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ABSTRACT 
 
Background 
Inhaled asbestos fibres can cause inflammation and fibrosis in the lungs, called asbestosis. 
However, there are no non-invasive means to assess and follow the severity of the 
inflammation. Exhaled nitric oxide (NO) measured at multiple exhalation flow rates can be 
used to assess alveolar NO concentration and bronchial NO flux which reflect inflammation 
in lung parenchyma and airways, respectively. The aim of the present study was to 
investigate if exhaled NO or markers in exhaled breath condensate could be used to assess 
inflammation in asbestosis. 
 
Methods 
Exhaled NO and inflammatory markers (LTB4 and 8-isoprostane) in exhaled breath 
condensate were measured in fifteen non-smoking patients with asbestosis and in fifteen 
healthy controls. Exhaled NO concentrations were measured at four constant exhalation flow 
rates (50, 100, 200 and 300 ml/s), and alveolar NO concentration and bronchial NO flux were 
calculated according to the linear model of pulmonary NO dynamics. 
 
Results 
 
Alveolar NO concentration was significantly higher in patients with asbestosis (3.2 ± 0.4 ppb 
(mean ± SEM)) than in controls (2.0 ± 0.2 ppb, p=0.008). There was no difference in 
bronchial NO flux (0.9 ± 0.1 vs 0.9 ± 0.1 nl/s, p=0.93) or NO concentration measured at ATS 
standard flow rate of 50 ml/s (20.0 ± 2.0 vs 19.7 ± 1.8 ppb, p=0.89). Patients with asbestosis 
had elevated levels of leukotriene B4 (39.5 ± 6.0 vs.15.4 ± 2.9 pg/ml, p= 0.002) and 8-
isoprostane (33.5 ± 9.6 vs.11.9 ± 2.8 pg/ml, p= 0.048) in exhaled breath condensate. 
Patients with asbestosis had elevated serum levels of CRP (2.3 ± 0.3 vs. 1.1 ± 0.2 µg/ml, p = 
0.003), IL-6 (3.5 ± 0.5 vs. 1.7 ± 0.4 pg/ml, p = 0.007), and MPO (356 ± 48 vs. 240 ± 20 ng/ml, 
p = 0.034) as compared to healthy controls 
 
Conclusions  
Patients with asbestosis had increased alveolar NO concentration and high levels of LTB4 
and 8-isoprostane in exhaled breath. Measurement of exhaled NO at multiple exhalation flow 
rates and analysis of inflammatory markers in exhaled breath condensate are promising non-
invasive means to assess inflammation in patients with asbestosis.  
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INTRODUCTION 
 
Asbestosis is diffuse interstitial lung fibrosis caused by an inflammatory response to inhaled 
asbestos fibres.[1-4] Asbestosis requires moderate or heavy exposure to asbestos and takes 
in most cases at least 15-20 years to develop. The diagnosis of asbestosis is based on 
findings of diffuse interstitial fibrosis when a history of sufficient exposure to asbestos exists 
and other causes of pulmonary fibrosis have been ruled out. The general features of the 
inflammatory reaction in asbestosis have been recently reviewed.[1] However, there are no 
non-invasive tools to assess the inflammatory reaction in asbestosis, and efforts to treat the 
disease have not been successful.[1-5] 
 
There is a clinical need to develop direct means to measure inflammation for follow-up and 
diagnostic purposes in inflammatory lung diseases. Exhaled nitric oxide (NO) measurements 
and inflammatory markers in exhaled breath condensate have recently been introduced as 
non-invasive methods for assessment of lung inflammation.[6, 7] NO is a gaseous signalling 
molecule that regulates various physiological and pathophysiological functions in the lungs 
and in the whole human body.[8, 9] NO is synthesized in small amounts by constitutive nitric 
oxide synthases (cNOS) in physiological conditions. In inflammation, the inducible nitric 
oxide synthase (iNOS) produces higher amounts of nitric oxide for prolonged periods.[10, 11] 
NO concentration in exhaled air is known to be elevated in diseases such as asthma [12-14], 
COPD [15] and alveolitis.[14, 16] According to the ERS and ATS recommendations, exhaled 
NO should be measured at a single exhalation flow rate of 50 ml/s.[7] However, 
measurement of exhaled NO at multiple exhalation flow rates allows assessment of alveolar 
and bronchial NO output separately.[17-20] The multiple flow rate method is based on a 
mathematical model which divides the lung in two compartments, i.e. the alveolar / peripheral 
and the bronchial / central compartments.[17] The multiple exhalation flow rate method has 
been demonstrated to successfully differentiate between bronchial and alveolar inflammation 
in asthma, COPD, and alveolitis.[14, 18, 19, 21-25] 
 
Non-gaseous markers of pulmonary inflammation can be non-invasively sampled by 
collecting exhaled breath condensate, and elevated levels of inflammatory mediators like 
leukotriene B4 (LTB4) and 8-isoprostane have been found in certain inflammatory lung 
diseases.[26] 
 
In the present study, we measured exhaled NO at multiple exhalation flow rates and 
collected exhaled breath condensate in fifteen patients with asbestosis and in age- and sex-
matched healthy controls. The aim of the study was to measure if patients with asbestosis 
have 1) altered bronchial or alveolar NO output or 2) increased concentrations of 
inflammatory markers LTB4 and / or 8-isoprostane in their exhaled breath condensate.  
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METHODS 
 
Subjects 
Exhaled NO, markers in exhaled breath condensate, spirometry and pulmonary diffusing 
capacity were measured in 15 patients with asbestosis [all men, mean age 67 (range 56 – 
74) years, average exposure to asbestosis 20.5 (10 – 39) years, exposure had stopped for 
25.6 (14 – 39) years ago]. The patients were recruited from patient records of Tampere 
University Hospital, and they had been diagnosed (before the year 2002) to have asbestosis 
by the Tampere University Hospital Pneumoconioses Expert Group (including expertise from 
pulmonary, radiological and occupational medicine). The diagnosis of asbestosis was based 
on moderate (10-25 fiber years) or heavy (> 25 fiber years) exposure to asbestos, sufficient 
latency time, diffuse interstitial lung fibrosis in high resolution computed tomography (HRCT) 
and exclusion of other causes of diffuse fibrosis according to the Helsinki diagnostic criteria 
for asbestosis.[27] The HRCT images were reviewed by experienced thoracic radiologist 
(RJ) and experienced occupational health physician (PO). The reviewers were blinded to the 
medical information of the patients, and the images were scored by consensus reading. Lung 
fibrosis, parietal pleural plaques and diffuse pleural thickening were scored separately as 
earlier described.[28, 29] The patients’ characteristics are given in Tables 1 and 2 (Table 1: 
lung functions; Table 2: HRTC image analysis). 
 

Table 1. Patients´ characteristics; lung functions 

Patient FVC (%*) FEV1 (%*) FEV1/FVC (%) FEF50% (%*) DLCO (%*) DLCO/VA (%*) 

1 100 96 77 72 111 108 
2 75 68 73 46 102 116 
3 69 63 75 52 94 122 
4 107 104 77 88 117 111 
5 75 66 70 38 86 109 
6 96 86 75 56 80 93 
7 86 94 89 176 92 113 
8 89 83 75 56 85 101 
9 72 67 75 42 77 102 
10 62 65 87 61 63 116 
11 96 95 81 78 71 82 
12 80 75 77 51 85 112 
13 87 91 83 115 98 114 
14 72 72 80 70 51 80 
15 91 83 76 66 72 77 

 
* = % of predicted value 
 
FVC = Forced vital capacity 
FEV1 = Forced expiratory volume in1 second 
FEV50% = Forced expiratory flow at 50% of expired volume 
DLCO = (=TLCO Hb) Diffusion capacity adjusted for haemoglobin 
DLCO/VA = (=TLCO/VA Hb) Specific diffusion capacity adjusted for 
haemoglobin 
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Table 2. Patients´ characteristics; HRCT findings 

Patient 
 
 

Lung 
fibrosis 
(grading 0-5) 

 
 

Parietal 
pleural 
plaques 

(grading 0-5) 
 

Diffuse 
pleural 

thickening 
(grading 0-3) 

 

Lung 
emphysema 

 
 

1 3 4 0 no 
2 2 4 0 no 
3 2 4 0 bullae 
4 1 3 0 no 
5 3 4 0 no 
6 3 5 0 no 

7 4 3 2 
paraseptal 

emphysema 
8 3 2 0 no 
9 3 4 0 no 

10 3 3 0 no 
11 4 2 0 no 
12 3 4 0 no 
13 2 5 0 no 

14 3 1 2 

centrilobular 
and 

paraseptal 
emphysema 

15 2 2 0 

centrilobular 
emphysema, 

bullae 
HRCT images were scored as described in references 28 and 29. 

 
The exclusion criteria for the study were current smoking, diagnosed asthma, chronic 
bronchitis, COPD and other diagnosed pulmonary disease or acute respiratory symptoms. 
Chronic bronchitis was excluded with a symptoms questionnaire (cough and raising sputum, 
on most days for three months during two consecutive years).  
 
Fifteen age-matched healthy male volunteers [mean age 63 yrs, range 53 – 73 yrs)] with 
normal spirometry were recruited into the control group. All subjects were non-smokers (quit 
smoking at least 5 years ago). Subjects had no respiratory symptoms according to the 
symptoms questionnaire. 
 
The study was approved by the ethics committee of Tampere University Hospital, and all 
subjects gave their written informed consent. 
 
Exhaled NO 
 
Exhaled NO was measured with a Sievers NOA 280 analyser (Sievers Instruments, Boulder, 
CO) at four exhalation flow rates (50, 100, 200 and 300 ml/s). Alveolar NO concentration and 
bronchial NO flux were calculated according to Tsoukias and George [17] as previously 
described [14] by using exhalation flow rates of 100, 200 and 300 ml/s. Exhaled NO output 
(=exhaled NO concentration multiplied by exhalation flow rate) was plotted against 
exhalation flow rate and a linear regression was set. Slope and intercept of the regression 
line are approximates of alveolar NO concentration and bronchial NO flux, respectively. 
 
The desired exhalation flow rates were achieved by letting the patients exhale through a 
mass flow meter connected to a computer controlled adjustable flow restrictor (NOFLA-
device developed at the University of Tampere). The computer adjusted the flow resistor in 
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real time based on the actual flow rate measured. If the flow rate tended to be higher or 
lower than the desired flow rate, the flow restriction was increased or decreased in real time 
to achieve the desired flow rate regardless of changes in the patient’s exhalation effort. A 
pressure gauge was connected to the system and the subjects were asked to maintain 
exhalation pressure between 5 and 20 cm H2O during the exhalation.  
 
Exhaled breath condensate 
 
Exhaled breath condensate was collected during 15 minutes of tidal breathing with 
Ecoscreen condenser (Ecoscreen, Jaeger, Hoechberg, Germany) while wearing nose clips. 
The samples were stored at –70°C until assayed. Leukotriene B4 and 8-isoprostane 
concentrations in the condensates were measured by immunoassay with detection limit of 
1.95 pg/ml (Cayman Chemical Company, Ann Arbor, MI, USA). 
 
Serum samples 
 
Venous blood was collected  into Vacutainer Hemogaard SST tubes (Becton Dickinson, 
Franklin lakes, NJ, USA) and allowed to clot for 60 minutes at 22° C. The serum was 
thereafter separated by centrifugation (1300 g for 10 min). The samples were stored at         
–70°C until analyzed. Serum levels of myeloperoxidase (MPO) were measured by 
radioimmunoassay (Pharmacia Diagnostics AB, Uppsala, Sweden). The concentrations of 
interleukin-6 (IL-6) were determined by enzymeimmunoassay (PeliPair ELISA, Sanquin, 
Amsterdam, the Netherlands). CRP was analysed using particle enhanced turbidimetric 
assay (Cobas Integra 800 analyser, Roche Diagnostics, Basel, Switzerland). 
 
Statistics 
 
All the parameters were normally distributed according to Kolmogorov-Smirnov-test. 
Differences between the two groups were analysed by t-test. SPSS 10.1 (SPSS Inc., 
Chicago, IL) software was used for statistical analysis. P-values less than 0.05 were 
considered significant. Results are presented as mean ± SEM. 
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RESULTS 
 
Alveolar NO concentration and bronchial NO flux 
 
Patients with asbestosis had higher alveolar NO concentrations than healthy controls (3.2 ± 
0.4 vs. 2.0 ± 0.2 ppb, p=0.008) but bronchial NO flux was similar in both groups (0.9 ± 0.1 vs 
0.9 ± 0.1 nl/s, p=0.93) (Fig 1). Interestingly, there were no differences between patients with 
asbestosis and healthy controls in exhaled NO concentrations measured at exhalation flow 
rates of 50 ml/s (the ATS standard flow rate), 100 ml/s or 200 ml/s (Table 3). At the highest 
exhalation flow rate (300 ml/s) NO concentration tended to be higher in patients with 
asbestosis (p = 0.06). 

 
Table 3. Exhaled NO concentrations (mean + SEM; ppb) at different exhalation flow rates in 
patients with asbestosis and in healthy controls. 
 

 
Exhalation flow rate 

(ml/s) 

 
Patients 
(n=15) 

 
Controls  

(n=15) 

 
p-value 

 
50 20.0 ± 2.0 19.7 ± 1.8 0.89 

100 12.5 ± 1.3 11.1 ± 0.9 0.38 
200 7.9 ± 0.7 6.6 ± 0.5 0.18 
300 6.3 ± 0.5 5.0 ± 0.4 0.06 

 
 
Factors increasing alveolar NO concentration 
 
Steady state alveolar NO concentration can be described with the following equation: 
CAlv =VNO,Alv / DLNO, where VNO,Alv (nl/s) is the diffusing rate of NO from tissue to the alveolar 
space and DLNO (nl/s/ppb) is the diffusing capacity for NO from alveolar space to pulmonary 
vessels [30]. CAlv can thus be increased either because of increased NO production in lung 
parenchyma causing increased NO diffusion to alveolar air (VNO,Alv) or because of decreased 
diffusion of NO from alveolar air to pulmonary blood vessels caused by decreased alveolar 
NO diffusing capacity (DLNO). 
 
We made an effort to estimate whether the increased alveolar NO concentration in the 
patients with asbestosis is due to increased diffusion of NO to alveolar air (VNO,Alv) or due to 
decreased diffusing capacity of NO from alveolar air to pulmonary blood (DLNO). As DLNO is 
approximately 4 × DLCO  [31], the aforementioned equation can be rearranged to VNO,Alv = CAlv 

× 4 × DLCO, and VNO,Alv can be calculated based on measurements of alveolar NO 
concentration and pulmonary diffusing capacity of CO. We made an assumption that the 
diffusing capacity for CO (DLCO) in our healthy controls would equal the age- and sex- 
matched reference value for DLCO [32], and calculated VNO,Alv in both groups. VNO,Alv was 
higher in the patients with asbestosis (4.1 ± 0.6 nl/s) than in the healthy control subjects (3.1 
± 0.3 nl/s), although the difference did not reach statistical significance (p=0.13).  
 
LTB4 and 8-isoprostane concentrations in exhaled breath condensate 
 
As compared to healthy subjects, patients with asbestosis had increased concentrations of 
LTB4 (39.5 ± 6.0 vs. 15.4 ± 2.9 pg/ml, p=0.002) and 8-isoprostane (33.5 ± 9.6 vs. 11.9 ± 2.8 
pg/ml, p=0.048) in exhaled breath condensate (Fig. 2).  
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://thorax.bm

j.com
/

T
horax: first published as 10.1136/thx.2006.067868 on 24 January 2007. D

ow
nloaded from

 

http://thorax.bmj.com/


 8

Inflammatory markers in serum 
 
Patients with asbestosis had elevated serum levels of CRP (2.3 ± 0.3 vs. 1.1 ± 0.2 µg/ml, p = 
0.003), IL-6 (3.5 ± 0.5 vs. 1.7 ± 0.4 pg/ml, p = 0.007), and MPO (356 ± 48 vs. 240 ± 20 ng/ml, 
p = 0.034) as compared to healthy controls. (Fig. 3). 
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DISCUSSION 
 
In the present study, we measured lung inflammation in patients with asbestosis by using 
two recently described non-invasive methods, i.e. exhaled NO measurement with multiple 
exhalation flow rates and exhaled breath condensate. Alveolar NO concentration was 
elevated in patients with asbestosis as compared to healthy controls whereas there were no 
differences in bronchial NO flux. In addition, concentrations of LTB4 and 8-isoprostane in 
exhaled breath condensate were increased in patients with asbestosis as compared to 
healthy controls. 
 
Increased exhaled NO serves as a marker of lung inflammation in diseases like asthma and 
alveolitis [12-14, 16]. Multiple exhalation flow rate method is an extension of the standard 
single flow method to measure exhaled NO. The multiple exhalation flow rate method can be 
used to separately assess bronchial or proximal (i.e. large airway) and peripheral (i.e. small 
airway and alveolar) contribution to NO output, and accordingly, the bronchial and peripheral 
components of lung inflammation.[18] In our previous studies, we have shown that this 
method can be used to differentiate between bronchial and alveolar inflammation in patients 
with asthma and alveolitis, and in those patients the values returned towards normal levels 
during anti-inflammatory treatment.[14, 21, 33] In other studies, elevated alveolar NO 
concentrations have been found in COPD (2.1 – 2.4 fold increase) [24, 25], liver cirrhosis 
(1.8 fold increase) [23] and in patients with lung fibrosis associated with scleroderma (2.6 
fold increase) [34]. Increased bronchial NO flux has been found in patients with asthma or 
asthma-like symptoms.[14, 19, 21, 22, 24, 33, 35-37] 
 
The inflammatory processes in the lungs induced by inhaled asbestos is charecterized by 
alveolitis, inflammation in the surrounding interstitium, and inflammation and fibrosis in the 
respiratory bronchioles that extend into adjacent alveolar tissue. BAL in patients with 
asbestosis has demonstrated an alveolitis associated with increase of macrophages and 
neutrophils.[4, 38] Studies using BAL, CT scanning, and gallium 67 scanning have shown 
that inflammatory events occur early before the onset of symptoms and diagnosis of 
asbestosis.[4, 38] With the knowledge of asbestosis being an inflammatory disease of the 
lung parenchyma [1] we hypothesized that alveolar NO might be increased in those patients. 
The present results showed increased alveolar NO concentration and normal bronchial NO 
flux in patients with asbestosis. However, the alveolar NO concentrations in asbestosis (1.6 
fold increase) were lower than those in alveolitis (3.7 fold increase) in our previous 
studies.[14, 21] Interestingly, when NO concentrations in exhaled air were measured at a 
single exhalation flow rate according to the ATS standards (at 50 ml/s) [7] there was no 
difference between patients with asbestosis and healthy controls. Only at the highest 
exhalation flow rate used (300 ml/s) NO concentrations in exhaled breath tended to be 
higher in patients with asbestosis than in healthy controls (p=0.06). These results and our 
previous results of patients with alveolitis show that the multiple flow rate method is more 
sensitive to detect alveolar / peripheral component of lung inflammation than the 
conventional single exhalation flow rate method which in many cases ignores the peripheral 
component of inflammation, especially when a low exhalation flow rate (50 ml/s) is used. 
 
Alveolar NO concentration is determined by NO production in the lung tissue and by alveolar 
diffusing capacity of NO. The increased alveolar NO concentration found in patients with 
asbestosis could therefore be caused by decreased pulmonary diffusing capacity and / or 
increased NO production in alveolar tissue. The decreased pulmonary gas diffusing capacity 
is typical for asbestosis [5] and it likely increases alveolar NO concentration in these patients, 
but the level of iNOS expression in lung tissue has not been investigated in patients with 
asbestosis. However, enhanced iNOS expression has been shown in alveolar epithelium in 
patients with other fibrosing lung diseases [39], and exposure to asbestos induces iNOS 
expression in human pneumocytes in vitro [40] and in mice and rat lung in vivo.[41, 42] It is 
therefore likely that alveolar NO production is increased in patients with asbestosis and 
contributes to increased alveolar NO concentration. Our estimate of alveolar NO production 
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rate in asbestosis was higher than in healthy subjects, but the difference did not reach 
statistical significance in the present relatively small group of patients. However, we were not 
able to measure diffusing capacity of NO in patients but it was estimated based on diffusing 
capacity of CO [31], and diffusing capacity in healthy subjects was estimated based on 
normal values in population. Further studies are needed to confirm the contributions of 
increased pulmonary NO production rate and reduced diffusing capacity to the enhanced 
alveolar NO concentration found in patients with asbestosis. 
 
During the processing of the present manuscript, Sandrini et al [43] reported in patients with 
asbestos related respiratory diseases an increased exhaled NO concentration by a single 
exhalation flow rate method by using a high exhalation flow rate (200 ml/s). This is in line 
with our study showing increased alveolar NO concentration in patients with asbestosis as 
increased alveolar NO concentration would increase exhaled NO concentrations at higher 
rather than at lower exhalation flow rates. However, the peripheral origin of increased 
exhaled NO concentrations in patients with asbestosis can not be reliably verified in the 
study by Sandrini et al.[43], as they used only a single exhalation flow rate in NO 
measurements. 
 
To our knowledge there are no previous studies on inflammatory markers in exhaled breath 
condensate from patients with asbestosis. In the present study, we found that concentrations 
of LTB4 and 8-isoprostane were increased in breath condensate from patients with 
asbestosis. This is in agreement with earlier studies showing that LTB4 levels are elevated in 
the bronchoalveolar lavage fluid from asbestos workers.[44] LTB4 is produced by activated 
neutrophils and it is a potent inducer of granulocyte activation. Elevated levels of LTB4 in 
breath condensate have earlier been found in e.g. patients with COPD and asthma.[26, 45-
47] 8-isoprostane is a marker of oxidative stress, and it has previously been found in 
elevated levels in exhaled breath condensate e.g. in patients with asthma, COPD and acute 
lung injury.[26, 47-50] 
 
Inflammation in the lungs in patients with asbestosis has been evaluated by gallium-67 
staging [38, 51] or by measuring inflammatory markers in bronchoalveolar lavage fluid or in 
blood.[52] Present criteria for diagnosis of asbestosis exclude gallium scanning, and it is 
suggested that additional indicators of active inflammation may become useful in future.[4, 5] 
The present results show that measurement of exhaled NO at multiple exhalation flow rate 
method and analysis of inflammatory markers in the exhaled breath condensate offer 
promising non-invasive means to measure lung inflammation in patients with asbestosis. 
Further studies are needed to elucidate whether the progression of the disease or 
responsiveness to anti-inflammatory treatment can be evaluated or predicted by these 
methods.  
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LEGENDS TO THE FIGURES 
 
Figure 1 
Alveolar NO concentration and bronchial NO flux in patients with asbestosis (n=15) and in 
healthy controls (n=15). Values are given as mean ± SEM. 
 
Figure 2 
Leukotriene B4 and 8-isoprostane concentrations in exhaled breath condensate in patients 
with asbestosis (n=15) and in healthy controls (n=15). Values are given as mean ± SEM. 
 
Figure 3 
Serum concentrations of C-reactive protein (CRP), interleukin-6 (IL-6) and myeloperoxidase 
(MPO) in patients with asbestosis (n=15) and in healthy controls (n=15). Values are given as 
mean ± SEM. 
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