p=0.026) (Table S4). We conducted logistic
regression analyses among SICs with HMW and LMW agents
separately (Table S4). Among HMW agents, a>1.25% increase
in sputum eosinophils was associated with a positive SIC result
(OR, 60.8; 95% CI, 13.9-446.7; p<0.001) and work-related rhini-
tis (OR, 8.23;95% CI, 1.85-46.02; p=0.008), while among LMW
agents, the main determinants for an increase in sputum eosin-
ophils were a positive SIC response (OR, 23.81; 95% CI, 10.0-
66.50; p<0.001) and a baseline sputum eosinophil count > 3%
(OR, 2.75; 95% CI, 1.22-6.37; p=0.016).

3.4 | Relationship Between Changes in FeNO
and Sputum Eosinophils

There was a statistically significant—though weak—correla-
tion between the difference in FeNO and sputum eosinophil
counts assessed before and after exposure to the offending
agent (Spearman correlation coefficient, 0.334; p<0.001). The
changes in FeNO and sputum eosinophils showed concordant
increases in only 97 out of the 156 (62%) subjects with a posi-
tive SIC (Table 4). In the positive SIC group, 36 (23%) subjects
demonstrated a>1.25% increase in sputum eosinophil count
without changes in FeNO whereas 23 (15%) had a > 13 ppbrise in
FeNO without changes in sputum eosinophilia. Comparison of
these two subgroups revealed only a trend toward a higher fre-
quency of baseline NSBH in the 36 “eosinophilic-only respond-
ers” (88%) as compared with the 23 “FeNO-only responders”
(65%, p=0.077) (data not detailed).

TABLE 4 | Concordance between changes in FeNO and sputum eosinophils.

Positive SIC Negative SIC
Change in Change in Change in Change in
Eo0s>1.25% Eo0s<1.25% Total Eo0s>1.25% Eo0s<1.25% Total
Change in 61 23 84 0 9 9
FeNO>13ppb
Change in 36 36 72 9 147 156
FeNO < 13ppb
Total 97 59 156 9 156 165
Abbreviations: Eos, sputum eosinophils; FeNO, fractional exhaled nitric oxide; SIC, specific inhalation challenge.
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In line with the discordance between changes in FeNO and spu-
tum eosinophils, using either a rise in FeNO>13ppb or an in-
crease >1.25% in sputum eosinophils for identifying a positive
SIC response increased the sensitivity to 77% (95% CI, 70%-83%)
(Table 2).

4 | Discussion
4.1 | Main Findings

To the best of our knowledge, this study is the first that com-
pares the changes in FeNO with those of sputum eosinophils in
a large, multicenter cohort of subjects challenged with a wide
variety of occupational agents. The findings indicate that post-
exposure changes in both FeNO and sputum eosinophils above
the threshold values achieve a high specificity and PPV for iden-
tifying asthmatic reactions induced by occupational sensitizers,
but a low sensitivity and NPV. Nevertheless, combining the as-
sessment of both inflammatory markers increases the sensitiv-
ity compared to either of them alone.

Previous studies have produced discordant results regarding
the accuracy of FeNO changes in differentiating positive from
negative SICs with occupational agents [8]. The AUCs estimated
from ROC curves ranged from 0.59 to 0.90 [17-21, 23], and op-
timal thresholds for the changes in FeNO have been reported
from 8ppb [18] to 13ppb [21], 17.5ppb [20], and 25ppb [19].
Overall, these thresholds have provided a high specificity (90%—
92%) for identifying a positive FEV, response to occupational
agents, with the exception of the study by Sastre and coworkers
[19] who reported a specificity of 80%.

HMW agents have been associated with a greater increase in
FeNO than LMW agents [20-22], although a marked increase
in FeNO has also been documented after exposure to some
LMW agents, including isocyanates [14, 16], acrylate com-
pounds [34], and platinum salts [35]. By contrast, we found
no role of the molecular weight category of the agents in the
outcome and instead identified coexisting work-related rhini-
tis as a major determinant of the post-challenge changes in
FeNO (Table 3). This finding suggests a strong interaction of
the upper airways in the production of FeNO in the lower air-
ways. Of note, concomitant work-related rhinitis has not been
examined previously as a potential co-factor in FeNO changes
after challenge exposure to occupational agents [12, 14-25].
Work-related rhinitis has been strongly associated with OA
due to HMW agents [22], however, which might explain the
reported associations between these agents and changes in
FeNO in studies that did not account for the potential role of
the upper airways [20-22].

Demographic and clinical characteristics have been consistently
associated with higher (i.e., male sex, atopy) or lower (i.e., smok-
ing, obesity, treatment with ICS) baseline FeNO values [9-11].
Our findings provide evidence that increases in FeNO after an
asthmatic reaction induced by occupational agents are not sig-
nificantly impacted by atopy and smoking (Table S3 and Table 3).
In contrast, the multivariate analysis revealed that baseline
FeNO levels in our cohort were significantly affected by the same

factors that influence baseline FeNO in nonoccupational asthma
(i.e., male sex, current smoking, and atopy) (Table S2). On the
other hand, it has been shown that treatment with ICS at the time
of the SIC may blunt the post-exposure increase in FeNO [13, 17].
However, this inhibitory effect is not observed when ICS are
withdrawn 72h [17] prior to the challenge, which may account
for the absence of an ICS treatment effect in our cohort. Obesity
was the only demographic characteristic associated with a sup-
pressive effect on post-exposure increases in FeNO, which is in
line with earlier findings on baseline FeNO [11].

The accuracy of the post-challenge changes in FeNO has been
compared with the accuracy of sputum eosinophils changes in a
limited series only [17]. In that study, changes in FeNO yielded a
poor discriminating value with an AUC of 0.6 (95% CI, 0.5-0.8)
compared with the changes in sputum eosinophils (AUC 0.8
[95% CI, 0.7-0.9]). However, increases in FeNO might have been
blunted by ICS as these medications were not stopped before
the SIC in all subjects. In contrast, post-challenge increases in
FeNO and sputum eosinophils were similarly highly accurate in
our cohort, in which ICS were stopped before the SIC. However,
the changes in these two markers were discordant in 38% of the
subjects with a positive SIC (Table 4). These data further high-
light that the underlying biological pathways leading to airway
eosinophilia can be substantially different from those determin-
ing FeNO production. Such discordances have been consistently
documented for baseline sputum eosinophil counts and FeNO
levels in nonoccupational asthma [11, 36-39], but to our knowl-
edge, no available data reported on the dissociation between
the FeNO and sputum eosinophil responses after challenge ex-
posure to common aeroallergen. In our cohort, the phenotypic
characteristics of the “FeNO-only responders” did not signifi-
cantly differ from those of the “eosinophilic-only responders”,
with the exception of a nonsignificant trend toward more fre-
quent baseline NSBH in the latter group. Determining the bi-
ological pathways leading to a FeNO versus an eosinophilic
response after allergen exposure require further investigation.

4.2 | Clinical Implications

Although SIC is still acknowledged as the “reference standard”
for demonstrating a causal relationship between asthma and
exposure to an occupational agent [2, 27, 40], these tests may
result in false-negative results, especially when specific bron-
chial reactivity to the causal agent has declined after cessation
of workplace exposure [41]. Accordingly, there is a need to iden-
tify markers of bronchial reactivity to sensitizing occupational
agents that are more sensitive than the changes in FEV, [27]. It
has been previously documented that an increase in sputum eo-
sinophils may precede functional changes during SIC [7] and a
post-challenge increase in sputum eosinophil counts has a high
accuracy for differentiating positive from negative SICs with an
AUC of 0.86 [95% CI, 0.8-0.9] [4]. Our findings strongly suggest
that the assessment of exposure-related changes in both FeNO
levels and sputum eosinophil counts may provide useful sup-
portive evidence of a significant bronchial response during SICs
that produce equivocal changes in FEV, without the need for
performing additional challenge exposure in the laboratory and/
or at the workplace.
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The accuracy of exposure-related changes in FeNO and spu-
tum eosinophils during SIC found in our cohort suggests that
their measurements away from work and 24 h after a work shift
could complement or even be an alternative to peak expiratory
flow recordings when SICs are either unavailable or unfeasible.
Girard and coworkers [6] found that an increase in sputum eo-
sinophils >2% when at work had a sensitivity of 52% (95% CI,
33%-71%) and a specificity of 80% (95% CI, 61%-91%) in predict-
ing a positive SIC result. In contrast, the usefulness of serial as-
sessments of FeNO at and away from work has been suggested
only by a few case reports [42-44] and one case series [45], al-
though the results of FeNO measurements were not validated
against SICs in most of these cases [42, 43, 45]. However, deter-
mining the accuracy of FeNO measurements and sputum cell
counts at and away from work would require further prospective
validation against SICs.

4.3 | Limitations of the Study

We acknowledge the need for caution in interpreting the predic-
tive values of the changes in FeNO and sputum eosinophils that
may have limited generalizability given the high prevalence (ie.,
the pre-test probability) of the condition in the tested popula-
tion (49%). The diagnostic algorithm for performing a SIC varied
among centers (Appendix S3). However, the vast majority (80%)
of the subjects included in this analysis were recruited from four
tertiary centers where all subjects referred for possible OA com-
pleted a SIC with the suspected agent(s) regardless of the results of
other diagnostic tests, with no statistical difference in the propor-
tion of positive SICs among the participating centers. Nevertheless,
we cannot exclude a selection bias toward the referral to tertiary
centers of subjects with a high pre-SIC clinical suspicion of OA.
The potential for this referral bias is further supported by a higher
rate of positive SIC among subjects challenged with HMW agents
(70%) compared to those exposed to LMW agents (43%). This dif-
ference suggests a selection bias likely driven by the results of im-
munological tests for HMW agents that are available in primary
and secondary care. However, a prospective study including SIC
in a large sample of subjects with work-related asthma symptoms
recruited in primary or secondary care would be almost unfeasible.

Given the retrospective study design, FeNO measurement and
sputum processing were not completely standardized among
participating centers. However, it seems unlikely that method-
ological aspects might have significantly affected the findings of
this study. Studies comparing various chemiluminescence an-
alyzers and electrochemical sensors have shown a high degree
of correlation between measurements across all devices [46].
Available evidence also indicates that differences in sputum
sample processing do not substantially affect the differential
sputum cell counts [47-50].

The optimal threshold values for the post-challenge changes in
FeNO (i.e., 13ppb) and sputum eosinophils (i.e., 1.25%) iden-
tified in this cohort are very low and may question their rel-
evance in clinical practice. The threshold value of 13 ppb for
the changes in FeNO is in line with previous studies reporting
thresholds ranging from 8 ppb [18] to 13 ppb [21], 17.5 ppb [20],
and 25ppb [19] after inhalation challenges with occupational
agents. Our threshold value of 1.25% for the changes in sputum

eosinophils is lower than the cutoff of 2% usually considered
to be the most discriminant value for predicting the develop-
ment of a 20% fall in FEV, [51]. Girard et al. also identified
a>1% increase during periods at work compared with peri-
ods away from work as the optimal threshold for predicting a
positive SIC in the laboratory [6]. Nevertheless, these authors
recommended to use a cutoff of 2% as being more clinically
significant. The low threshold values found in our cohort
likely resulted from the very narrow changes in post-challenge
FeNO and sputum eosinophils in negative SICs (Table 1), in-
dicating a high reproducibility of these measures when per-
formed at a 24-h interval. Further prospective studies are,
however, required to determine the optimal thresholds for the
changes in FeNO and sputum eosinophils when these indices
are measured over weeks in subjects evaluated at and away
from work [6].

5 | Conclusion

Despite the limitations inherent to the retrospective design of
the study, the data indicate that exposure-related changes in
FeNO and sputum eosinophils above threshold values strongly
support a diagnosis of OA. Assessment of both FeNO and spu-
tum eosinophils should be regarded as reliable complementary
tools to lung function tests for identifying bronchial responses to
occupational agents during SICs and workplace exposures.
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