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A B S T R A C T

Background: Establishing the role of exhaled breath condensate (EBC) analysis in work-related asthma
(WRA), and more specifically, in conjunction with specific inhalation challenge (SIC), is difficult.
Objective: To measure EBC pH, and nitrite/nitrate concentrations before and after SIC in individuals with
suspected WRA exposed to either high-molecular-weight (HMW) or low-molecular-weight (LMW) agents
and evaluate whether these changes are useful to distinguish between occupational asthma (OA) and
work-exacerbated asthma (WEA).
Methods: One hundred twenty-five consecutive workers undergoing SIC were enrolled. Exhaled breath
condensate was collected at the end of the baseline day and 24 hours after exposure to the offending agent.
In all EBC samples, pH was measured, and nitrite and nitrate concentrations were determined.
Results: Specific inhalation challenge was positive in 66 individuals, who were then diagnosed with OA.
Work-exacerbated asthmawas diagnosed in 14, and in 45 patients establishing a direct relationship between
the symptoms and work exposure was not possible. In patients with WEA, EBC pH values after SIC were
significantly lower than those before SIC (P � .0047). Using the receiver operating characteristic (ROC) curve,
we found that an EBC pHdecrease of greater than 0.4 units after SIC achieved themost satisfactory sensitivity
79% (confidence interval [CI]: 49–94) and specificity of 100% (CI: 68–100), considering only patients with
asthma andwithout OA. A decrease in EBC pH of 0.4 ormore common in those exposed toHMWagents (8/19,
42%) than in those exposed to LMW agents (7/47, 15%).
Conclusions: Exhaled breath condensate pH in conjunction with SIC may be useful for diagnosing WEA.
� 2012 American College of Allergy, Asthma & Immunology. Published by Elsevier Inc. All rights reserved.
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Introduction

An estimated 10% to 25% of all asthma cases developing in
adulthood are caused by occupational exposure.1,2 Work-related
asthma, which includes occupational asthma (OA) and work-exac-
erbated asthma (WEA), presents a major health challenge with
significant potential for acute morbidity, long-term disability, and
an adverse social and economic impact.3 Occupational asthma re-
fers to de novo asthma caused by exposure to an agent specific to a
workplace and not to stimuli outside the work environment, and
WEA refers to a worsening of preexisting or concomitant asthma
caused by working conditions.4 Specific inhalation challenge (SIC)
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s considered the reference standard method for the diagnosis of
A, which is often difficult to confirm objectively. Specific inhala-
ion challenge is intended to demonstrate a direct relationship
etween exposure to a test substance and an asthmatic respo-
se.5 However, false-positive and false-negative responses to SIC
an occur.6–8

Like bronchial asthma, work-related asthma is a heterogeneous
hronic inflammatory disorder of the airways. Study of airway
nflammation could be of great value for establishing a precise
iagnosis, being a direct reflection of the disease. In this sense,
nduced sputum analysis preceding and following SIC has been
sed to support the diagnosis of OA in the laboratory9 or at the
orkplace,10,11 although it is currently a toolwith limited availabil-

ty. Another noninvasive, comprehensive viewof airway inflamma-
ion can be obtained by analyzing exhaled breath condensate
EBC).12,13 Exhaled breath condensate collection is completely non-
nvasive, repeatable, and does not disturb the underlying disease
rocess, making it a useful approach for cross-day variation studies

nd longitudinal studies that monitor inflammation.14–16

munology. Published by Elsevier Inc. All rights reserved.
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However, in contrast to the situation with induced sputum, few
studies have evaluated the role of EBC in work-related asthma, and
only 2 have done so in conjunction with SIC.17,18 Klusackova et al17

monitored leukotrienes and 8-isoprostane before and after SIC, but
the results cannot be considered conclusive, because SIC was posi-
tive in only 6 of the 47 patients studied. Furthermore, the authors
did not specify the workplace agent. The other study conducted by
Ferrazzoni et al,18 performed only in 15 patients with OA due to
isocyanates, found no association between asthmatic reactions and
EBC acidification after SIC. From these studies, establishing the role
of EBC analysis in work-related asthma, and more specifically, in
conjunction with SIC, is difficult. Thus, the aims of this study were
to measure EBC pH and nitrite/nitrate concentrations before and
after SIC in individuals with suspected work-related asthma ex-
posed to either high-molecular-weight (HMW) or low-molecular-
weight (LMW) agents and to evaluate whether these changes are
useful to distinguish between OA and WEA.

Methods

Study Design and Subjects

This is a cross-sectional observational study to know the utility
of EBC analysis in conjunction with SIC in individuals with sus-
pectedwork-related asthma (WRA). The study included all individ-
uals older than 18 years of age referred to our center to investigate
possible OA by SIC testing between 2004 and 2010. All patients had
a medical history consistent with OA, and a workplace agent was
considered the probable cause of their respiratory symptoms. Pa-
tients with a positive SIC result received a diagnosis of OA, and
those with a negative SIC were divided into 2 groups, according to
clinical criteria.19 Patients who presented symptoms and abnormal
findings on pulmonary function study in relation to work received
a diagnosis ofWEA,whereas thosewhodid not fulfill the criteria for
asthma or who had asthma that was unrelated to work were
grouped as no work-related asthma (NWRA). All patients signed
informed consent documents for participation. The local Ethics
Committee approved the study.

Inhalation Challenge

Specific inhalation challengewas performedwith the substance
suspected to be the causal agent in each patient, only when there
was no contraindication to this testing.20 The test was mainly
carried out according to the method proposed by Pepys et al21 and
by our group.22,23 Briefly, patients were examined on 5 consecutive
days. On day 1 (baseline), clinical and occupational histories were
collected, skin-prick tests with common allergens, radiography
study, pulmonary function tests, andmethacholine challenge were
performed, and EBC was collected. On day 2, a first placebo inhala-
tion challengewas performed. On days 3 and 4, patients underwent
SIC with the appropriate workplace agent. On day 5 after SIC,
pulmonary function tests and methacholine challenge were per-
formed, and EBC was collected again. Pulmonary function changes
weremonitored in each patient bymeasuring the forced expiratory
volume in 1 second (FEV1) every 10 minutes during the first hour
after exposure and every hour thereafter up to 15 hours after
inhalation. The response was considered positive when FEV1 de-
creased by more than 20% the baseline value in the absence of any
change with the placebo test.

EBC Collection

Exhaled breath condensate was collected during tidal breathing
with a commercially available condenser (EcoScreen; Jaeger, Wür-
zburg, Germany), as described.16 Exhaled air entered and left the
chamber through 1-way valves at the inlet and outlet, thus main-
taining the chamber closed. Patients breathed tidally through a

mouthpiece connected to the condenser while wearing nose clips. (
he low temperature within the condensing chamber cooled the
ample throughout the collection time. Samples were collected in
ampling tubes that before use, had beendisinfected for 30minutes
sing sodium dichloroisocyanurate (Inibsa Lab, Barcelona, Spain)
nd rinsed for 24 hours with distilled water and 2 hours with
ltrapure water (Fresenius Kabi, Barcelona, Spain). To determine
he ventilatory pattern, a spirometer (EcoVent; Jaeger) was con-
ected to the equipment at the expiratory valve. The spirometer
ecorded the total exhaled breath, time of collection, tidal volume,
inute ventilation, and breathing frequency. Patients were in-
tructed to refrain from food intake during the 2 hours before
ample collection. A fixed volume of 150 L exhaled breath was
ollected per patient. Each EBC sample was divided into 500-�L
liquots in 2 to 4 plastic tubes. The aliquots, used for measuring
itrite and nitrate, were immediately stored at�70�C and analyzed
ithin 1 month of collection. Other aliquots were used to measure
he pH after deaeration.

BC pH Measurement

The pH was measured in 1 of the aliquots after EBC deaeration
ith helium (350 mL/min for 10 min), using a calibrated pH meter
Model GLP 21; Crison Instruments SA; Barcelona, Spain) with an
ccuracy of �0.01 pH, and a probe for small volumes (Crison 50 28;
rison Instruments SA). The probe was calibrated daily with stan-
ard pH 7.02 and 4.00 buffers.24 Evaluation of the reproducibility of
BC pHmeasurements from 5 consecutivemeasurements revealed
mean coefficient of variation of 2% (range, 0.5–14%). The mean

ntraday coefficient of variation was 4% (range, 1–20%).

BC Nitrite and Nitrate

Nitrite (NO2
�) and nitrate (NO3

�) concentrations were deter-
ined with a colorimetric assay based on the Griess reaction.
riefly, NO3

� wasmeasured as NO2
� after enzymatic conversion by

itrate reductase, and the total NO2
�/NO3

� (converted NO3
� plus

O2
�) was measured in sample duplicates using Griess reagent

Cayman Chemical Company; Ann Arbor, Michigan). Concentra-
ions were measured with a microplate reader at 540 nm absor-
ance. Assay sensitivity was 1 �mol/L for nitrite and 2.5 �mol/L for
itrate. Within-run coefficients of variation were 6%, and 4%, and
etween-run coefficients of variation were 9% and 5% for nitrate
nd nitrite, respectively. The authors decided to measure the end
roducts of NO metabolism instead of exhaled NO to compare
ompounds generated from the same specimen.

ata Analysis

A 1-sample Kolmogorov-Smirnov test was calculated to assess
hether the assumption that variables analyzed had normal distri-
utionswas tenable. The results of the test refuted the assumption;
ence, the Kruskal-Wallis test and the adjusted Mann-Whitney U
estwere used to compare the age, duration of exposure and symp-
oms, interval from last exposure, lung function data, EBC pH, and
itrite/nitrate concentrations between the OA, WEA, and NWRA
roups. Wilcoxon signed rank test was used to compare lung func-
iondata, EBC, pH, andnitrite/nitrate concentrationswithin groups.
pearman’s rank correlation test was applied to determine corre-
ations between EBC pH and nitrite or nitrate concentrations. A P
alue of�.05was considered significant. Nondetectable nitrite and
itrate concentrations were assigned the value of the detection
imit of the method (1 �mol/L and 2.5 �mol/L, respectively). Re-
eiver operating characteristic (ROC) curves were constructed to
etermine the most discriminating cutoff value of changes in EBC
H before and after SIC for predictingWEA. SPSS 17.0 forWindows

SPSS Inc, Chicago, Illinois) was used for the statistical analyses.
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Results

Study Population

One hundred twenty-five consecutive patients referred for pos-
sible OA were assessed. Sixty-six patients had a positive SIC and
were diagnosed with OA (31 patients had an immediate asthmatic
reaction, 23 a late asthmatic reaction, 10 a dual asthmatic reaction,
and 2 patients had other types of asthmatic reactions), and 59
patients had a negative SIC to the workplace agents tested (Fig 1).
Among the 59 SIC-negative patients, 14 were diagnosed withWEA
according to clinical criteria, and 45were considered NWRA, either

Figure 1. Study pop

Table 1
Characteristics of the Subjects Studied

Characteristics WRA Gro

OA Group

Sex, M/F 50/16
Age, years 40 (22–
Smoking habits, NS/exS/CS 30/17/19
Atopy, % 48
Duration of exposure, months 115 (3–5
Duration of symptoms, months 48 (1–3
Interval from last exposure, months 1.25 (0–6
FEV1 % pred.
Before exposure 88.5 (53–
24 h after exposure 86 (39–

Methacholine before exposure, n 66
% Positive 72
PC20, mg/mLa 2 (0.19
Methacholine 24 h after exposure, n 44
% positive 75
PC20, mg/mLa 2.4 (0.05
�2-fold % PC20 decrease 36
Occupational agents, HMW/LMW 19/47
Type of asthmatic reactions, immediate/late/dual/others 31/23/10

Abbreviations: CS, current smoker; exS, ex-smoker; F, female; HMW, high-molecula
no work-related asthma; OA, occupational asthma; PC20, methacholine concentratio
asthma; WRA, work-related asthma.
Data are given as the number or median (range), unless otherwise noted.
aOnly positive tests.
bP�.009.
cP�.034.
dP�.039.
e
P�.028.
fP�.004.
ecause they did not meet the criteria for asthma (n � 34) or
ecause they had asthma inwhich the symptomswere unrelated to
he workplace (n � 11). Patients in the NWRA group who did not
ave asthmawere ultimately diagnosedwith eosinophilic bronchi-
is (n � 2), chronic obstructive pulmonary disease (COPD) (n � 2),
hronic bronchitis (n � 2), bronchiolitis (n�1), smoker’s bronchi-
litis (n � 1), pulmonary tuberculosis sequelae (n � 1), and bron-
hiectasis (n � 1); in 24 patients, the respiratory disease could not
e identified.
Demographic data and clinical characteristics of the patients

ncluded are presented in Table 1. The FEV1 values (% predicted)

and agents tested.

NWRA Group (n � 45)

66) WEA Group (n � 14)

6/8 30/15
43.5 (24–62) 44 (18–64)

5/6/3 14/17/14
62 50
153.5 (23–365) 143 (5–532)

36 (5–197) 23 (2–177)b

3 (0–21) 2 (0–27)

82 (69–99)c 92.5 (53–125)c

82 (48–95)d 90 (53–125)d

14 45
75 44

4 (0.22–13) 4.5 (0.21–12.7)e

12 43
67 42

8 (0.85–12) 6.8 (0.52–16)f

0 0
2/12 4/41
. . . . . .

ght agent; LMW, low-molecular-weight agent; M, male; NS, never smoker; NWRA,
ucing a 20% fall in FEV1; SIC, specific inhalation challenge; WEA, work-exacerbated
up

(n �

57)

33)
65)b

5)

124)
125)

–16)e

–16)f

/2

r-wei
n ind
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before exposure and 24 hours after exposure were lower in the
WEA group compared with the NWRA group (P � .034 and .039,
respectively). Methacholine challenge 24 hours after exposure
could not be performed in 22patients in theOAgroupbecause their
FEV1 was less than 60% of the theoretical value after SIC. Two
patients in theWEA group and 2 in the NWRA group did not agree
to repeat methacholine challenge testing at 24 hours after SIC.
The PC20 was significantly lower in the OA group compared with
the NWRA before exposure (P � .028) and at 24 hours after expo-
sure (P � .004). A PC20 decrease of at least 2-fold at 24 hours
occurred in 36% of patients in theOAgroup andnone of the patients
in theWEAorNWRAgroups. Symptomdurationwas also greater in

Figure 2. EBC pH in the 3 groups studied. A, Before SIC; B, After SIC.
Figure 3. Receiver operating characteristic curves constructed to determine themost relev
negative SIC and reliable diagnosis of asthma and (B) all the study population. The dots re
A than in NWRA (P � .009). No significant differences were seen
etween the groups in any of the remaining variables analyzed.

BC pH Measurement

The EBC pH values before and after exposure are shown in
igure 2. After SIC, a significant decrease in EBC pH was seen in the
EA group (P � .0047). Most patients with WEA (12/14) had been

xposed to LMW agents.
The ROC curves showed themost relevant differences in EBC pH

efore and after SIC for predicting WEA. Considering only patients
ith negative SIC and a reliable diagnosis of asthma (all 14 patients
ith WEA group and 11 patients of the NWRA group), we found
hat an EBC pH decrease greater than 0.4 units after SIC achieved
he most satisfactory sensitivity: 79% (49–94) and specificity of
00% (68–100) (Fig 3A). Considering all the patients included in the
tudy, and the same decrease of 0.4 units in the EBC pH, we ob-
ained a sensitivity of 78% (CI: 49–94) and specificity: 82% (CI:
3–88) for the diagnosis of WEA (Fig 3B).
In the group of patients with OA, a decrease in EBC pH of 0.4 or

ore was more common in those exposed to HMW agents (8/19,
2%) than in those exposed to LMW agents (7/47, 15%). In patients
ith WEA, this significant pH decrease was observed in 2 patients

n contact with HMW agents and in 9 of 12 (75%) exposed to LMW
gents. In the NWRA group, a significant pH decrease occurred in
nly 5 (11%) patients, all of whom had been in contact with LMW
gents. The final diagnoses in these patients were eosinophilic
ronchitis in 2 and bronchiectasis in 1; a definite diagnosis could
ot be established in the remaining 2 patients.

itrite and Nitrate Measurement

In the group of OA patients exposed to HMW agents, a signifi-
ant increase in NO3

� values occurred after SIC (P � .0002) (Fig 4A).
n these same patients, the pH decrease after SIC was greater in
hose with more elevated baseline NO2

� levels (r � �0.685, P �
001) (Fig 4B). No significant differenceswere seen in NO2

� or NO3
�

oncentrations before and after SIC in the remaining groups
nalyzed.

iscussion

The most important result of this study is that a decrease of
ore than 0.4 units in the EBC pH after SIC, in patients with asthma
ant difference in EBCpHbefore and after SIC for predictingWEA in (A)patientswith
present the optimal cutoff points.
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in which we exclude the diagnosis of OA, has a sensitivity of 79%
and a specificity of 100% for the diagnosis of WEA. Most of patients
with WEA had been exposed to LMW agents. In OA patients, a
decrease of more than 0.4 units was only found in 15% of those
exposed to LMW agents and in 42% of those exposed to HMW
agents. In addition to the potential value of these findings for
diagnostic purposes, they suggest that the mechanism of action of
LMW agents may differ according to whether they provoke OA
or WEA.

In studies on work-related asthma, the percentage of patients
withWEA ranges from 13% to 58%.4 Studies investigating socioeco-
nomic outcomes in work-related asthma have generally shown
that OA and WEA patients report similar income loss, rates of
unemployment, and partial work disability.25,26 Nevertheless,
some authors suggest that patients with WEA, unlike those with
OA, can usually return to their workplace with adjustments to
reduce exposure to likely airway irritants or with optimized
asthma medication.27 As compared with OA, studies on WEA are
limited, and this leads to relative uncertainty regarding the defini-
tion, prevalence, diagnosis, and management of these conditions.
The diagnosis of WEA is usually based on the existence of asthma
before occupational exposure and to changes occurring in the
symptoms, medication use, or lung function temporally related to
work, whereas the diagnosis of OA is based on the fact that asthma
onset occurs after starting a job, with similar changes in symptoms,
medication use, or lung function temporally related to work.3,4

Nonetheless, according to theAmericanCollegeOf Chest Physicians
Consensus Statement,5 the possibility that an individual with pre-
vious asthmawill presentwithOA cannot be excluded, nor can it be
ruled out that a patient will develop nonoccupational asthma dur-
ing his or herworking life and that thiswill be exacerbated bywork.
In fact, only 10% to 25% of asthma cases initiating in adults are of
occupational origin.1 In this context, a simple differentiation be-
tween OA and WEA based on a temporal relationship between the
onset of asthma and the start of an occupation can be erroneous.
Thus, it would be useful to have diagnostic methods that would
enable differentiation between these 2 conditions. Peak expiratory
flow recording cannot reliably distinguish OA from WEA, because
both may be associated with work-related changes in airway cali-
ber.5,19 Some authors have suggested that SIC could be useful be-
cause a positive result confirms the diagnosis of OA. Nonetheless,
when SIC is negative, the situation is more complex. In a study
population comprising patients with work-related asthma, one
can conclude that individuals with a negative SIC have WEA.28

However, in clinical practice, SIC is often performed in patients
with asthma unrelated to the workplace and in patients who do

Figure 4. OA group exposed to HMW agents. (A) EBC NO2
� and NO3

� concentrati
not have asthma.29 In these situations, it would be of use to a
erform other tests in conjunction with SIC to help establish the
efinite diagnosis.
In the current study, in theWEA group, 79% (11/14) experienced

n EBC pH decrease 0.4 units or more after SIC. Moreover, most
atients who experienced this significant pH decrease had been
xposed to LMW agents (9/11). Work-exacerbated asthma can re-
ult from a variety of occupational triggers, including physical fac-
ors (eg, extreme temperatures, exercise), behavioral states (eg,
trong emotions, stress), odors (eg, perfume), general irritants and
ust, and second-hand cigarette smoke.4 Because of this large vari-
ty of potential triggering factors, we cannot exclude a nonspecific
echanism that would lead to a decrease in EBC pH. In fact, LMW
ubstances may more easily cause nonspecific airway irritation
ith symptoms in patientswithWEA or other respiratory diseases.
his could be the case, for example, of 3 patients in our NWRA
roup, who also showed a pH decrease after SIC and were affected
ith eosinophilic bronchitis or bronchiectasis. It is important to
ighlight that therewas no decrease in EBC pH after SIC in 22 of the
4 patients in whom no disease was documented or in any of the
atients with asthma unrelated to work.
In patients with OA, no significant decrease was seen in EBC pH

fter SIC regardless of whether they had been exposed to HMW or
MW agents. Nonetheless, 42% of OA patients exposed to HMW
gents and only 15% of those exposed to LMW agents presented an
BC pH decrease of 0.4 units or more after SIC. In the case of HMW
gents, the decrease was related to the fact that baseline EBC NO2

�

evels weremore elevated. Furthermore, an increase in NO3
� levels

fter SICwas found in OA patients in contactwithHMWagents, but
ot in those exposed to LMW agents. No other studies have been
one in this area, and only a few studies have focused on NO
etermination in OA. In general, in these studies, the authors
bserved am increase in the levels of NO in response to HMW
gents, as this increase was not observed in response to LMW
gents.18,30–32 Thesefindingsmight be attributable to differences in
he pathophysiology of asthma induced by these 2 types of agents.
he airway changes produced by LMWandHMWagents differ, and
hese differences could be reflected in the EBC pH. Nevertheless, no
lear evidence exists that LMWagent-induced asthma is associated
ith acidification of EBC pH, because the available studies report
onflicting findings. The EBC pH results in the current study are
onsistent with those of Ferrazzoni et al,18 who found no evidence
hat isocyanate-induced asthma is associated with EBC acidifica-
ion. However, Boyce et al33 reported increased pH values in work-
rs exposed to welding fumes, and Fireman et al34 found signifi-
antly lower levels in welders exposed to cadmium/chromium/
ron/lead/nickel, and no significant changes in those exposed to

B) correlation between EBC pH after SIC and EBC NO2
� concentration before SIC.
luminum/iron. The discrepancies existing between studies sug-
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gest a different mechanism of action in the 2 types of work-related
asthma and would explain the differences found in the current
study regarding EBC pH and NO2

� and NO3
� levels in patients with

OA exposed to HMW and LMW agents.
This study has some limitations. First, it is an observational

study with no follow-up data. Thus, we do not know whether the
diagnoses established by SIC have been maintained over time.
Another limitation is derived from the diagnosis of WEA. In the
current study, we chose to use a combination of clinical data and
SIC findings, such that WEA was diagnosed when the patient had
asthma, the asthma was exacerbated by work, and SIC was nega-
tive. Despite these limitations, the current study is of value, being
the first in a large number of patients inwhich the role of EBC pH in
conjunction with SIC is analyzed. Moreover, the results demon-
strate that EBC pH in conjunction with SIC may be useful for diag-
nosing WEA and suggest that mechanism of action of LMW agents
seems to differ according to whether they cause OA or induced
WEA. We can conclude that these EBC inflammatory markers
should be carefully evaluated to investigate their potential capabil-
ity to establish differences between OA caused by LMW or HMW
agents and to distinguish between patients with OA, WEA, and
asthma unrelated to work.
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