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CHAPTER 7 

General discussion and conclusion 
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In the studies described in this thesis we have focused on the validation of exhaled breath 

profiling by an electronic nose as a diagnostic tool for an inflammatory lung disease like 

asthma, as well as for thoracic neoplasms like lung cancer and malignant pleural 

mesothelioma.  Additionally, we used GC-MS analysis aiming to identify the discriminative 

VOCs between mesothelioma and controls. Finally we looked beyond airway diseases to 

assess the diagnostic value of exhaled breath profiling in a systemic disease like sarcoidosis.  

Based on the data shown in this thesis the following conclusions and implications can be 

drawn.   

 

ELECTRONIC NOSE IN ASTHMA 

 

- We performed the first proof of concept study by electronic nose in asthma showing its 

capability to distinguish exhaled breath of patients with asthma from healthy controls with an 

adequate short-term reproducibility.  

- The electronic nose could less adequately subphenotype mild from severe asthma. 

- We have validated the sampling technique and breathing manoeuvres for exhaled 

breath collection and analysis by electronic nose.  

- Chronic airways inflammation in asthma appears to modify the exhaled breath VOCs 

profile. This was supported by our explorative GC-MS analysis. 

- Strictly following the STARD guidelines in the validation of new diagnostic tests [1-3], 

further studies have extended our findings [4,5,6] showing that if validated, VOCs pattern 

analysis can become a realistic option in asthma diagnosis and monitoring. 
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ELECTRONIC NOSE IN LUNG CANCER 

 

- We showed that exhaled breath of patients with Non-Small Cell Lung Cancer could be 

discriminated from that of subjects with Chronic Obstructive Pulmonary Disease (COPD) as 

well as healthy controls.  

- The above distinction was reproducible by analyzing repeated samples.  

- Our results strongly suggest that exhaled breath of patients with COPD, often 

associated with the development of the lung neoplasm, contains VOCs that are distinct from 

those in patients with lung cancer. This has to be addressed by GC-MS analysis. 

- Our data warrant the next step in the validation of electronic nose technology in the 

diagnostic assessment of lung cancer, being external validation using patients with various 

stages of lung cancer. 

 

ELECTRONIC NOSE IN MALIGNANT PLEURAL MESOTHELIOMA 

 

- We performed the first study applying exhaled breath profiling by electronic nose in 

the field of mesothelioma showing that breathprints of subjects with Malignant Pleural 

Mesothelioma (MPM) could be separated from those of subjects with similar asbestos 

exposure but without MPM, as well as healthy controls. 

- These separations were confirmed when analyzing repeated samples. 

- We extended our findings by performing GC-MS analysis on exhaled breath samples 

aiming to identify the dominant VOCs able to discriminate among the groups described above. 

- Cycloexhane seems to be associated with the presence of MPM. Cycloexhane is a 

known human metabolite of ε-caprolactam degradation [7]. This supports the hypothesis that 

is a tight relationship between reactions of xenobiotic agents degradation and the genesis of 
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tumors, since the relation between polluting agents and neoplastic processes is well 

documented [8].  

- Cyclopentane may play a role as an indicator for long-term asbestos exposure, since it 

is a main compound in the discrimination between asbestos exposed and the other groups 

(MPM and healthy controls). 

- Our results warrant the next step towards validation of electronic nose as diagnostic 

tool for MPM, focusing on external validity by newly recruited and not previously diagnosed 

patients. 

- Concurrent VOCs identification by GC-MS analysis may help to understand specific 

pathophysiological pathways involved and may be relevant as an aid in shaping tailor-made 

sensors for future clinical purposes.  

 

ELECTRONIC NOSE AND SARCOIDOSIS 

 

- We expanded our focus to sarcoidosis, a systemic granulomatous disease that very 

frequently affects the lungs, whose diagnosis is often challenging [9].  

- In a proof of principle study we showed that exhaled breath testing using an electronic 

nose could identify untreated sarcoidosis from healthy controls with an acceptable short-term 

reproducibility. 

- The distinction between treated and untreated sarcoidosis was less adequate and no 

discrimination was observed between treated sarcoidosis and healthy controls. 

- The presence of sarcoidosis is reflected in the exhaled molecular profile, but it may be 

masked by the usage of medications such as corticosteroids and other immunosuppressants.  

- Future studies with a larger training set of patients with untreated sarcoidosis should 

be performed and then compared with chest diseases with similar clinico-radiological 



 125

features. If validated this way, electronic nose technology could be used as a screening test to 

exclude sarcoidosis in suspected subjects or as a diagnostic tool for selecting patients that 

should undergo additional diagnostic procedures as in current clinical practice. 

 

CURRENT LIMITATIONS OF ENOSE APPLICATIONS IN MEDICINE 

 

As seen above, exhaled breath profiling by electronic noses has the potential to have a large-

scale application in several diseases related to the respiratory tract, but also in systemic 

diseases. It is important to consider the most relevant advantages and disadvantages of the 

discussed technique. Exhaled breath profiling has several pro’s, including its non-

invasiveness, cost-effectiveness, quickness and ease to perform. However, a number of 

limitations have to be taken into account.  

First, electronic noses do not identify disease-related VOCs, thus the data are not contributing 

to the discovery of specific pathophysiological pathways or target for therapy. Concurrent 

identification of individual VOCs by GC-MS remains mandatory. 

Second, during the past years, many electronic noses have been built using different 

principles [10]. This has led to an incompatibility among raw sensors data, even from the 

same brand. Therefore, scientists and manufacturers should collaborate in order to obtain 

compatible signals that may be used by different electronic nose systems. This may bring to 

obtain “universal databases” which could be stored on cloud servers and potentially 

downloadable by every physician throughout the world.  

Third, at present, commercially available electronic noses are for broad-scale application, e.g. 

food industry or military purposes. This is an implicit limitation for their application in the 

medical field, because sensors are not specifically designed for human exhaled VOCs. Further 
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efforts should be addressed in the creation of tailor-made electronic noses for a specific 

disease.  

Finally, methodological issues such as sampling set-ups and exhaled breath collection are still 

matter of debate. We have validated the sampling technique and breathing manoeuvres based 

on previously performed methodological experiments [11]. However, it is unknown whether 

this is the optimal technique for breath collection and sampling, indicating that future 

methodological studies are required for exhaled breath analysis by electronic noses. An ERS 

and/or ATS Task Force on the above aspects is urgently needed.  

 

RECOMMENDATIONS FOR SUBSEQUENT STUDIES 

 

The studies described in this thesis represent the very first step towards validation of exhaled 

breath VOCs profiling by electronic noses for respiratory diseases like asthma, lung cancer, 

malignant pleural mesothelioma, as well as pulmonary sarcoidosis. 

Rigorously following the STARD guidelines for the validation of new diagnostic tests [12], the 

mandatory next steps should be: 

 

- The comparison of a newly recruited patients with the given disease to healthy 

controls and/or patients with differential diagnoses that should be discriminated from the 

disease in question (phase II, external validation) [12,13]. This has already been done for 

asthma, showing that an electronic nose could differentiate the exhaled breath of newly 

recruited asthmatics from patients with COPD, therefore obtaining a discrimination between 

two inflammatory obstructive respiratory diseases [14]. 

- The comparison to the diagnostic model of a new group of patients with clinical and 

pathological variety of the given disease and/or with comorbidities (phase III) [12]. This has 
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also been accomplished for asthma by Fens et al, who tested a newly recruited group of 

“difficult to diagnose” asthmatics with fixed airflow obstruction and COPD, reaching good 

accuracy [14].  

- The evaluation of a large number of subjects with suspicion of the given disease 

including those with comorbidities (intention to diagnose, phase IV) [12]. 

If validated this way, electronic noses have the potential to become convenient devices for 

diagnostic purposes, i.e. selecting patients for further diagnostic procedures, and/or for 

screening goals, i.e. excluding a disease in subjects at risk. 

 

 

FUTURE DEVELOPMENTS: NANOTECHNOLOGY IN BREATH ANALYSIS  

 

Our studies have provided new material for paving the way to the application of advanced 

electronic noses in medical practice. During the past 10 years research in this field is rapidly 

progressing and the concept of tailor-made electronic noses for the diagnosis, 

subphenotyping and monitoring of specific diseases is not utopistic.  

Current electronic nose devices based on metal oxide semiconductors or conducting polymers 

that specifically identify gaseous odorants are still relatively large and expensive to allow 

portable and personal monitoring. Miniaturized devices based on micro- or nano-arrays that 

could mimic the performance of the natural olfactory system are emerging. Nanotechnology is 

seen as a key in advancing e-nose devices to a level that will match the olfactory systems 

developed by nature (see Fig.1). 

Nanotechnology was firstly nailed by Richard Feynman in 1959, during a very fascinating 

lecture. He claimed that physics seems not to contradict the ‘possibility of maneuvering things 

atom by atom’: this is a fundamental starting point to discriminate nanotechnology with 
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respect to merely using materials with nano-dimensional components without having a 

control on them. On this basis the following definition of nanotechnology was given by N. 

Taniguchi in 1974: ‘the creation of useful materials, devices, and systems through the control 

matter at the nanometer length scale and the exploitation of novel properties and phenomena 

developed at that scale [15].  

Looking at the literature, many examples of sensors based on nanostructured materials can be 

found [16,17], but none with real nanosensors. Really nanoscaled sensors applied for breath 

analysis could catch air samples directly inside the body, for example close to a cancerous 

lesion inside the lungs. Biosensors based on mammalian cellular receptors may qualify for 

this. Such novel sensing materials could help to overcome some unresolved problems of 

breath analysis, such as humidity influence on sensors responses, cross-selectivity and 

detection of low-ppb concentration levels. Most importantly, the signaling and information 

derived from such measurements has to be reproducible, and this requires control of the 

chemical and physical properties at the nano-scale level. Engineers and biomedical 

investigators should collaboratively bring this technology to the doctor’s office and the 

patient’s pocket electronics. 
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Figure 1. Nanotechnology added value to chemical sensors: (1) the increased surface of the sensing 

element; (2) the opportunity to functionalize adsorbing mechanism at molecular level; (3) the ability 

to arrange many different sensing properties into an array of very small dimension. 
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