
1.0 Introduction

4.0 Conclusions

Exhaled breath contains thousands of volatile organic compounds (VOCs) originating as products of the body’s 
metabolism (endogenous VOCs) or from external sources such as diet, occupational and environmental exposure 
(exogenous VOCs). Breath VOCs therefore provide valuable, non-invasive information about the volatile fraction of both 
the internal and external exposomes – e.g. VOCs inhaled during a shift at a factory, or volatile metabolites from 
processes related to an exposure such as inflammation of lung tissues as the result of particle inhalation or oxidative 
stress.

 To demonstrate how breath can be used to discover breath-based biomarkers of exposure, this study used the 
Breath Biopsy Platform to collect and analyse breath samples from smokers and non-smokers to identify smoking 
related VOC biomarkers.

3.1 Building Classifier Using Random Forest
Random Forest is a supervised machine learning algorithm used for classifier building. In this case a combination of MFs 
discriminated between smokers and non-smokers with ROC-AUC = 0.97 – using 10-fold cross-validation (Figure 4).

 A confusion matrix is shown in Figure 5 describing the performance of the Random Forest Classification Model to 
classify the samples (top), prediction probabilities of individual samples (bottom left), and box plots of each class 
(bottom right). Dashed line represents the Non-smoker threshold (0.5).

3.2 Building Classifier Using LDA
Linear Discriminant Analysis (LDA) is a machine learning technique that creates a series of discriminant functions 
comprised of linear combinations of features. These functions maximise the distances between the two classes. Utilizing 
these functions LDA will then classify the samples into one group or another. In this case a combination of MFs 
discriminated between smokers and non-smokers with ROC-AUC = 0.96, also using 10-fold cross-validation (Figure 6).

 Figure 7 shows a confusion matrix describing the performance of the LDA Model to classify the samples (top). The 
figures describe the prediction probabilities of individual samples (bottom left), and box plots of each class (bottom 
right). Dashed line represents the Non-smoker threshold (0.5).

3.3 Quantification of Tentatively identified MFs
To verify the validity of our findings, some tentatively identified MFs underwent further quantification using pure 
synthetic standards as VOC surrogates. Calibration curves for tentative MF compounds were constructed (example 
benzene curve shown in Figure 8a). Quantification of 6 compounds in 135 samples showed those compounds to be 
present in breath at parts per billion level (Figure 8b). It was found that the concentration of some compounds was 
significantly   higher in the breath of current smokers compared to individuals who have never smoked/given up 
smoking. This is demonstrated in example box plots (Figure 8b) for BTEX (benzene, toluene, ethylbenzene and 
p-xylene) and 2-methylfuran.

2.0 Methods
Exhaled breath samples were collected using the ReCIVA breath sampler (Figure 
1). For each tube, 1.473 L breath was collected over a ~10-minute period using a 
ReCIVA connected to a CASPER Portable Air Supply. Tubes were shipped to 
Owlstone Medical’s Breath Biopsy Laboratory for analysis. Samples were 
pre-purged to remove excess water and desorbed using a TD100-xr thermal 
desorption autosampler (Markes International) and transferred onto a GC column 
(Agilent Technologies).

 Chromatographic separation was achieved via a programmed method on a 
Trace 1310 GC oven (Thermo Fisher Scientific) and mass spectral data acquired 
using an electron ionisation time-of-flight BenchTOF HD mass spectrometer 
(Markes International). Raw data files were converted using TOF-DS (Markes 
International) and MassHunter (Agilent Technologies) was used for peak area 
extraction. Measured spectra for relevant features were compared against the 
NIST unit mass spectral library in order to assign a tentative ID.

3.0 Results
Analysis of breath samples from 73 subjects (17 smokers and 56 non-smokers) yielded 475 molecular features (MFs) 
with distinct mass spectrums and retention times were identified across breath samples, 26 MFs show a statistically 
significant fold change following Bonferroni correction between the two classes (non-smokers vs. smokers). Analysis 
revealed 26 MFs that were significantly di�erent between the groups. The statistically significant features were analysed 
by quantifying how well the two classes separated from each other in the dimension of the feature across all samples – 
yielding receiver operating characteristics-area under curves (ROC-AUCs) ranging between 0.72 and 0.96. The top 25 
features ranked by p-value are listed in Table 1 and box plots of distribution of peak area measured in non-smokers vs. 
smokers for each feature are shown in Figure 2. Significant p-values were only found in features with negative fold 
changes (increased in smokers compared to non-smokers).

On the volcano plot (Figure 3), MFs with significant p-values above the Bonferroni cut-o� are shown in full red, those 
with p-values above the Benjamini-Hochberg cut-o� are shown in partial red. The box plots for highlighted MFs (lower 
panels) show the distribution of peak area measured for each feature in non-smokers vs. smokers. Each table shows 
p-value, log2 fold change between classes (non-smokers vs. smokers) and tentative ID for the MF. 

Analysis of 73 breath samples revealed 26 molecular features (MFs) significantly di�erent between smokers and 
non-smokers. Quantifying separation between classes in the dimension of the feature yielded ROC-AUCs ranging 
between 0.72 and 0.96. Combinations of MFs analysed using LDA and random forest discriminated between the groups 
with ROC-AUCs of 0.96 and 0.97 respectively – using 10-fold cross-validation. Tentative molecular identification of MFs 
indicated many are common combustion related compounds, e.g. BTEX.  

 Using breath samples collected from 136 individuals, a subset of the MFs were further quantified at the PPB level, 
which confirmed the ability of BTEX compounds and 2-methylfuran  to discriminate between smokers and non-smokers. 
This study supports breath analysis as a novel technique for biomarker discovery and exposomics research and 
demonstrates the capability of the Breath Biopsy Platform to collect breath samples for the discovery of VOC 
biomarkers relevant to the exposome.
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Figure 2. Box plots of peak area for top 25 molecular features ranked by p-value (left to right). 

Table 1. Top 25 molecular features identified in breath samples ranked by p-value

Figure 8. Quantification of selected VOCs compounds in breath samples. 
a) Example calibration curve and b) boxplots showing di�erences in breath concentration of multiple compounds between never-smoked, 
ex-smokers and current smokers.

Figure 3. Volcano plot of all identified MFs, box plots of peak area distribution included for highlighted MFs showing fold change 
between classes (non-smokers vs smokers)

Figure 1. The ReCIVA Breath Sampler

Figure 5. Confusion matrix (top), prediction probabilities of individual samples 
(bottom left) for random forest classification

Figure 7. Confusion matrix (top), prediction probabilities of individual samples 
(bottom left) for LDA classification

Figure 4. ROC using Random forest classification

Figure 6. ROC using LDA
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