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1. Introduction 

Chronic obstructive pulmonary disease (COPD) and bronchial asthma, two major 
obstructive airway diseases with chronic inflammation, impose great health care 
challenges worldwide. COPD is currently the fourth leading cause of mortality with 
three million deaths annually. Asthma afflicts 300 million people on the globe being 
highly under-diagnosed and under-treated. Pathomechanisms behind COPD and asthma 
are still not entirely understood and a better insight into disease development would 
have great impact on future diagnostics and therapies. 
 

New molecules have recently been implicated in the pathogenesis of airway diseases, 
one of which is the group of purinergic mediators. Purine nucleosides and nucleotides 
are ubiquitous molecules found in high concentration inside the cell and involved in 
many intracellular processes. Purines are also increasingly recognised as extracellular 
signalling molecules acting via purinergic receptors. Purines regulate mucociliary 
clearance, airway smooth muscle contractility and inflammatory processes. The most 
investigated purine is the nucleoside adenosine, but a number of in vitro and a few 
animal studies have recently underpinned that adenosine triphosphate (ATP) might 
actively be involved in the development and aggravation of human airway diseases with 
special implications in obstructive airway diseases. However, supporting human 
evidence is scarce.  
 

Purine mediators have successfully been measured in bronchoalveolar lavage fluid 
(BALF) of patients with various airway pathologies; however, the collection method is 
invasive posing considerable stress on patients and hindering repetitive sample 
collection. The analysis of airway samples collected with less invasive techniques such 
as induced sputum or exhaled breath condensate (EBC) can provide useful information 
about airway inflammation, aid diagnosis and can be used in regular patient monitoring. 
 

Exhaled breath condensate is collected non-invasively when subjects inhale room air, 
and the expired air is directed through a cooled collection chamber. This process 
condenses the aqueous components of exhaled air and traps small droplets that are 
released from the airway surface liquid (ASL). Measurement of EBC biomarkers 
provides information about the ongoing chemical and inflammatory processes in the 
airways. Sampling can be repeated within a short period of time, no related adverse 
reactions have been reported and it is suitable for obtaining airway sample from patients 
with limited pulmonary capacity.  
 

Real airway mediator levels could be calculated by correcting their EBC concentrations 
with the dilution of ASL droplets. Several methods have been applied for calculating 
airway dilution in EBC: measurement of total non-volatile cation or urea concentration, 
as well as conductivity. However, no reference dilutional indicator has been established, 
so far. The dilution of respiratory droplets in the condensate fluid is approximately 
10,000-20,000 folds but varies greatly between 50 and 50,000. 
 

The hereby presented research was dedicated to elucidate the involvement of 
extracellular ATP in the pathomechanism of COPD and asthma by measuring ATP 
concentration, for the first time, in exhaled breath condensate fluid. 



 

 

2. Objectives 

2.1. Methodological studies 

1 To establish a high performance liquid chromatography (HPLC) method to 
measure ATP concentration in EBC 

 
2 To establish a luminescent method to measure ATP concentration in EBC  
 
3 To study the ATP specificity of the luminescent signal 
 
4 To study the lower airway origin of ATP measured in the condensate fluid and 

assess salivary contamination in EBC 
 
5 To optimize the luminescent method to measure ATP concentration of EBC 

 
 

2.2. Clinical studies 

I. COPD study 

 

1 To investigate whether EBC ATP concentration is altered in COPD 
 
2 To investigate if EBC ATP concentration in COPD is related to hypoxia or  

clinical condition 
 

 
 
II. Asthma study 

 

1 To investigate whether EBC ATP concentration is altered in stable asthma 
 
2 To study the relationship between EBC ATP concentration and airway 

inflammation, lung function variables and the level of control in asthmatic 
patients 

 
3 To assess the dilution of respiratory droplets in the condensate fluid in healthy 

volunteers and asthmatic patients 
 
4 To calculate and compare the ATP concentration of the airway surface liquid in 

healthy volunteers and patients with asthma 
 
5 To study the relationship between the calculated airway ATP concentration and 

airway inflammation, lung function variables and the level of control in 
asthmatic patients 



 

 

3. Materials and Methods 

3.1. Subjects and study design 

I. Methodological studies 
 

EBC was collected from non-smoking healthy subjects for HPLC measurements (n=6), 
to test the ATP specificity of the luminescent signal (n=6), to detect salivary 
contamination in EBC (n=6, 2-7 samples per subject, altogether 22 samples). EBC was 
obtained from mechanically ventilated COPD patients via the exhalation tube (n=6).  
 
II. Clinical studies 
 

The COPD study had cross-sectional and follow-up parts. EBC was collected from 
healthy non-smokers (n=13), healthy smokers (n=13) and non-ventilated COPD patients 
(n=30) with the primary diagnosis of COPD exacerbation <48 hours after hospital 
admission. Healthy non-smokers provided condensate samples on two separate days to 
assess day-to-day repeatability of EBC ATP concentration (n=10).  EBC was also 
obtained in a subgroup of COPD patients at hospital discharge (n=23). At admission to 
hospital spirometry and blood tests, at discharge only blood gas measurements were 
performed for patients. Healthy volunteers underwent spirometry and gave blood 
samples.  
The Asthma study had a cross-sectional design. Adults with previously diagnosed 
bronchial asthma regularly followed at an outpatient care centre (n=45) and non-atopic 
healthy subjects (n=32) were recruited. Fractional exhaled nitric oxide (FENO) 
measurements and spirometry were performed, and patients evaluated complaints with 
the Asthma Control Test (ACT) comprising of five questions.   
The protocols were approved by the local Medical Ethics Committees. 

3.2. Collection and handling of EBC samples 

EBC collection was performed during tidal breathing for 10 min by two commercially 
available condensers: RTube (Respiratory Research) for healthy subjects, non-ventilated 
COPD and asthmatic patients and EcoScreen (Jaeger) for ventilated COPD patients by 
placing the condenser in line with the expiratory limb of the ventilatory circuit. Samples 
were stored at -80ºC in DNA/RNA LoBind microcentrifuge tubes (Eppendorf AG). 
Native and 10-fold concentrated (vacuum treatment) EBC samples were measured with 
HPLC. Six native and two spiked (approx. 500 pM ATP) EBC samples were mixed 
with ATPase solution (A7510, Sigma-Aldrich) resulting in an estimated 30x excess 
ATPase concentration and then incubated for 60 min at 37ºC.  

3.3. Measurements in EBC 

I. Measurement of ATP 
 

HPLC was performed (Nucleosil column; Varian) with mobile phase of 0.09 M 
KH2PO4 buffer with 5 mM tetrabutyl ammonium bisulphate and acetonitrile (87:13 v/v) 
at 254 nm. The signal to noise ratio was 3:1 (detection limit). 
Two types of luciferin-luciferase assays were applied. In the COPD study, the so-called 
Basic luciferin-luciferase assay was performed. Luminescence was detected (1250 



 

 

luminometer system, BioOrbit) in 50 µl EBC sample added to 100 µl luciferin-
luciferase solution (ENLITEN ATP Assay System, Promega). Samples were measured 
in duplicates. In the calibration curve an ATP standard solution (10-7 M) was serially 
diluted in an EBC pool. The background luminescence of the EBC pool was later 
subtracted. Detection limit of the assay given by the manufacturer is 2 pM. To 
determine the lowest ATP concentration which can be reproducibly measured in EBC in 
our settings, luminescence was measured six times at calibration points until coefficient 
of variation (CV) exceeded 20%.  
In the asthma study, the so-called Refined luciferin-luciferase assay was performed. 40 
µl EBC was added to 40 µl luciferin-luciferase mix (Sigma; 50 µg/ml luciferin, 50 
kU/ml luciferase, pH 7.8, reaction temperature: 22-25ºC) and luminescence was 
detected over 5 sec in a 96-well plate (CHAMELEON II Multi-technology plate reader, 
Hidex). An individual standard curve of ATP dilutions was performed in Milli-Q water 
(blank) for each assay (0-50 pM ATP) in five replicates. The highest and lowest 
luminescence values were excluded and the mean of the remaining three replicates was 
used in further calculations. The detection limit was determined as blank+2SD.  
 

II. Measurement of amylase 
 

Salivary amylase was detected with a fluorometric assay (EnzChek Ultra Amylase 
Assay Kit, Molecular Probes). Samples were measured in duplicates (CHAMELEON II 
Multi-technology plate reader, Hidex). The detection limit of the assay is 2 U/L.  
 

III. Measurement of conductivity 
 

Conductivity of 600 µl vacuum-evaporated EBC samples and serially diluted 150 
mmol/L NaCl was measured with a conductivity meter (GMH 3410, Greisinger 
Electronic) after reconstitution in 600 µl distilled water (Aqua B. Braun Ecolav, B. 
Braun Melsungen; conductivity: 2.23  ± 0.28 µS/cm). The conductivity of 150 mmol/L 
NaCl was 15080 ± 44 µS/cm, and the detection limit of conductivity measurement was 
at 6.85 µmol/L NaCl solution.  

3.4. Other measurements 

FEV1 and FVC were measured according to the guidelines of the American Thoracic 
Society on an electronic spirometer (COPD study; Medicor MS-11, Piston) or on a 
plethysmograph (Asthma study; PDT-111/pwc, Piston). Blood from arterialized 
capillaries for blood gas measurements and venous blood for measuring inflammatory 
parameters were drawn (COPD study). Asthmatic patients (n=35) and healthy 
volunteers (n=30) performed a FENO measurement (NIOX MINO, Aerocrine).  

3.5. Statistical analysis  

Data were analyzed with parametric tests (two-sample t-test, ANOVA with Bonferroni 
post hoc test, Pearson’s correlation), but ATP concentration and FENO did not show 
normal distribution (D’Agostino test), therefore these data were logarithmically 
transformed before analysis. Categorical data are analyzed by Fischer’s exact test. 
Power calculations were performed with α=0.05 and 0.5 effect size. The GraphPad 
Prism 4.0 software was used. A p-value <0.05 was considered significant. Data are 
presented as mean ± SD except for ATP concentration and FENO (geometric mean /95% 
confidence interval/).  



 

 

4. Results 

4.1. Methodological studies 

Using HPLC the lowest detectable ATP concentration was 9 nM with intra-assay CV of 
8%. Neither in native, nor in 10-fold concentrated EBC samples could ATP be detected.  
 

ATP was detectable using the Basic luciferin-luciferase assay with 25 pM as the limit 
for reproducible measurements. Intra-sample CV was 8.9%. Luminescent signal in 
ATPase treated EBC samples almost vanished (luminometer counts for untreated vs. 
ATPase-treated: 6647 ± 5628 vs. 283 ± 123, p<0.05). No difference was found in EBC 
ATP concentration between ventilated and non-ventilated COPD patients in 
exacerbation (45.5 /16.2-128.0/ pM vs. 65.7 /42.7-101.2/ pM; p=0.47). Amylase activity 
was below the detection limit in 13 samples, and nine samples had 9.00 ± 0.84 U/L 
enzyme activiy, which corresponds to higher than 1,000,000-fold dilution of saliva. 
  

In the Refined luciferin-luciferase assay, we adopted a semi-automatic system under 
more controlled and optimal test conditions than in the previous settings. The mean 
assay detection limit was 1.64 pM ATP with still considerable inter-assay variability 
(ranging from 0.11 to 4.37 pM ATP). Therefore we applied an individual detection limit 
for each assay. To ensure that this variability does not influence the ATP concentration 
assigned to an EBC sample, each sample was measured at least in two assays, and the 
mean concentration was used in further analyses. 
 

4.2. Clinical studies 

I. COPD study  
 

Compared to healthy smokers, COPD patients at acute exacerbation presented lower 
level of oxygen saturation (94.1 ± 1.1% vs. 85.2 ± 8.1%; p<0.01), hypoxia, hypercapnia, 
significantly lower values for the FEV1, FVC percent predicted and FEV1/FVC and 
increased levels of systemic inflammatory markers (leukocyte count, C-reactive protein 
level and erythrocyte sedimentation rate) with no difference in demographic data and 
smoking habit. Twenty patients were on inhaled corticosteroids (ICS) before admission. 
 
ATP concentration in 69 individual EBC samples ranged from 0 pM to 5789 pM. Seven 
samples (ranging from 410 to 5789 pM: six COPD patients and one healthy non-
smoker), should possibly be considered as outliers. Day-to-day repeatability was 
calculated giving an intra-subject CV of 53%. The ATP concentration was lower than 
25 pM in 16 samples (23%).  
 
There was no difference in EBC ATP concentrations among non-smoking healthy 
subjects (88.2 pM /53.6-145.3/), smoking healthy subjects (75.3 pM /51.5-110.1/) and 
COPD patients in exacerbation (65.7 pM /42.7-101.2/; p=0.66, Figure 1.). The power 
[1-β] of the comparison was 0.99. Comparing ATP concentration among study groups 
with exclusion of possible outliers gave similar results (p=0.20). Neither was there a 
difference in EBC ATP concentration between exacerbated COPD patients treated with 
ICS  before admission to hospital and steroid-free patients (p=0.45). 



 

 

 

 

EBC was collected from patients on the days of hospital admission and discharge, and 
blood gas data were simultaneously recorded. At admission, COPD patients in acute 
severe exacerbation demonstrated significantly lower partial pressure of arterial oxygen 
(PaO2) than healthy smoking subjects (51.5 ± 9.7 mmHg vs. 76.4 ± 8.7 mmHg, 
p<0.001). In stable condition when discharged, PaO2 of these patients considerably 
increased compared to the level at admission (61.7 ± 9.6 mmHg, p<0.001), but still has 
not reached that of healthy smokers (p<0.001). In contrary, there was no difference in 
EBC ATP concentration between the two time points (admission vs. discharge: 62.5 pM 
/39.1-100.0/ vs. 57.3 pM /25.1-131.0/; p=0.84). If those COPD patients who had outlier 
EBC ATP concentrations were excluded from the comparison, still no difference was 
present between EBC ATP levels (p=0.13). 
 
II. Asthma study 
 

Patients with stable asthma presented with a lower FEV1/FVC and a lower FEV1 percent 
predicted and a higher FENO level compared to healthy controls. Thirty-two patients 
evaluated their asthma as well-controlled (ACT score ≥20) while 13 patients had 
partially controlled or uncontrolled asthma (ACT score <19). Thirty-three patients were 
on ICS therapy. 
 
In EBC of three asthmatic patients and three healthy controls ATP concentration was 
below the detection limit (8% of all subjects). EBC ATP concentration was similar in 
asthmatic patients and control subjects (4.12 pM /3.13-5.41/ vs. 3.18 pM /2.32-4.36/, 
p=0.21; Figure 2.). The power of the study [1-β] was 0.87 to detect a 50% increase in 
EBC ATP concentration. The comparison yielded similar results without the two outlier 
values in the asthma group (p=0.37). No difference in EBC ATP concentration was 
found between ICS-treated and ICS-free (4.10 pM /3.18-5.28/ vs. 4.18 pM /1.77-9.88/, 
p=0.95) or well-controlled and uncontrolled asthmatic patients (4.02 pM /2.80-5.78/ vs. 
4.37 pM /2.97-6.42/, p=0.79). 
 
No correlation was observed between EBC ATP concentration and ACT score or FEV1 
percent predicted, but a tendency was noted with the FEV1/FVC (r=-0.26, p=0.09).  
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Figure 1. EBC ATP concentration in healthy non-smokers (HNS), healthy smokers (HS) 
and patients with COPD exacerbation.  



 

 

There was no relation between FENO level and EBC ATP concentration either without 
adjustment for ICS usage or in the subgroup of patients not on steroids. 

There was no difference in the conductivity of vacuum-treated EBC samples between 
patients and control subjects (6.82 ± 3.31 µS/cm vs. 6.35 ± 2.62 µS/cm; p=0.62), and 
the calculated dilution in EBC was similar in asthmatic patients and healthy individuals 
(7,548 ± 3,704 vs. 8,958 ± 5,220, p=0.34).  
 
Of note, significant negative correlation was found between dilution and EBC ATP 
concentration in asthmatic patients (n=19, r=-0.46, p<0.05) and also when patients and 
controls were analyzed together (n=39, r=-0.32, p<0.05; Figure 3.a). ASL ATP 
concentrations were estimated by multiplying the individual EBC ATP concentration by 
the corresponding dilutional factor. Calculated airway ATP concentrations were similar 
in asthmatic patients and healthy subjects (24.79 nM /17.27-35.58/ vs. 20.70 nM /13.04-
32.86/, p=0.52). However, it showed significant negative correlation to FEV1 percent 
predicted (n=39, r=-0.35, p<0.05; Figure 3.b), a tendency towards negative correlation 
to FEV1/FVC (r=-0.28, p=0.08), but not to FVC percent predicted or FENO.  
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Figure 2. EBC ATP concentration in control subjects and asthmatic patients.  

 

Figure 3. Correction of EBC ATP concentration for respiratory droplet dilution. 
The relation between EBC ATP concentration and dilution of respiratory droplets in EBC (a). 
Correlation between dilution-corrected ATP concentration and FEV1 percent predicted (b).  
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5. Discussion 

5.1. Methodological studies 

We successfully used luminescent assays to specifically detect and quantify ATP in 
exhaled breath condensate. Our refined assay has a performance comparable to other 
assay systems applied in EBC analysis.  
 
Our Refined luciferin-luciferase assay requires small sample volume, has good intra-
sample reproducibility and low detection limit thereby only a fraction of samples has 
ATP concentrations below the assay detection limit. However, we acknowledge that the 
inter-assay reproducibility was still moderate with a highly variable background signal. 
In order to minimize methodological bias all samples from patients and controls were 
measured at least in two separate assays. 
 
Two of our observations support that ATP in breath condensate mainly originates from 
the lower airways. Exhaled ATP level of ventilated COPD patients is not different from 
that of non-ventilated patients and the contribution of salivary ATP molecules to ATP in 
EBC is estimated to be negligible.  

5.2. Clinical studies 

I. New findings concerning EBC ATP concentration in COPD and asthma 

 
We demonstrated that ATP can be measured in breath condensate samples from healthy 
subjects and patients with COPD and asthma. No difference exits in EBC ATP 
concentration between patients and relevant healthy controls. No change in EBC ATP 
concentration in relation to improvement in clinical condition or blood oxygenation is 
observed in COPD. EBC ATP concentration in asthma is not related to eosinophilic 
airway inflammation (level of fractional exhéae dnitric oxide), level of disease control 
or bronchoconstriction. These data suggest that ATP concentration measured in EBC 
might not serve as a biomarker of COPD or asthma.  
 
Even though our results are primarily negative, there can be a number of disease-related 
and methodological issues to be considered throughout the interpretation.  
 
Adenosine, the end product of ATP degradation and another powerful mediator in 
purinergic signalling, has been demonstrated to be increased in BALF collected from 
patients with COPD and asthma. Nonetheless, we were not able to detect any increase 
in EBC ATP concentration and other authors did not find an elevated EBC adenosine 
monophosphate (intermediate molecule in ATP degradation) concentration in these 
diseases, either. Several possible mechanisms could underlie these observations since 
airway ATP level is maintained by the delicate balance between cellular release and 
rapid degradation on airway surfaces. On one hand, hypoxia triggers ATP release from 
the airway epithelium and during hypoxia-induced cell death ATP is released in the 
lungs. On the other hand, hypoxia has also been shown to induce ATPases on epithelial 
surfaces. Although profound hypoxia and augmented systemic inflammation with 
leukocytosis were present in COPD exacerbation, our results did not show a difference 



 

 

in EBC ATP concentration in these patients. Furthermore the degradation of ATP to 
adenosine by ecto-nucleotidases could be so rapid at airway surfaces that a change in 
local ATP level (and consequently in ATP concentration of BALF) might not be 
detectable in its EBC concentration. In line with this, the activity of ectoATPases on 
airway surfaces is potentiated in chronic lung diseases.  
 
The characteristics of the EBC technique can be another reason why there is increased 
ATP concentration in BALF but not in EBC in asthma and COPD.  
First, while BALF samples airway peripheries and alveoli, where pathological processes 
of COPD take place or it might collect fluid from segments more affected by asthma, 
the exact sampling site of EBC is not known but it is suggested that respiratory droplets 
in EBC are derived from larger airways.  
Second, it is generally accepted that intense sheer stress applied to airway surfaces such 
as bronchial washing or during sputum expectoration leads to the release of high 
amounts of ATP from airway epithelium. This elevates extracellular ATP 
concentrations on airway surfaces and consequently might raise purine concentrations 
of BALF. This effect cannot be controlled and stimulated ATP release might be even 
higher in diseased than non-diseased airways. As the collection of EBC does not impart 
additional stress on airway, this confounding effect can be ignored in breath analysis.  
Third, during the condensation procedure airway droplet formation from the ASL is 
influenced by sheer stress on the airway wall, which is presumably altered by the 
variable airflow obstruction such as seen in asthma. Thus, it cannot be ruled out that 
ATP level is elevated in airway segments with pronounced inflammation and 
bronchoconstriction.  
Further studies employing multiple sampling methods are needed to systematically 
investigate airway ATP level in COPD and asthma.      
 

Studies measuring ATP in direct airway samples also use a luminescent method 
essentially the same as in our studies. In the range of ATP concentration (nano- or 
micromolar) measured in BALF and induced sputum the method is reliable and highly 
reproducible. It is important to note that the analytical challenges of ATP measurements 
in EBC may limit the detection of relatively small but biologically important changes in 
its concentration.  
 

To sum up, new observations from human and animal studies seem to support a role for 
purinergic signalling in the pathogenesis of COPD and asthma but persuasive results are 
still lacking. Although breath condensate is an airway sample which can be easily 
obtained, our findings in EBC do not affirm the importance of ATP-mediated signalling 
in these diseases, but it is also possible that the intrinsic features of EBC technique 
might not favour the measurement of ATP in this airway sample. 
 
II. New findings concerning respiratory droplet dilution in the condensate fluid 

 

The formation of EBC is not clearly understood but respiratory droplets containing non-
volatile molecules are released from the airway surface liquid as a result of turbulent 
flow by the branching of bronchi. As exhaled air is almost fully saturated, these droplets 
are largely diluted (but at a variable extent) by water vapour in EBC. In principle, 
airway mediator level can be calculated from its concentration measured in EBC by 
correcting with the dilution.  



 

 

Measuring conductivity of the condensate fluid after the removal of volatile ions (either 
by lyophilization or vacuum-treatment) offers an easy approach for estimating 
respiratory solute dilution in EBC. Our results are in accordance with previously 
published findings that respiratory droplets from the ASL are approximately 10,000 
times diluted in the condensate fluid. As previously shown only in COPD patients, we 
here also demonstrated that the conductivity-based dilutional factor was similar in 
asthmatic patients and healthy controls.  
 
We observed an inverse relationship between EBC ATP concentration and the extent of 
dilution of ASL by water vapour. This supports the concept that dilution plays a role in 
mediator concentrations measured in the condensate fluid. Furthermore, the calculated 
ASL ATP level but not the EBC ATP concentration correlates with airway resistance. 
Hence, the correction of non-volatile mediator concentrations measured in EBC by the 
dilutional factor seems to be justified. This calls for the establishment of a reference 
dilutional indicator which can be routinely monitored in EBC samples.  
 
We calculated the ATP level of airway surface liquid by correcting EBC ATP 
concentration with respiratory solute dilution measured in the condensate fluid. There is 
no difference in the estimated airway ATP concentrations between asthmatic patients 
and healthy controls, and this concentration is very similar to that measured on the 
surface of primary bronchial epithelial cell cultures.  
 
The calculated ASL ATP concentration negatively correlates with forced expiratory 
volume in 1 second, suggesting that airway ATP could be a non-invasive predictor of 
airways obstruction, independently of the underlying disease. It is not unexpected as 
extracellular ATP has been shown to potentiate airway smooth muscle cell contractility, 
trigger bronchoconstriction and inhaled ATP induces dyspnoea in asthmatic patients. 
Thus extracellular ATP can play a role in obstructive airway diseases, in general. The 
relationship between bronchonstriction and airway ATP level should be further clarified 
in longitudinal studies. 
 
In summary, respiratory droplet dilution is negatively correlated to ATP concentration 
in EBC samples without difference in either the extent of dilution or the calculated 
airway ATP level between asthmatic patients and control subjects. Calculated airway 
ATP concentration is related to the degree of bronchoconstriction hence it could be 
involved in a general mechanism regulating airway calibre.  
 

 



 

 

6. Conclusions 

6.1. Methodological studies 

1 HPLC is not a suitable method to measure ATP concentration in EBC. 
 
2 By means of luminometry ATP concentration can be measured in the majority 

of EBC samples. 
 

3 The luminescent signal detected in EBC is specific to ATP. 
 

4 The origin of ATP in the condensate fluid is of the lower airways. 
 
5 The performance of the luciferin-luciferase assay is comparable to other assays 

used to quantify mediator levels in EBC, but it shows high inter-assay variability 
even at optimal reaction conditions. 

 
 

6.2. Clinical studies 

1 EBC ATP concentration is not altered in patients with a hypoxic acute 
exacerbation of COPD compared to control subjects suggesting that exhaled 
ATP is not a marker of COPD.  

 
2 ATP concentration of the condensate fluid remains unchanged when the blood 

oxygenation and clinical condition of exacerbated COPD patients improve 
indicating that systemic hypoxia per se does not influence exhaled ATP 
concentration. 

 
3 EBC ATP concentration is not changed in patients with stable asthma compared 

to control subjects and not related to disease parameters and the level of disease 
control suggesting that exhaled ATP is not a marker of bronchial asthma.  

 
4 Dilution of respiratory droplets in EBC is approximately 10,000 folds and 

similar in asthmatic patients and healthy controls. 
 
5 EBC ATP concentration negatively correlates to respiratory droplet dilution in 

asthmatic patients and control subjects implying that dilution greatly influences 
the concentrations of airway mdeiators measured in the condensate fluid.  

 
6 Estimated airway ATP concentration is similar in asthmatic patients and healthy 

subjects but negatively correlates to FEV1 suggesting a possible role for ATP in 
airway calibre regulation.  



 

 

7. Summary 

 
It has been suggested that extracellular ATP – as a signalling molecule – might play a 
role in the pathogenesis of COPD and asthma. ATP can be involved in triggering and 
maintaining airway inflammation, inducing bronchoconstriction, however, compelling 
human evidence is lacking.  
 
The collection of exhaled breath condensate (EBC) is an easy and non-invasive mode of 
sampling the airways. EBC contains droplets from the airway lining fluid (ALF), and 
EBC analysis provides information about physiological and pathophysiological 
processes in the airways. ATP concentration in EBC has not been measured before. 
 
We reported a luminescent method to successfully measure EBC ATP concentration 
and demonstrated that ATP in the condensate fluid is mainly derived from the lower 
airways. No difference was found in EBC ATP concentration between patients with 
acute hypoxic exacerbation of COPD or stable asthma and relevant control subjects. We 
found that the improvement of blood oxygenation and clinical condition in COPD or the 
level of disease control and airway inflammation in asthma do not influence EBC ATP 
concentrations. The dilution of droplets from the ALF highly influences EBC ATP 
concentration. The calculated airway ATP concentration is similar in asthmatic patients 
and healthy controls, and shows a positive correlation to airway resistance. 
 
ATP measured in EBC cannot be considered as a marker for COPD or bronchial asthma 
but airway ATP might be involved in the regulation of airway calibre. ATP 
concentration measured in EBC is in close correlation with the extent of the dilution of 
the airway lining fluid. Hence the assessment of respiratory droplet dilution in the 
condensate fluid might also be of importance for other biomarkers measured in EBC. 
 
Although our work highlights that EBC ATP cannot be used in the diagnostics of 
COPD and asthma, our results also imply that further methodological improvements of 
assessing dilution in EBC might aid better understanding of airway processes and pave 
the way for new perspectives in the non-invasive monitoring of airway diseases. 
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