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a b s t r a c t 

Background: Pseudomonas aeruginosa ( PA ) is an important respiratory pathogen for cystic fibrosis (CF) 

patients. Routine microbiology surveillance is time-consuming, and is best performed on expectorated 

sputum. As alternative, volatile organic compounds (VOCs) may be indicative of PA colonisation. In this 

study, we aimed to identify VOCs associated with PA in literature and perform targeted exhaled breath 

analysis to recognize PA positive CF patients non-invasively. 

Methods: This study consisted of 1) a literature review to select VOCs of interest, and 2) a cross-sectional 

CF study. Definitions used: A) PA positive, PA culture at visit/chronically; B) PA free, no PA culture in ≥12 

months. Exhaled VOCs were identified via quadrupole MS. The primary endpoint was the area under the 

receiver operating characteristics curve (AUROCC) of individual VOCs as well as combined VOCs against 

PA culture. 

Results: 241 VOCs were identified in literature, of which 56 were further evaluated, and 13 could be 

detected in exhaled breath in our cohort. Exhaled breath of 25 pediatric and 28 adult CF patients, PA 

positive (n = 16) and free (n = 28) was available. 3/13 VOCs were significantly (p < 0.05) different between 

PA groups in children; none were in adults. Notably, a composite model based on 5 or 1 VOC(s) showed 

an AUROCC of 0.86 (CI 0.71–1.0) and 0.87 (CI 0.72–1.0) for adults and children, respectively. 

Conclusions: Targeted VOC analysis appears to discriminate children and adults with and without PA 

positive cultures with clinically acceptable sensitivity values. 

© 2021 The Author(s). Published by Elsevier B.V. on behalf of European Cystic Fibrosis Society. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Cystic fibrosis (CF) is a recessively inherited, progressive multi- 

rgan disease that results in infection of the respiratory tract by 

athogens such as Pseudomonas aeruginosa ( PA ). Infection is as- 

ociated with increased morbidity, greater decline in lung func- 

ion, and increased time in hospital [1–6] . Eradication of PA should 

e initiated swiftly, but monitoring of colonisation is based on 

icrobial sputum cultures, which frequently cannot be obtained 

n young CF patients. Alternatives to sputum cultures are either 

ess sensitive (throat swabs) or highly invasive (bronchoscopy) [7] . 

oreover, the result of sputum cultures take one week and lack in 

ensitivity, delaying prompt treatment of infections [ 8 , 9 ]. 

Exhaled breath analysis provides a non-invasive alternative for 

icrobial cultures. Volatile organic compounds (VOCs) in exhaled 

reath originate from different processes: 1) host metabolism in 

he lung and elsewhere, 2) microbial metabolism and 3) foreign 

ources such as contamination via inhaled air or the oropharynx 

10] . Several studies have suggested that VOCs allow distinguishing 

etween bacterial species in vitro and also diagnosing infected hu- 

ans [11–15] . However, studies do not show consistent results due 

o a plethora of confounders [16] . While unrelated metabolomic 

rocesses affect human in vivo studies, culture conditions lack any 

ignal from host-responses. Therefore, despite the abundant VOC 

resence in exhaled breath, no exhaled breath test is currently im- 

lemented in clinic. 

The next step forward for exhaled breath biomarkers would be 

o transcend from discovery science into hypothesis driven tar- 

eted analysis. Combining current knowledge on VOCs from both 

n vitro cultures and in/ex vivo human studies, decreases the chance 

f falsely detecting associations [17] . Using this as a basis for tar- 

eted analysis in real-life patient samples, we can potentially val- 

date exhaled breath biomarkers for pathogen detection in CF pa- 

ients. 

Our central hypothesis is that VOCs of PA can be detected in 

he breath of patients with CF and can be used to accurately iden- 

ify colonised patients with a high sensitivity. To answer this hy- 

othesis, we conducted a two-step analysis. First, we created an 

verview of VOCs that have been associated with the presence of 

A in both in vitro cultures and human studies to increase the a 

riori probability of a direct biochemical link between Pseudomonas 

nd VOCs. Second, we analysed the breath of patients with CF for 

he presence of a subset of these VOCs and evaluated the accuracy 

or detection of PA infection in sputum or cough swabs of the same 

atients. 

. Methods 

.1. Systematic literature review 

A broad systematic search in the PubMed Central library was 

erformed by RK, using the following terms: ‘ Pseudomonas aerug- 

nosa’ AND ‘v olatile’ AND (‘mass spectrometry’ OR ‘spectroscopy’). 

election for full-text examination was based on the title and/or 

bstract suggesting the measurement of VOCs in relation to PA. 

f during full-text examination an article included a summary of 
.J. Vijverberg, S.E.M. Vonk, J.W.F. Dagelet, D.W. Fenn, N. Adriaens, R. Lub, M. van 

rederode, L. van der Schaaf, M. Verkleij, N.A. van Gilst, G.H. Hofsteenge, C.L.H. 

rackel, P. Lakeman, I.C.M. Bon, S.P.M. Tanner. 
★ Members of the Amsterdam UMC breath research group: C. Longo, A. Sinha, D. 

enn, L.B. Richards, J.M.H. van Bragt, M. I. Abdel-Aziz, J.W.F. Dagelet, S.J.A. Lone-Latif, 

.J. Schultz, M.R. Smit, L.A. Hagens. 
∗ Corresponding author at: Meibergdreef 9, 1105 AZ, Amsterdam, F5-257, Nether- 

ands. 

E-mail address: a.h.maitland@amsterdamumc.nl (A.H. Maitland-van der Zee). 
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etected VOCs released in the presence of PA, the article was in- 

luded. There was no restriction to in vitro or human studies , nor 

as there a restriction in publication date. Double publications of 

he same data and publications in a language other than English 

ere disregarded. All VOCs were summarized based on the follow- 

ng molecular structures (adapted from Hakim et al. [18] ): hydro- 

arbons, alcohols, acids, aldehydes, ketones, cyclic compounds, es- 

ers, S-containing, and N-containing. 

.2. Clinical study design and subjects 

.2.1. Design and ethical considerations 

We used data of the first visit of a longitudinal study in which 

hildren and adults with CF were followed for one year. The study 

as approved by the Institutional Research Board of the Academic 

edical Centre (B2012500). Patients were recruited in the Amster- 

am Medical Centers between 2013-2014. Written informed con- 

ent was obtained from all patients, or in the case of minors, from 

heir representatives, before data collection. 

.2.2. Population and definitions 

Patients were recruited at the outpatient clinic. Inclusion crite- 

ia were (i) CF diagnosis based on clinical symptoms in combina- 

ion with an abnormal sweat test (chloride > 60 mmol/l) and/or 

dentification of mutations in both alleles of the cystic fibrosis 

ransmembrane conductance regulator (CFTR) gene, [19] (ii) sta- 

le respiratory disease for at least 6 weeks (as determined by the 

reating physician) and (iii) ability to perform lung function. Exclu- 

ion criteria were mental retardation, CF related diabetes, techni- 

ally unsatisfactory performance of measurements, on the waiting 

ist for lung transplantation and participation in other clinical stud- 

es. 

Patients were considered PA positive if their PA culture was pos- 

tive at the visit, or were chronically PA infected. Chronic PA infec- 

ion was defined as more than 50% of all available sputum/swab 

ultures were PA positive during the 12 months before inclusion 

with a minimum of 2 positive samples); Free of PA was defined 

s no growth of PA during the 12 months before inclusion [20] . 

atients who were intermittently infected in the previous year, but 

id not test positive at this visit were considered ‘ambiguous’ and 

ere excluded. 

.2.3. Measurements 

Sputum and cough swab cultures and standardized lung func- 

ion test were part of routine clinical CF care and the results were 

oted in a case record form. Data on sputum cultures were col- 

ected from the electronic patient files from one year prior to in- 

lusion. 

Exhaled breath was collected as described by Van der Schee 

t al. [21] . In short, after a 5-minute wash-out period in which 

atients breathed through a mouthpiece connected to a VOC fil- 

er (A1-filter, North, N7500-1U), while nasal breathing was circum- 

ented by a nose clip. Thereafter, patients performed an inspira- 

ory capacity manoeuvre and exhaled into a nalophan bag after 

onnection to the mouthpiece. Within 10 minutes after collection, 

00mL of exhaled air was sampled through a thermal desorption 

ube (Tenax GR 60/80 Interscience, Breda, The Netherlands) at a 

ow of 250mL/min using a peristaltic pump, to collect, transport 

nd store the expired VOCs. 

.3. Exhaled breath analysis 

Samples were analysed by gas chromatography - mass spec- 

rometry (GC-MS) as previously described by Van der Schee 

t al. [21] . In short, the VOCs were released from the sor- 

ent material by heating the tube in a thermal desorption unit 

mailto:a.h.maitland@amsterdamumc.nl
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Fig. 1. Schematic overview of patient selection. Arrows indicate groups com- 

pared during statistical analysis. GC-MS: gas chromatography-mass spectrometry, 

PA, Pseudomonas aeruginosa. 
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TD100, Markes, Cincinnati, Ohio, USA) to 280 °C for 15 minutes 

ith a flow of 30 ml/min. Subsequently, compounds were cold 

rapped at 10 °C, rapidly heated to 300 °C for 1 minute and split

ess injected at 180 °C through a transfer line onto an Intercap 

MS/Sil GC column (30m”, 0.25mm ID, 1μm film thickness, 1,4- 

is(dimethylsiloxy)phenylene dimethyl polysiloxane, Restek, Breda, 

he Netherlands) at 1.2 ml/min. Ionization of the molecules was 

one using electron ionization at 70 eV after which the fragment 

ons were detected using a quadrupole mass-spectrometer (GCMS- 

P2010, Shimadzu, Den Bosch, The Netherlands). The scan range 

as 37-300 Da. VOCs of interest as obtained by the literature study 

ere identified manually in the GC-MS spectra by matching in the 

IST-library and by retention time. The combination of a unique 

ass-to-charge ratio and retention time was used for subsequent 

tatistical analysis. Furthermore, analytical standards (HPLC grade 

99.7%, Honeywell Riedel-de Haën Chromasolv TM , Landsmeer, The 

etherlands) were injected into the GC-MS to confirm the reten- 

ion time and fragmentation of compounds of interest. 

.4. Endpoint 

The primary endpoint of this study was the diagnostic accuracy 

or PA infection detection using the VOCs that were associated with 

A in literature and were identified in the breath of CF patients, 

ho are considered as PA positive by airway cultures. This was re- 

orted in area under the receiving operator characteristics curve 

AUROCC) with sensitivity and specificity at the cut-off closest to 

he top-left corner. This comparison was performed for adults and 

hildren separately. 

.5. Statistical analysis 

Statistical analysis was performed in RStudio V1.2.1335 (RStudio 

nc., Boston, United States of America). Descriptive statistics were 

ompared via T-test, Mann-Whitney U analysis, or Chi 2 test. Means 

f VOCs were compared by Mann-Whitney U tests. 

VOC data was log-scaled to stabilize the variance of results [22] . 

dds ratios of VOCs were determined by univariate binary logistic 

egression and 95% confidence intervals (95% CI) were established. 

 receiver operating characteristics curve was constructed and area 

nder the curve (AUROCC) with 95% CI was reported. A forward 

tepwise regression was performed to create a multivariate model: 

tarting with the most significant variable (VOC) until no signifi- 

ant model improvement was reached by adding another variable. 

ll models were tested by a leave-one-out cross validation. 

. Results 

.1. Systematic review 

The PubMed Central library search resulted in 314 articles, out 

f these articles 64 were selected for full text analysis, 40 articles 

ublished between 1977 and 2019 were eventually included in this 

tudy, Figure S1. From all included articles, a list of 241 chemical 

ompounds (Tables S2–S10) was constructed. 56 compounds were 

onsidered VOCs of interest based on multiple consistent notations 

n literature, Figure S2. 

.2. Targeted analysis of human breath 

.2.1. Patient characteristics 

In total 53 patients (25 children) were included in the study 

ohort; two were excluded from analysis due to missing GCMS 

ata. Patient characteristics are described in Table S11. Cultures of 

aemophilus influenza and Staphylococcus aureus were more preva- 

ent in children, whereas other cultures were less prevalent in chil- 

ren (Table S11). 13 adults and 15 children were classified as PA 
e30 
ree; 10 adults and 6 children were classified as PA positive, 7 

atients were excluded based on ambiguous PA status (positive 

ests over the last year, but neither chronically infected or positive 

t time of breath analysis) ( Fig. 1 ). Patient characteristics are de- 

cribed in Table 1 . Lung function was lower (p < 0.01) in PA positive

dults. Children frequently showed co-cultures with Staphylococcus 

ureus; adults show a more diverse profile of co-cultures with a 

ariety of pathogens. 

.2.2. Detection of VOCs 

Exhaled breath was analysed for 51 out of 53 included patients. 

fter deconvolution, 2024 ion-fragments were quantified. 13 of the 

6 VOCs of interest were found in the exhaled breath of the cohort 

Table S12). 3 out of 13 VOCs were significantly different between 

hildren and adults, Table S13. 

.2.3. VOC correlation with PA presence 

Of the 13 VOCs, 3 were significantly negatively associated with 

A presence in children: 2-butanone (odds ratio: 0.05, 95%-CI: 

.00-0.66), ethyl acetate (odds ratio: 0.27, 95%-CI: 0.05-0.79), and 

eptane,2,4-dimethyl (odds ratio: 0.5, 95%-CI: 0.21-0.97); Table 2 

nd Fig. S3. None of the individual VOCs was significantly asso- 

iated with PA presence in adults. The AUROCC ranged from 0.51- 

.87 for children and 0.51-0.67 for adults. Ethyl acetate showed the 

ighest predictive value for PA in both children and adults despite 

he insignificant difference between groups, Fig. 2 . 

.2.4. Multivariate regression model 

Despite that no individual VOC was a significantly associated 

ith PA presence in adults, the multivariate logistic regression 

odel reached an optimum at five VOCs. The composite model 

or adults included ethyl acetate, limonene, 2-pentanone 3-methyl, 

oluene, and 2-butanone and had a 78.3% accuracy during cross- 

alidation and an AUROCC of 0.86 (95% CI: 0.70-1.0, Fig. 2 ). The 

losest to top-left cut-off resulted in 100% specificity and 70% sen- 

itivity. 

Multivariate analysis did not result in increased accuracy over 

he univariate analysis for the identification of PA presence in chil- 
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Table 1 

Patient characteristics. Culture data and medication usage is described as is at the time of the visit. The p-value was obtained after comparison 

between PA status by T-test, Mann Whitney-U test or Chi 2 test, if applicable. Bold : Significantly different, p-value < 0.5 

Adults Children 

Free of PA PA positive Free of PA PA positive 

Mean (SD) /N (%) Mean (SD) /N (%) P val. Mean (SD) /N (%) Mean (SD) /N (%) P val. 

Patients [N] 13 10 - 15 6 - 

Gender - Female [N (%)] 5 (38.5) 4 (40) 0.94 7 (46.7) 3 (50) 0.70 

Age [Mean (SD)] 27.0 (12.9) 27.6 (6.7) 0.39 9.5 (2.7) 12.8 (3.4) 0.39 

BMI kg/m2 [Mean (SD)] 24.0 (3.3) 21.3 (2.9) 0.06 17.1 (2.3) 18.2 (2.9) 0.30 

FVC % of Predicted [Mean (SD)] 106.4 (19.6) 73.2 (12.6) 0.00 103.3 (15.4 95 (17.1) 0.10 

FEV1 % of Predicted [Mean (SD)] 91.7 (25.6) 48.5 (16.3) 0.00 96.7 17.1) 92 18.0) 0.25 

Diabetes Mellitus [N (%)] 0 (0) 0 (0) - 0 (0) 0 (0) - 

Delta F508 Homozygote [N (%)] 4 (30.8) 5 (50) 0.49 9 (60) 3 (50) 0.64 

Smoking [N (%)] - - 

Current Smoker 0 (0) 0 (0) - 0 (0) 0 (0) - 

History of Smoking 1 (20) 1 (7.7) - 0 (0) 0 (0) - 

Culture – Cough swabs [N (%)] 4 (19) 0 (0) 0.12 12 (86) 2 (40) 0.16 

Culture Positive [N (%)] - - 

Achromabacter xylosoxidans 2 (15.4) 0 (0) 0.19 0 (0) 0 (0) - 

Aspergillus fumigatus 1 (17.9) 2 (40) 0.38 0 (0) 0 (0) - 

Burkholderia cepacia 0 (0) 1 (10) - 0 (0) 0 (0) - 

Haemophilus influenzae 0 (0) 2 (20) - 5 (33.3) 0 (0) 0.18 

Staphylococcus aureus 4 (30.8) 5 (50) 0.35 10 (66.7) 3 (50) 0.35 

Stenotrophomonas maltophilia 2 (15.4) 1 (10) 0.70 0 (0) 0 (0) - 

Bronchodilator [N (%)] 8 (61.5) 3 (30) 0.13 6 (40) 4 (66.7) 0.15 

Inhaled corticosteroids [N (%)] 8 (61.5) 4 (40) 0.31 2 (13.3) 2 (33.3) 0.23 

Maintenance antibiotics [N (%)] - - 

Oral Antibiotics 6 (46.2) 7 (70) 0.25 0 (0) 2 (33.3) 0.01 

Inhaled Antibiotics 6 (46.2) 8 (80) 0.10 1 (6.7) 3 (50) 0.01 

Antibiotics course [N (%)] - - 

Oral Antibiotics 0 (0) 3 (30) 0.10 0 (0) 2 0.11 

Inhaled Antibiotics 0 (0) 0 (0) - 0 (0) 0 (0) - 

IV Antibiotics 0 (0) 2 (20) 0.19 0 (0) 1 0.95 

BMI: Body Mass Index, FEV1: Forced Expiratory Volume in 1 second, FVC: Forced Vital Capacity, PA: Pseudomonas aeruginosa , P val: p-value, 

SD: standard deviation. 

Table 2 

Comparison of CF patient free of PA and PA positive. P-value as per Mann-Whitney U test. Odds ratios as obtained by logistic 

regression. Bold : Significantly different, p-value < 0.5; Underlined , integrated in the composite model for adults 

Adults Children 

95% CI 95% CI 

OR Low. - Up. AUROCC P val. OR Low. - Up. AUROCC P val. 

1-propanol, 2-methyl (isobutanol) 1.16 0.51 - 2.87 0.52 0.88 1.25 0.57 - 2.82 0.61 0.5 

2-butanone 0.79 0.19 - 3.15 0.65 0.23 0.05 0.00 - 0.66 0.81 0.04 

2-pentanone 0.99 0.47 - 2.18 0.52 0.88 1.06 0.30 - 4.24 0.56 0.75 

2-pentanone, 3-methyl 0.75 0.44 - 1.15 0.65 0.26 1.3 0.75 - 2.63 0.60 0.56 

2,4-dimethyl-1-heptene 1.12 0.59 - 2.21 0.55 0.74 0.35 0.08 - 1.02 0.79 0.07 

Acetone 0.96 0.25 - 3.76 0.52 0.93 0.47 0.08 - 2.59 0.60 0.56 

Disulfide, dimethyl (DMDS) 0.93 0.54 - 1.55 0.58 0.56 0.93 0.43 - 1.84 0.51 0.96 

Dodecane 1.03 0.13 - 8.98 0.55 0.69 0.54 0.10 - 2.31 0.70 0.22 

Ethanol 0.90 0.27 - 2.81 0.52 0.93 1.1 0.45 - 3.15 0.56 0.75 

Ethyl acetate 2.15 0.84 - 7.59 0.67 0.19 0.27 0.05 - 0.79 0.87 0.01 

Heptane, 2,4-dimethyl 1.20 0.62 - 2.53 0.56 0.65 0.5 0.21 - 0.97 0.81 0.04 

Limonene 0.52 0.15 - 1.43 0.66 0.21 0.57 0.19 - 1.35 0.63 0.44 

Toluene 1.12 0.75 - 1.91 0.55 0.69 0.07 0.00 - 1.48 0.73 0.16 

OR: odds ratio; 95% CI: 95% confidence interval; AUROCC: area under the receiver operating characteristics curve, P val: p-value. 
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ren. The univariate ethyl acetate model had an AUROCC of 0.87 

95% CI: 0.71-1.0), with a 78.9% accuracy during cross-validation, 

ig. 2 . The closest to top-left cut-off resulted in a 71.4% specificity 

nd a 100% sensitivity. 

. Discussion 

This study provides evidence that detection of PA airway infec- 

ions in CF patients is feasible using targeted VOC analysis, with, 

t least in children, clinically acceptable sensitivity and specificity. 

 large set of previously in literature reported VOCs was reduced 

o a small number of VOCs identified in exhaled breath of PA in- 

ected CF patients. Importantly, a good diagnostic accuracy of ethyl 
e31 
cetate was found in children. This marker advances as the most 

mportant candidate for clinical implementation. 

The literature search of a wide range of studies showed that 

any VOCs were either only detected in vitro, or in human studies 

 in/ex vivo) . This may be explained by the fact that some metabo- 

ites are merely produced in vitro in non-clinically related pro- 

esses. Culture medium influences VOC production considerably 

 22 , 23 ]. The metabolic composition of blood agar, a typical culture 

round for bacteria, is very unlike respiratory epithelium. In vivo , a 

ore complex system affects exhaled breath, including interactions 

etween host and pathogen and interactions between polymicro- 

ial populations [ 23 , 24 ]. In line with this, Zhu et al., [25] demon-

trated that VOC profiles of PA and SA cultures only showed a 25- 
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Fig. 2. A) Single VOC and composite 5VOC model used for sensitivity and specificity analysis. Boxplots were generated for children and/or adults based on PA status (- or + ), 

a comparison was made between PA status by Mann Whitney U test. B) Receiver operating characteristics curves for predicting PA positive status in children based on ethyl 

acetate, in adults based on ethyl acetate, and in adults based on a stepwise regression model. C) VOCs used in composite model next to ethyl acetate, in order of addition to 

the model. AUC, area under the curve; EA, Ethyl Acetate, SRM, Stepwise Regression Model, 95% CI, 95% confidence interval. 
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4% similarity between in vitro and in vivo results. Thus, a combi- 

ation of methods likely yields compounds of the highest clinical 

elevance. 

Moreover, we detected 13 out of the 56 VOCs identified in our 

C-MS dataset, all 13 were previously reported in in/ex vivo stud- 

es. Coincidently, a significant number of VOC’s of interest was not 

ound in this study. This may be attributed to differences in detec- 

ion method of VOCs: (1) sample collection procedures, (2) sorbent 

aterial for trapping of the VOCs, (3) gas chromatography choices 
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solid phase of the column, temperature programme), (4) resolu- 

ion and sensitivity of the mass spectrometer. The combination of 

rapping on Tenax sorbent material and the separation on a non- 

olar column does not allow for adequate separation of some of 

he nitrogen and sulphide containing molecules of interest, these 

equire a different experimental setup. 

Two ketones, part of the composite model for PA detection in 

dults, 2-butanone and 2-pentanone, were inversely related to the 

resence of PA. This conflicts with previously published data by 
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ean et al . that showed a positively correlation with PA presence in 

ultured clinical isolates from non-respiratory infections (e.g. eye, 

lood, skin) , [ 26 , 27 ] concordant with several in vitro studies. [28–

1] The positive correlations were thus found in non-respiratory 

ettings. Goeminne et al ., supported our findings of a negative cor- 

elation in their study of respiratory PA infections [14] . Therefore, 

e speculate that the inverse relation between PA and these ke- 

ones appears to be specific for colonisation of PA in the lungs. 

Ethyl acetate was the most prominent VOC associated with PA 

olonisation in children; its presence was inversely related with PA 

nfection. This was also found in another in vivo study that in- 

estigated VOCs emitted from sputum of 28 adult patients with 

ither CF or non-CF bronchiectasis [14] . The absence of ethyl ac- 

tate in vitro also supports this claim [32–34] . We speculate that, 

hile other bacterial species ( E.coli or P.mirabilis) produce ethyl ac- 

tate , [32–34] PA rather degrades ethyl acetate. The degradation 

ight be due to emittance of esterases, [35] that could potentially 

reak down ethyl acetate. Wilhelm et al. demonstrated that es- 

erase activity might induce a downstream signalling cascade reg- 

lating virulence-factors such as rhamnolipids [36] . We speculate 

hat the reduction of ethyl acetate is a side product of the esterase 

ctivity that regulates virulence. 

Though the strength of this study is the targeted and thus 

ore rationale analysis of previously published VOCs in relation 

o PA, one has to realize that VOC analysis itself can be in- 

uenced by clinically unrelated processes like food intake and 

hanges in microbiome. For example, the composite model con- 

ained limonene, which is part of citrus oils and flavouring addi- 

ive [37] . The composite model also contained toluene, which can 

ct as a source of carbon and energy for bacteria, [38] stimulat- 

ng growth of PA, but also the growth of other bacteria influencing 

OC’s indirectly. Nonetheless, the links described in this study be- 

ween limonene/toluene and PA are replications of multiple stud- 

es [ 12 , 14 ]. Moreover, the link between toluene and PA was previ-

usly established in vitro , [ 31 , 39 ] which does not suffer from the

ame limitations as breath analysis. Despite possible confounders, 

he validation of both in vitro and human studies in the targeted 

nalysis increases the probability of direct chemical linkage. 

The diagnostic accuracy for detection of PA that was shown in 

his study may be considered sufficient to influence the clinical 

ecision making in children, though further studies are required 

o establish the exact role of exhaled breath analysis in disease 

onitoring in CF. This study resulted in an optimal cut-off with 

00% sensitivity and 71% specificity. Since sensitivity is the main 

imitation of cough/throat swabs, [40] the most commonly used 

ulture method in children, our results show additional value of 

reath screening next to current methods. The accuracy, sensitiv- 

ty and specificity compare well to those found in the articles in- 

luded in the literature search that also analysed diagnostic ac- 

uracy [ 12 , 14 , 41 ]. What is new in our study is that we validated

arkers that were already known to be associated with Pseu- 

omonas while the other studies all identified unknown biomark- 

rs. Due to high variation and lack of validation, none of the VOCs 

ound in previous studies has moved towards clinical implemen- 

ation. Using targeted analysis and performing independent valida- 

ion, this study takes the next step forward. 

We could not reproduce the results between children and 

dults in this study with single VOC analysis, though multivari- 

te analysis provided comparable diagnostic values. Children pos- 

ess a more naïve microbiota compared to adults, [ 42 , 43 ] increas-

ng the need for rapid PA detection. Simultaneously, the adult CF 

opulations is more diverse; specifically, in our cohort we identi- 

ed a higher diversity in pathogen co-cultures in adults compared 

o children. The adult patient diversity correlates to a higher com- 

lexity in distinguishing between PA positive and negative status in 

dults as compared to children. To further optimize the technique 
e33 
or adults, the sample size should be increased to allow for correc- 

ion of other covariates affecting the volatile metabolome. Further- 

ore, this study does not make the distinction between chronic 

nfection and early colonization; early colonization thrives clini- 

al decision-making and antimicrobial strategy. For future studies, 

ther covariates such as the presence of other pathogens, [ 44 , 45 ]

ntibiotic therapy, [46] and stage of infection should be consid- 

red. Although the results from this study cannot be directly ex- 

rapolated to clinic, it demonstrates that targeted VOC analysis can 

rovide an addition to standard PA detection. A single VOC detec- 

ion device potentially suffices as screening tool for PA in children, 

hile a more complex detection device might provide a suitable 

ethod of PA detection or screening in adults in the future. 

In summary, we performed a literature review to select VOCs 

ith a high pre-test probability of having a good diagnostic ac- 

uracy for detection of colonisation with PA and we performed a 

argeted analysis of the breath of children and adults with CF. Only 

 minority of VOCs that has been described in literature was found 

n exhaled breath and of those only ethyl acetate, 2-butanone, and 

eptane, 2,4-dimethyl were significantly different between children 

ith and without PA. A decrease in ethyl acetate concentration in 

xhaled breath had a good diagnostic accuracy. For adults, a similar 

iagnostic accuracy required the measurement of five VOCs. These 

ata provide evidence of clinically acceptable sensitivity values of 

xhaled VOCs for PA infection in CF requiring independent valida- 

ion. 
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