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Abstract.

Background: A pilot study has been carried out to define typical characteristics of the trace gas
compounds in exhaled breath of non-smokers and smokers to determine normal concentration values in
healthy volunteers. Such normal values will be helpful for interpretation of breath analysis data from
patients who suffer from various diseases, such as lung cancer. As volunteers we recruited healthy person
undergoing a health check-up in Vorarlberg (Austria). The volunteer recruitement was organized by the

“Arbeitskreis Vorsorge- und Sozialmedizin” (AKS) in Bregenz, Austria.

Methods: Exhaled breath was analyzed using Proton Transfer Reaction-Mass Spectrometry (PTR-MS)

for 219 volunteers (50 smokers, 166 non-smokers, 3 ex-smokers).

Results: The median concentrations for formaldehyde were ~4 ppb, for methanol ~190 ppb, for acetonitril
~5 ppb (non-smokers) and ~40 ppb (smokers), for aceton ~500 ppb, for isoprene ~200 ppb, for benzene
~0.7 ppb (non-smokers) and ~ 1.8 ppb (smokers) and for toluene ~5 ppb. Volatile organic compounds
corresponding to product ions at twelve mass-to-charge ratios (m/z 28, 42, 67, 71, 79, 81, 83, 93, 97, 109,
123, 137) in the PTR-MS spectra differentiated between smokers and non-smokers. The Youden-index (=
maximum of sensitivity+specificity-1, YI) as a measure for differentiation between smokers and non-
smokers was YI= 0.30 for ions at the m/z values 28 (tentatively identified as HCN), YI= 0.68 for m/z= 42
(tentatively identified as acetonitrile) and YI= 0.60 for m/z= 79 (tentatively identified as benzene). No
statistically significant difference between smokers and non-smokers was observed for the product ions at

m/z= 31 and 33 (compounds tentatively identified as formaldehyde and methanol).

Conclusions. When interpreting the exhaled breath of lung cancer or COPD patients, who often
smoke, compounds appearing at the above-mentioned 12 mass-to-charge ratios should be considered with
appropriate care to avoid misdiagnosis. Validation studies in larger numbers of patients with more precise
delineation of their smoking behavior and using additional analytical techniques such as GC/MS and

SIFT-MS should be carried out.

Keywords: breath analysis, exhaled air profile, smoking, volatile organic compounds (VOCs), proton

transfer reaction mass spectrometry (PTR-MS).



1. Introduction

The biochemical and molecular biological diagnostic methods used in medicine have developed very
rapidly in recent decades, the main focus being on blood and urine analyses. Clearly, these methods
require that a sample of the body fluid be taken, which is quite invasive, especially for blood sampling,
and uncomfortable for the donor. Nevertheless, these analyses are an essential, irreplaceable tool in
clinical diagnosis. Blood analysis is usually concerned with the large molecular weight non-volatile
compounds such as proteins and ions that are present and not with the low molecular weight volatile
species that are mostly lost when a blood sample is taken. However, in recent years it has emerged that
these volatile compounds will be present in exhaled breath, some now known to be present at trace levels
in the parts-per-million (ppm) and parts-per-billion (ppb) levels, and that these can be valuable indicators
of metabolic status and can distinguish between the healthy and diseased state if their levels can be
measured to an acceptable accuracy [1]. So the major challenge is to be able to identify and quantify these
volatile compounds to sufficient accuracy to be useful in diagnosis. This is now becoming possible, due to
remarkable developments in gas analysis techniques and in sampling methodology that have occurred
during the last decade. Routine breath analysis would be a valuable addition to the armoury of the
clinician, especially since breath sampling is a non-invasive technique, totally painless and agreeable to
patients and can be achieved in real time with the results immediately available to the clinician. However,
at this time, breath analytical techniques are not so well developed as those for urine and blood analyses
and thus are not yet widely utilized in clinical practice, but this new addition to medical diagnostic
techniques is gaining momentum as the potential of breath analysis is being realized and more scientists
and clinicians are becoming involved in this area of science and medicine. To date, the United States

Federal Drug Administration (FDA) has approved only the following compounds for breath testing:

. ethanol (law enforcement)

hydrogen (carbohydrate metabolism)

. nitric oxide (asthma)

. carbon monoxide (neonate jaundice)

o CO, (H. pylori infection)

. branched hydrocarbons (heart transplant rejection).



This list is still quite limited even though it has been established in pilot studies that some other breath
metabolites, when elevated above normal, are indicative of disease, for example, elevated breath ammonia
occurs in kidney and liver dysfunction [2] and breath acetone is elevated in diabetes [3]. Also, there is
clear evidence that breath isoprene is related to cholesterol biosynthesis [4] and there are strong
indications that the endogenously produced ethanol that is seen in exhaled breath is associated with gut
bacterial overgrowth [5]. These pilot studies will be referred to again later. A reason for the few FDA
approvals is mostly because of the stringent requirements laid down by the FDA: sampling procedures are
critically investigated and measurement reproducibility is considered as paramount to avoid misleading

artefacts.

Breath analysis is very attractive, because of its non-invasive nature and because it can easily be realized
for sick patients, including children and elderly persons. Multiple breath samples can be collected into
bags or onto traps, and now on-line breath sampling can be achieved with the advent of new experimental
techniques. Of these new techniques, selected ion flow tube mass spectrometry (SIFT-MS), proton-
transfer reaction mass spectrometry (PTR-MS), laser spectrometry and ion mobility spectroscopy (IMS)
are particularly promising for real time breath analyses. Also, the well established gas chromatography
mass spectrometry (GC-MS) now in conjunction with solid phase micro extraction (SPME), although

slower in providing analysis, has a valuable role in breath analysis.

We expect that the non-invasive technique of exhaled breath analysis will play a considerable role for
diagnosis and therapeutic monitoring in the future. Our present work is a contribution to respective

clinical applications of exhaled breath analysis.



2. Methods

Sample collection

A cohort of 219 volunteers was recruited; all individuals gave informed consent for participation in the
study. Demographic data are presented in Table I. The volunteers completed a questionnaire describing
their current smoking status (active smokers, non-smokers) and the time elapsee since their last smoke.
The classification as smoker/non-smoker/ex-smoker is based on the self-declaration of the volunteers. The
amount of smoking (in packyears) has not been determined. Ex-smokers have only been considered for
Fig 4, but are not used for comparisons between smokers and non-smokers. Samples of mixed alveolar
exhaled breath (including dead space air) were collected in 3-litre-volume Tedlar Bags with parallel
collection of ambient air (also in Tedlar bags). The samples were collected at different daytime
independent of the time of meals and were processed within 24 hours at most. Before measurement, the
bags were heated to 40°C for at least 15 min. For all our samples we measured CO,-content, sorting our

samples with low CO,-concentration. The study was approved by the local ethics committee.

PTR-MSinstrument used

A high-sensitivity proton transfer reaction mass spectrometer (PTR-MS, 3 turbopumps) with Teflon rings
(instead of Viton rings) was used for our measurements. The count rate of primary ions (H;O") was
around 10’ counts per second. Dwell time was 0.5 sec for each mass-to-charge ratio measured (m/z=21 -
m/z= 230). Typical compounds used for determination of transmission coefficients were acetonitrile,
acetaldehyde, acetone, DMS, 2-butanone, benzene, toluene, p-xylene, benzaldehyde, chlorobenzene, 1,2
dichlorobenzene, 1,2,4 trichlorobenzene. These compounds do not show fragmentation (of their respective
protonated form). Concentrations of these compounds were chosen in a range leading to ~10% reduction
of primary counts, with subsequent observation of recovery of primary ion counts (measuring at m/z= 21
and the specific mass-to-charge ratio of the respective non-fragmenting compound). The length of the drift
tube of our PTR-MS is 9.3 cm, with an applied voltage of 600 V. The usual pressure in the drift tube was
~2.3 mbar (with slight variations). In accordance with the instructions of the manufacturer (Ionicon
GesmbH, Innsbruck), we computed concentrations with using only H;O" as primary ion (not considering

the first water cluster HzO.H30+).



Mass-spectrometric analysis

Proton transfer reaction-mass spectrometry allows on-line monitoring of VOCs with volume mixing ratios
as low as a few parts per trillion (pptv) [6, 7]. Chemical ionization, based on proton-transfer reactions with
H;0" as the primary reactant ion, is a versatile method for identification and quantification of the mixtures
of organic molecules. In our study, each sample, including samples of ambient air, was measured three
times with mass-to-charge ratios (m/z) ranging from 21 to 230. The median concentrations of these three
measurements were used for further statistical analysis. Concentrations of compounds related to some m/z

have been calculated based:

e cither on a “standard” rate constant for protonation of k = 2*10™ c¢m”® sec™ (for compounds which
are not identified, the concentration thus being uncalibrated)

e or on specific thermal equilibrium protonation rate constants for the compounds methanol (k =

* sec!) and

2.7%10”° cm® sec™), acetonitrile (k = 5.1%10° cm® sec™), isoprene (k = 2*%10” cm
acetone (k = 3.9%10” cm’ sec™). For isoprene, which apart from appearing at m/z 69 fragments to
m/z 39 (~10%) and m/z 41 (~40%), we used the concentration computed for m/z 69 multiplied by

a calibration factor of 2.24.

Identification of compounds is notoriously difficult with PTR-MS. Judging from our GCMS-
investigations, we know that methanol, acetone and isoprene are present in almost everybodies exhaled
breath and that acetonitrile arises in increased concentrations in the breath of smokers. At the respective
mass-to-charge ratios (m/z 33, m/z 42, m/z 59, m/z 69) other compounds may be present, even though in
low concentrations. Incidentally, protonated isoprene does not only show up at m/z 69, but partly
fragments in PTR-MS to m/z 39 (~10% of protonated isoprene) and m/z 41 (~40% of protonated
isoprene). For formaldehyde and hydrogen cyanide, we cannot presently rely on GCMS-measurements.
The compounds dimethylsulfoxide, toluene, dimethylfuran and dimethylpyrazole in Table II are not more

than an “educated guess”.

The concentrations relating to product ions at m/z 31 (tentatively identified as protonated formaldehyde)
have been corrected for isotope effects from m/z 30 (= NO' which contributes °’NO + N'’O = 0.37% +
0.04% = 0.41% to m/z 31). On mass-to-charge ratio m/z= 31 one may also observe fragments from
reaction products of ethanol and 0," or of methanol and O,". Accurate absolute values for formaldehyde
concentrations can only be achieved with PTR-MS by appropriate calibration measurements. The ions at

m/z 43 (tentatively identified as originating from isopropanol) may partly originate from compounds other



than isopropanol. It can be both C;H;" (as from propanol) or CH;CO" as sometimes occurs from the
reactions of aldehydes, ketones and carboxylic acids [8, 9]. lons at m/z 31 might also be fragments from

reaction products of ethanol or methanol with 0,".

The age effect of exhaled breath samples is negligible (apart from water, which quickly diffuses through
the walls of Tedlar bags). Acetonitrile seems to diffuse quickest through bag walls, with an exponential

decay constant T~31h".

Satistical analysis

Concentrations of compounds are expected to be log-normally distributed, since the contributing
physiological factors act multiplicatively and not additively. If the concentrations of compounds are log-
normally distributed, the logarithms of the concentrations are normally distributed. This was tested with
Lilliefors Test (with level of significance at 5%). Histograms of distributions of concentrations are

therefore shown using a logarithmic concentration scale.

Since the data are expected to be log-normally distributed, the concentrations are expressed by giving
medians of concentrations and geometric standard deviation (GSD), instead of mean and standard
deviation (which would be appropriate parameters for normally distributed concentrations). Repeated—
measures analysis of variance (ANOVA where Lilliefors Test confirmed log-normal distribution, Kruskal-
Wallis otherwise) was used to compare the logarithmic concentrations of the different groups (smokers vs.
non-smokers) [10, 11]. Statistical results were considered to be significant if p<0.01. Receiver-operator-
characteristics (ROC) curves [12-14] were applied to determine the thresholds for the concentrations of
compounds that yielded the highest combined accuracy for distinguishing patients with the high and low
concentration of definite substances. Sensitivity, specificity, as well as positive and negative predictive
values were determined for these thresholds. The Youden-index was determined, which is defined to be

the maximum of (sensitivity+sensitivity-1). We may illustrate Youden-index with some examples:
e if sensitivity= 0.8 and specificity= 0.9, Youden-index= 0.8+0.9-1= 0.7,

e if sensitivity= 0.5 and specificity= 0.9, Youden-index= 0.5+0.9-1= 0.4.

) Herbig, J, personal communication



We consider sensitivity, specificity and ROC-curves much more instructive than p-values: ROC-curves do
not depend too much on the numbers n; and n, of volunteers in the two groups considered, whereas p-

values are very sensitive to n; and n,.

Selection of data

In certain situations, the inhaled air shows a higher concentration of some compounds than the exhaled air.
In such situations the corresponding concentrations of the compound in exhaled air may not reflect the
blood concentrations of this compound (if blood concentrations are involved at all, which is not the case
for a compound like, e.g., nitric oxide, which is produced in the lungs and the sinuses [15-17]). A similar
caveat holds if the concentration of a compound in inhaled air is just below the concentration in exhaled
air. We therefore not only considered the raw concentrations of compounds in exhaled breath, but also

applied a filter to these raw concentrations as described in the following.

Filtering data: A value for the expiratory concentration is considered if and only if

(inspiratory concentration); < 0.5*(expiratory concentration); . (D

Hence, the filter discards all those expiratory concentrations which are less than double the respective
inspiratory concentration. For the compounds, where the concentration in exhaled air is expected to be
higher (i.e., endogenous compounds from the human body), this filter works well with the factor 0.5 - if this

factor is increased, more samples are added, if this factor is decreased less samples are taken into account.

For compounds, where the influence depends less on the human body (e.g. but on cigarette smoke), there
have to be exceptions to this filter condition (1) for very low expiratory concentrations; if we compare, say
non-smokers with smokers, the expiratory concentrations of some compounds in non-smokers are often so
small that the indoor air concentrations (inhaled) and the expiratory concentrations are in the same range. If
these expiratory concentrations are filtered out, almost all data are “lost”. Therefore, we do not filter out
these expiratory concentrations, but have to concede that these expiratory concentrations are only upper
bounds for the “real” expiratory concentrations (which would appear if the indoor air would be absolutely

clean and free of any contamination).

To formulate the exceptions to our filter condition (1) in a precise quantitative way, we consider a logistic
regression (setting non-smoker = 0, smoker = 1; see Figure 1) and choose the marginal concentration as
being that particular concentration for which the logistic regression curve takes a value of 0.3 (= 30%). All
expiratory concentrations below the marginal concentration are taken into account (both for smokers and

non-smokers).



If this value (here 0.3) is too low, one risks that most samples of non-smokers are filtered, especially the
ones with higher concentration. This results in a false decrease of the overall concentration of non-smokers
and the statistics would show a larger difference than in reality exists. If this factor is too high, samples with
low concentration of smokers, which were filtered out by the filter-rule (1) are taken into account and the
overall concentration of smokers would decrease. Moreover, more samples of non-smokers with higher
concentrations would pass the filter and would enlarge the overall-concentration of non-smokers. Therefore
the statistic would show a smaller difference than in reality exists.

Nevertheless, it should be noted that these values (below 30% of the logistic regression) do not necessarily
represent exhaled breath concentrations of some systemic compound in the blood of non-smokers, but

possibly indoor air concentrations, only (of compounds which are just inhaled and exhaled).

We consider raw concentrations and filtered data. The filtering is a kind of cross-check, hinting at
problems with high indoor air concentrations. For compounds with roughly equal concentrations in
smokers and non-smokers (e.g., formaldehyde or methanol), the second part of the filtering process
(taking into account the expiratory concentrations below the marginal concentration) is not effective, and

therefore the filtered concentrations may be unacceptably high.

We never use differences (expired concentration — inspired concentration) and consequently never use
“negative concentrations”. Whenever a VOC behaves like carbon dioxide, differences do not make sense:
the concentration of carbon dioxide in exhaled air is ~4%, independent of the CO, concentration in
inhaled air (0%, 1% or 2% in indoor air). The differences (expired concentration — inspired concentration)
in concentration of CO, would nevertheless be very different (namely 4%, 3% and 2%) without any

physiological reason for this in the body.

Receiver-operator characteristics (ROC-curves)

To differentiate between smokers and non-smokers, a threshold concentration Cy can be chosen, non-
smokers being expected to show lower concentration than Cp and smokers being expected to show higher
concentrations than Cp. Such a threshold concentration Cp gives rise to a corresponding sensitivity and
specificity (for detection of smokers). Sensitivity is defined as the number of true positives [i.e., smoker &
>= threshold] divided by the number of all smokers. Specificity is the defined as the number of true
negatives [i.e., non-smoker & < threshold] divided by the number of all non-smokers. If many different
candidates for threshold concentrations Cp are chosen, the corresponding sensitivities may be plotted
versus the corresponding (1-specificity).: this is called an ROC-curve [12, 13, 18]. The Youden-Index is

the maximum of (sensitivity+specificity-1). If the sensitivity and the specificity are at 70%, the Youden-



Index is 0.4. If the sensitivity and the specificity are at 90%, the Youden-Index is 0.8.
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3. Reaults

The median concentrations for formaldehyde were ~4 ppb, for methanol ~190 ppb, for acetonitril ~5 ppb
(non-smokers) and ~40 ppb (smokers), for aceton ~500 ppb, for isoprene ~200 ppb, for benzene ~0.7 ppb
(non-smokers) and ~ 1.8 ppb (smokers) and for toluene ~5 ppb.

Ions at twelve mass-to-charge ratios (m/z 28, 42, 67, 71, 79, 81, 83, 93, 97, 109, 123, 137) were selected
out of the mass spectrometric profile (m/z 21 - 230) for the exhaled breath of smokers versus non smokers

using discriminant analysis (Table II).

Figure 2 shows the derived concentrations of compounds tentatively identified as benzene (m/z 79),
acetonitrile (m/z 42), formaldehyde (m/z 31) and methanol (m/z 33) presented as histograms on a ppb log
scale separately for the groups of smokers and controls (non-smokers). It can be seen that the distributions
are essentially log-normal (as are those for several common breath metabolites studied using SIFT-MS
[19-22]) and the concentrations of hydrogen cyanide and acetonitrile are significantly higher in the breath

of smokers in comparison with non-smokers.

Threshold concentrations that yielded highest combined sensitivity and specificity were determined using
ROC curves to distinguish smokers from non smokers (Table III). The Youden-index (= maximum of
sensitivity+specificity-1, YI) as a measure for differentiation between smokers and non-smokers was YI=
0.30 for ions at the m/z values 28 (tentatively identified as HCN), YI= 0.68 for m/z= 42 (tentatively
identified as acetonitrile) and YI= 0.60 for m/z= 79 (tentatively identified as benzene). An example of a
ROC curve for the m/z 42 ion is shown in Figure 3. For the ions at m/z 31 (tentatively identified as
formaldehyde) and m/z 33 (tentatively identified as methanol) we did not observe differences in

concentrations between smokers and non-smokers.

The correlation coefficient R for the concentrations of acetonitrile and benzene is R= (.71, for the
concentrations of acetonitrile and hydrogen cyanide R= 0.53, and for the concentrations of benzene and
hydrogen cyanide R= 0.55 (see Fig 4). Due to these correlations, the joint analysis of the concentrations of
two different compounds does not give rise to a substantial increase in differentiation between smokers

and non-smokers.

Our results indicate (see Table 1V) that there are no other m/z which show higher concentrations for

smokers in comparison with non-smoking healthy volunteers (apart from m/z which are isotopes of the

11



m/z’s mentioned above, and not taking into consideration water clusters and m/z for the compounds

released by Tedlar bags).
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4. Discussion

The main result of the present study is the identification of distinctive characteristics of smokers’ exhaled
air (breath) profiles and the delineation of reference concentrations for the volatile biomarkers of smoking
using PTR-MS. The screening of human exhaled breath for VOCs characteristic of certain diseases is
gaining increasing attention in the recent literature [23, 24]. Yet many pathological conditions that may be
diagnosed by breath analysis (e.g. lung cancer) commonly coexist with a variety of morbidities and/or are
related to substance abuse, e.g., tobacco smoking, drug, alcohol, etc. Therefore, the results of diagnostic

breath testing may be distorted by volatiles having an exogenous origin.

In addition to 12 mass-to-charge ratios with higher concentrations for smokers as compared with the
concentrations in non-smoking volunteers we found 7 mass-to-charge ratios (m/z 35, m/z 46, m/z 49, m/z
59, m/z 64, m/z 68, m/z 100), where the smokers show lower concentrations than non-smokers (with
isotopic effect at m/z 60, see Table IV). We do not discuss these cases here. By introducing Table IV, and
by excluding water clusters, primary ions and isotopic effects we try to be more precise than Moser et al.
[25] who just stated that “significant differences in exhaled breath composition could be found between

smokers and non-smokers in 32 out of 179 masses”.

PTR-MS is now an established tool for the rapid determination of exhaled breath profiles of volatile gases
either in real-time or using breath samples collected into bags or onto traps [26-32]. The results of a gas
chromatography mass spectrometric (GC/MS) study of the profiles of exhaled breath in a healthy
population have been reported [33] and several selected ion flow tube mass spectrometer (SIFT-MS)
studies of the distributions of the common breath metabolites have been carried out [19-22], including a
study of acetonitrile in the exhaled breath and urine headspace of smokers [34]. However, none of the
known investigations has provided a comprehensive overlook of smoking-related VOCs in human breath,
being mainly focused on the quantification of a single or a few chemicals of smoking origin [6, 34-44].
The present pilot investigation is the attempt to circumscribe the specific characteristics of exhaled air

profiles in smokers that can be determined using PTR-MS.

Ionic species at 12 m/z values, selected by discriminant analysis, and hence the corresponding compounds
in the breath of smokers, can be tentatively attributed to the substances given in Table II (where the
attributions to dimethylsulfoxide, toluene, dimethylfuran and dimethylpyrazole are not more than an
“educated guess”). The occurrence of benzene, acetonitrile and 2,5-dimethylfuran in the exhaled breath of

smokers is well established [37, 41, 42, 44-49].
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This is in concordance with the present results, which also show median concentrations of these
compounds in smokers’ breath within the same range. The present study as well shows that the
concentrations of acetonitrile and benzene are correlated, and that this is also the case for the combination
of benzene with hydrogen cyanide and for the combination of acetonitrile with hydrogen cyanide (see
Figure 4). Due to this correlation, the combined use of two different marker compounds does not

necessarily increase the quality of differentiation between smokers and non-smokers.

Such volatiles as hydrogen cyanide, acetonitrile and benzene (tentatively attributed to the m/z 28, 42 and
79) are well known toxic components of the cigarette smoke [50-53]. Hence, their presence in the exhaled
air of smokers is not surprising. We should mention that the concentrations of the compounds indicated by
the ions at m/z values 31 and 33 (tentatively identified as formaldehyde and methanol, respectively) are
not significantly different in the exhaled breath of this cohort of smokers and non-smokers, despite the fact

that formaldehyde and methanol have also been found in the mainstream cigarette smoke [52, 53].

Finally, some limitations of the present study should be discussed. Identification of compounds measured
by PTR-MS is always tentative. In particular, overlap of different protonated compounds having the same
m/z values may occur. For example, protonated 1,3-butadiene, which is expected to appear at m/z= 55, has
been reported as one of the markers of smoking behavior at the level of 360 pg/m’, corresponding to a few
ppb, but this compound cannot be detected using PTR-MS, since the water cluster ion (H,0), H;O" also
appears at m/z 55 in the PTR-MS spectrum. Also, the quantification of compounds with proton affinities
close to that of water (such as hydrogen cyanide and formaldhehyde) gives rise to concentrations which
are lower than the actual ones: for these compounds the protonated form (e.g., HCN.H") partly looses its

proton to water again [54] in moist samples:
HCN.H" + H,0 — HCN + H;0".

Recently, it has been shown by SIFT-MS experiments  that HCN is present in the breath of healthy
persons at a median level of about 10 ppb, which is much greater than the median value indicated by the
present PTR-MS measurements. Incidentally, HCN along with acetonitrile and benzene is known to be
present in inhaled cigarette smoke [55], which is the most likely reason for its higher levels in exhaled

breath of smokers as compared to non-smokers.

ok . .
) Spanel, P: personal communication
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This pilot study has identified twelve volatile organic compounds, VOCs, which are at significantly higher
concentrations in the exhaled breath of smokers than non-smokers. Of these compounds, acetonitrile is
confirmed as the clearest indicator, as previously shown by other studies [6, 38]. Our results of this
compound in exhaled breath of non-smokers is higher than in other studies [6, 34, 38]. This may be an

indicator of passive smoking, a subject of great topical interest.

Although our twelve selected VOCs in breath occur following cigarette smoking and decrease with the
time after the last smoke, their presence still must be interpreted with caution, since some may also have

their origins in adverse clinical conditions such as lung cancer or COPD.

Thus, our findings should be regarded as tentative, and validation studies with the analysis of alveolar air
samples, taking into consideration the amount of packyears, respiratory and heart rates and level of blood
pressure, including control groups of healthy probands and COPD patients need to be carried out, ideally
employing additional analytical techniques such as SIFT-MS and GC/MS, which allow precise (not

tentative) identification of the detected compounds.
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Tablel Characteristics of the subject groups

Smokers Non-smokers Ex-smokers Total
Male Age Mean+SD Mean+SD Mean+SD Mean+SD
43.55+11.30 48.58+15.36 62+0 47.37+14.52
n n % n % n % n %
31 26.3 86 72.9 1 0.8 118 100
Women | Age Mean+SD Mean+SD Mean+SD Mean+SD
44.79+12.73 50.72+14.57 34.00+19.80 49.26+14.52
n n % n % n % n %
19 18.8 80 79.2 2 2.0 101 100
All Age Mean+SD Mean+SD Mean+SD Mean+SD
44.02+11.75 49.61+14.98 43.334+21.39 48.24+14.52
n n % n % n % N %
50 22.8 166 75.8 3 1.4 219 100
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Tablell

Concentrations of compounds in the breath of smokers versus non-smokers in parts-per-billion, ppb, indicated according to marker
ions at the mass-to-charge ratios, m/z, (see text). We used the standard rate constant for protonation k = 2*10” cm’® sec™, apart for
some tentatively identified compounds where the rate constants are known: methanol (m/z 33, k= 2.7%10” cm’ sec™), acetonitrile (m/z
42, k= 5.1%10” cm’ sec™). The concentrations of the m/z values 31 and 33 (tentatively formaldehyde and methanol) are not
significantly different in the exhaled breath of this cohort of smokers and non-smokers. Classification as smoker/non-smoker/ex-
smoker was based on self-declaration of volunteers. GSD: geometric standard deviation. The concentrations of hydrogen cyanide and
formaldehyde are underestimated by PTR-MS measurements (due to their low proton affinity).
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Tablell (upper panel): using filtered data (*ANOVA, ** Kruskal-Wallis)

Smokers Non-smokers
m/z Tentative identification of | inhaled exhaled Inhaled exhaled p-Value:
VOCs concentration® | concentration* concentration® | concentration* | ggnificant
ppb ppb ppb ppb differencein
Median | GSD | Median | GSD | Median | GSD | Median | GSD | exhaled values
m/z28 | hydrogen cyanide 0.85 1.60 |1.00 1.47 [0.87 1.60 |0.84 1.26 |<0.001 *
m/z31 | formaldehyde 11.80 |1.78 |3.78 1.56 |10.58 1.85 | 3.68 142 | ns. *
m/z 33 | methanol 6898 |220 |[173.04 |1.77 [95.80 253 119968 |1.72 |ns. *
m/z42 | acetonitrile 13.65 |2.73 |42.20 2.99 | 14.17 3.26 |5.10 2.10 | <1.1x107%**
m/z 67 0.68 1.40 |3.46 1.72 10.71 1.44 |2.38 1.63 | <7.5x107 *
m/z 71 3.35 127 |5.78 1.51 |3.65 1.41 |4.36 1.43 | <1.5x10% *
m/z79 | benzene 0.83 1.75 | 1.82 222 10.97 1.84 |0.66 1.46 | <2.5x10% *
dimethylsulfoxide
m/z 81 3.94 1.56 |8.10 271 | 4.16 1.74 | 4.95 224 | <7.5x10°%° **
m/z 83 4.98 1.54 |7.43 3.11 |6.00 1.60 |5.35 221 |<8.1x10% **
m/z93 | toluene 3.69 1.67 |5.94 1.55 | 4.51 1.73 | 4.43 1.52 | <0.001 **
m/z97 | dimethylfuran, 1.68 1.59 |2.72 2.16 | 1.84 1.72 | 1.20 1.67 | < 1.5x107"2 **
dimethylpyrazole
m/z 109 2.33 136 |2.89 1.50 |2.56 1.35 | 2.70 1.38 | <0.022 **
m/z 123 0.45 132 |0.62 1.71 10.49 1.45 |0.42 127 | <1.1x107% **
m/z 137 1.15 1.49 |2.11 278 | 1.27 1.64 | 1.54 226 | <0.0015
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Tablell (lower panel): without filtering the data (*ANOVA, ** Kruskal-Wallis)

Smokers Non-smokers
m/z Tentative identification of | inhaled exhaled Inhaled exhaled p-Value:
VOCs concentration®* | concentration* concentration® | concentration® | ggnificant
ppb ppb ppb ppb differencein
Median |GSD |Median | GSD |[Median | GSD [ Median | GSD | exhaled values
m/z28 | hydrogen cyanide 0.85 1.50 |1.10 1.47 [0.87 1.60 |0.86 131 [<1.4x10% **
m/z 31 formaldehyde 11.80 1.78 |3.97 1.70 | 10.58 1.85 | 3.75 1.51 | ns. *
m/z 33 | methanol 68.98 |220 [173.04 |1.77 |96.13 254 1199.68 |1.72 |ns. *
m/z42 | acetonitrile 13.65 |2.73 |39.46 2.55 | 14.17 3.26 |5.18 217 | <1.0x10™" **
m/z 67 0.68 1.40 |3.46 1.72 1 0.71 1.45 |2.38 1.63 | <7.5x1077 *
m/z 71 3.35 127 |5.97 1.50 |3.65 1.41 |4.41 1.46 | <5.4x10™ *
m/z79 | benzene 0.83 1.75 | 1.79 2.04 10.97 1.84 |0.70 1.53 | <1.0x10™" *
dimethylsulfoxide
m/z 81 3.94 1.56 |8.10 271 | 4.18 1.76 | 4.95 224 | <7.5x10°%° **
m/z 83 4.98 1.54 |7.43 3.11 |6.00 1.60 |5.35 221 | <8.1x10% **
m/z93 | toluene 3.69 1.67 |6.47 1.57 | 4.51 1.73 | 4.48 1.55 | <0.0003 **
m/z97 | dimethylfuran, 1.68 159 |2.86 2.11 | 1.84 1.72 | 1.24 1.75 | <5.3x107"2 **
dimethylpyrazole
m/z 109 2.33 136 |3.32 1.47 |2.58 1.35 |2.79 1.44 | <0.011 *
m/z 123 0.45 132 |0.72 1.60 |0.49 1.45 10.43 1.32 | <5.3x107*  **
m/z 137 1.15 149 |[2.11 278 | 1.27 1.64 | 1.54 2.26 | <0.0015
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Tablelll Classification value, Sensitivity, specificity for maximal Youden-Index [18] for the
discriminating ions at the m/z values relating to breath compounds of smoking origin for filtered data.
Classification as smoker/non-smoker/ex-smoker was based on self-declaration of volunteers. For all
possible values, the value to classify between the groups is taken for which the Youden-Index is at its
maximum.

Classification Sensitivity Specificity max. Y ouden-
m/z value [ppb] % % Index
28 1.03 84.2 46.2 0.30
42 13.69 87.0 80.6 0.68
67 2.42 51.5 78.0 0.30
71 5.93 83.1 46.9 0.30
79 1.13 92.5 67.6 0.60
81 13.93 90.3 24.0 0.14
83 6.91 67.3 56.0 0.23
93 5.58 77.8 56.5 0.34
97 1.33 62.0 89.4 0.51
109 3.77 95.4 29.5 0.25
123 0.50 83.2 76.2 0.59
137 6.44 94.5 18.0 0.13
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Table1V: All mass-to-charge ratios between 28 and 230 were checked for differences in concentration
between smokers and non-smokers. Table IV gives additional information on the reasons why certain
mass-to-charge ratios were not considered as showing different concentrations for a particular volatile
compound between smokers and non-smokers. Typically, mass-to-charge ratios for water clusters and
N,N-dimethyl-acetamide and phenol (released from Tedlar bags and arising at m/z= 88 and m/z= 95) were
not considered. Also mass-to-charge ratios which are expected to be only isotope effects (e.g. m/z= 70 can
be expected to be an isotope effect from isoprene m/z=69) were not considered. Finally, only 12 mass-to-
charge ratios show an effect of smoking on the respective concentration. This might contrast with the
result of Moser et al. [25] that “Significant differences in exhaled breath composition could be found
between smokers and non-smokers in 32 out of 179 masses”. Colorcode: green= significantly higher in
smoker s as compared to non-smokers; magenta: significantly lower in smokers than in non-smokers;
yellow= could be considered, but p>0.01 is possible resp. very low concentrations.

m/z | after filtering | Non-smoker | smoker | beforefiltering | Non-smoker | smoker

28 | significant 084| 1.0 significant 06| 0

29 | not significant; 27.17 27.30 | not significant; 27.26 27.55
30 NO" from the NO" from the

ion source; ion source

all samples

filtered 581.83 572.25 581.83 572.25
31 | not significant 3.68 3.78 | not significant 3.75 3.97
32 O,  from the O,  from the

ion source 929.60 947.23 | ion source 929.60 947.23
33 | not significant; not significant;

concentration concentration

smoker < smoker <

concentration concentration

non-smoker 199.68 173.04 | non-smoker 199.68 173.04
34 | not significant; not significant;

concentration concentration

smoker < smoker <

concentration concentration

non-smoker 34.52 33.90 | non-smoker 34.52 33.90

36 | not significant; not significant;
difference in difference in
inhaled air; inhaled air;
concentration 2.80 2.52 | concentration 2.80 2.52
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smoker < smoker <

concentration concentration

non-smoker non-smoker
37 water cluster 2816.12 2874.43 | water cluster 2816.12 2874.43
38 | isotope of water isotope of water

cluster 4.30 3.87 | cluster 4.30 3.87
39 | not significant 67.26 87.52 | not significant 71.79 88.32
40 | not significant 1.63 2.41 | not significant 1.71 242
41 | not significant; not significant;

concentration concentration

smoker < smoker <

concentration concentration

non-smoker 285.14 379.80 | non-smoker 316.70 379.80
42 | significant 5.10 4220 significant 5.18 39.46 |
43 not significant 257.69 262.18 | not significant 258.53 262.18
44 | not significant 14.11 14.15 | not significant 14.17 14.15
45 | protonated protonated

carbon dioxide carbon dioxide

(COH) (COHM

disturbs disturbs

measurements measurements

on m/z 45 64.14 69.67 | on m/z 45 67.16 74.44

44.95 44.95 30.50

47 not significant 27.98 50.39 | not significant 29.54 53.32

not significant 0.86 not significant; 0.91 1.37

50 | not significant; not significant;

concentration concentration <

<1 ppb 0.26 0.25 | 1 ppb 0.26 0.25
51 | not significant; not significant;

concentration concentration

smoker < smoker <

concentration concentration

non-smoker 1.52 1.29 | non-smoker 1.52 1.29
52 | isotope effect of isotope effect of

m/z 51; m/z 51;

concentration 0.08 0.08 | concentration 0.08 0.08
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<<l ppb <<I ppb
53 | significant; significant;
concentration < concentration <
1 ppb 0.38 0.52 | 1 ppb 0.38 0.55
54 | significant; significant;
concentration < concentration <
1 ppb 0.21 0.26 | 1 ppb 0.22 0.30
55 water cluster 10.33 12.16 | water cluster 10.33 12.16
56 | isotope of m/z isotope of m/z
55 0.59 0.86 | 55 0.59 0.87
57 | Tedlar-bag Tedlar-bag
related m/z 17.41 18.95 | related m/z 17.56 19.31
58 | not significant; not significant;
concentration concentration
smoker < smoker <
concentration concentration
non-smoker; 1.48 1.35 | non-smoker; 1.48 1.36
523.16 | 43571 |
38.60 31.91
61 | not significant; not significant;
concentration concentration
smoker < smoker <
concentration concentration
non-smoker; 113.49 105.67 | non-smoker; 113.49 105.67
62 | not significant; not significant;
concentration concentration
smoker < smoker <
concentration concentration
non-smoker 3.45 3.25 | non-smoker 3.45 3.25
63 | not significant; not significant;
concentration concentration
smoker < smoker <
concentration concentration
non-smoker 20.86 19.65 | non-smoker 20.86 19.65
0.42 085 | 0.42 0185 |
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65 | not significant; not significant;

concentration concentration

smoker < smoker <

concentration concentration

non-smoker; non-smoker;

concentration < concentration <

1 ppb 0.59 0.52 | 1 ppb 0.59 0.52
66 | significant; significant;

concentration concentration

<< 1 ppb; 0.05 0.08 | << 1 ppb; 0.05 0.08

238 3.46

69 | significant; significant;

(0.01<p<0.05) 201.05 235.57 | (0.01<p<0.05) 201.05 235.57
70 | isotope of m/z isotope of m/z

69 2.91 3.29 | 69 291 3.29

72 | not significant; not significant;

concentration concentration

smoker < smoker <

concentration concentration

non-smoker 1.95 1.83 | non-smoker 1.95 1.83
73 | effected by effected by

water cluster 7.86 10.35 | water cluster 7.86 10.35
74 | not significant; not significant;

concentration concentration

smoker < smoker <

concentration concentration

non-smoker 16.45 15.75 | non-smoker 16.45 15.75
75 | not significant 13.38 13.58 | not significant 13.38 13.58
76 | not significant; not significant;

concentration concentration

smoker < smoker <

concentration concentration

non-smoker; 1.03 0.99 | non-smoker; 1.03 0.99
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77 | not significant; not significant;

concentration concentration

smoker < smoker <

concentration concentration

non-smoker; non-smoker;

concentration < concentration <

1 ppb 0.66 0.60 | 1 ppb 0.66 0.60
78 | not significant; significant;

concentration < (0.01<p<0.05)

1 ppb concentration <

0.16 0.18 0.17 0.22

80

82

isotope of m/z
79
concentration <

0.29

152 S

isotope of m/z
79
concentration <
1 ppb

1 iib

significant;
concentration <
1 ppb;

0.34

0.29

0.77

significant;
concentration <
1 ppb;

0.34

0.79

84 | isotope of m/z isotope of m/z

83, 83,

concentration concentration

<lppb 0.47 0.77 | <lppb 0.47 0.77
85 | significant; significant;

(0.01<p<0.05) 1.58 1.73 | (0.01<p<0.05) 1.64 1.83
86 | not significant; not significant;

concentration concentration

<1 ppb 0.45 0.47 | <1 ppb; 0.45 0.47
87 | not significant 2.40 2.49 | not significant 2.40 2.49
88 | not significant; not significant;

concentration concentration

smoker < smoker <

concentration concentration

non-smoker 13.34 10.39 | non-smoker 13.34 10.39
89 | possibly possibly

influenced by influenced by

isotope of m/z isotope of m/z

88 (N,N- 88 (N,N-

dimethyl dimethyl

acetamide acetamide

released by released by

Tedlar bags) 5.84 7.08 | Tedlar bags) 5.84 7.38
90 | not significant; not significant;

concentration 2.11 1.99 | concentration 2.11 1.99
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smoker < smoker <

concentration concentration

non-smoker non-smoker
91 not significant; not significant;

concentration concentration

smoker < smoker <

concentration concentration

non-smoker 7.83 8.27 | non-smoker 7.83 8.27
92 | not significant; not significant;

concentration < concentration <

:.: 1 ppb 0.64 067 | 1 ppb 0.65 0.73
4.43 594 | 4.48 6.47 |

94 | not significant 2.55 2.51 | not significant 2.55 2.51
95 | not significant 18.60 19.16 | not significant 18.60 19.16
96 | not significant 1.43 1.79 | not significant 1.43 1.79
97 1.20 2.72 | 124 2.86 |
98 | isotope of m/z isotope of m/z

97 0.22 0.33 | 97 0.22 0.35
99 | not significant; not significant;

concentration concentration

smoker < smoker <

concentration concentration

non-smoker 2.88 2.75 | non-smoker 2.96 2.81

101 | not significant; not significant;

concentration < concentration <

1 ppb 0.85 0.86 | 1 ppb 0.85 0.86
102 | not significant; not significant;

concentration < concentration <

1 ppb; 1.10 1.08 | 1 ppb; 1.10 1.08
103 | not significant 1.64 1.81 | not significant 1.64 1.81
104 | not significant; not significant;

concentration < concentration <

1 ppb 0.41 0.39 | 1 ppb 0.41 0.39
105 | not significant; not significant;

concentration < concentration <

1 ppb; 0.62 0.62 | 1 ppb; 0.62 0.62
106 | not significant 1.28 1.45 | not significant 1.28 1.45
107 | not significant 3.70 3.27 | not significant 3.70 3.27
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concentration concentration

smoker < smoker <

concentration concentration

non-smoker non-smoker
108 | not significant 5.72 6.03 | not significant 5.72 6.03
109 | significant significant;

2.70 2189 | (0.01<p<0.05) 2.79 3.32

110 | significant; significant;

difference in difference in

inhaled air inhaled air

(non-smoker (non-smoker

>smoker); >smoker);

concentration < concentration <

1 ppb 0.27 0.30 | 1 ppb 0.28 0.33
111 | significant; significant;

concentration < concentration <

1 ppb 0.69 0.86 | 1 ppb 0.70 0.90
112 | not significant; not significant;

concentration < concentration <

1 ppb 1 ppb

difference in difference in

inhaled air inhaled air

(non-smoker (non-smoker

>smoker); 0.22 0.22 | >smoker); 0.23 0.23
113 | not significant; not significant;

concentration < concentration <

1 ppb; 0.52 0.54 | 1 ppb; 0.53 0.56
114 | not significant; not significant;

concentration < concentration <

1 ppb; 1 ppb;

concentration concentration

smoker < smoker <

concentration concentration

non-smoker 0.23 0.20 | non-smoker 0.23 0.20
115 | not significant; not significant;

concentration < concentration <

1 ppb; 1 ppb;

concentration concentration

smoker < smoker <

concentration concentration

non-smoker 0.51 0.48 | non-smoker 0.51 0.48
116 | not significant; not significant;

concentration < concentration <

1 ppb 1 ppb

concentration concentration

smoker < 0.39 0.37 | smoker < 0.39 0.37
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concentration concentration

non-smoker non-smoker
117 | not significant 1.84 1.94 | not significant 1.84 1.94
118 | not significant; not significant;

concentration concentration

smoker < smoker <

concentration concentration

non-smoker; non-smoker;

concentration concentration

<1 ppb 0.46 0.39 | <I ppb 0.46 0.39
119 | not significant 1.56 1.62 | not significant 1.56 1.62
120 | not significant 1.12 1.20 | not significant 1.12 1.20
121 | not significant; not significant;

difference in difference in

inhaled air inhaled air

(non-smoker (non-smoker

>smoker); 1.20 1.24 | >smoker); 1.20 1.24
122 | not significant; not significant;

difference in difference in

inhaled air inhaled air

(non-smoker (non-smoker

>smoker); >smoker);

concentration concentration

<1 b 0.25 <1 b 0.25 0.27

124 | not significant; not significant;

concentration concentration

<1 ppb 0.85 0.92 | <1 ppb 0.85 0.92
125 | not significant 1.23 1.23 | not significant 1.23 1.23
126 | not significant; not significant;

concentration concentration

smoker < smoker <

concentration concentration

non-smoker 2.70 2.59 | non-smoker 2.70 2.59
127 | not significant; not significant;

concentration concentration

<1 ppb 0.67 0.68 | <1 ppb 0.67 0.68
128 | not significant; not significant;

concentration concentration

smoker < smoker <

concentration concentration

non-smoker non-smoker;

concentration 0.49 0.44 | concentration 0.49 0.44
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<1 ppb <1 ppb;
129 | not significant; not significant;

concentration concentration

<1 ppb 0.37 0.37 | <1 ppb 0.37 0.37
130 | not significant; not significant;

concentration concentration

<1 ppb 0.11 0.10 | <1 ppb 0.11 0.10
131 | not significant; not significant;

concentration concentration

<1 ppb 0.31 0.33 | <1 ppb 0.31 0.33
132 | not significant; not significant;

concentration concentration

<1 ppb 0.11 0.09 | <1 ppb 0.11 0.09
133 | not significant; not significant;

concentration concentration

smoker < smoker <

concentration concentration

non-smoker 1.08 0.91 | non-smoker 1.08 0.91
134 | not significant; not significant;

concentration concentration

<1 ppb; 0.16 0.16 | <1 ppb; 0.16 0.16
135 | not significant; not significant;

concentration concentration

<1 ppb; <1 ppb;

concentration concentration

smoker < smoker <

concentration concentration

non-smoker 0.68 0.67 | non-smoker 0.68 0.67
136 | not significant 1.93 1.89 | not significant 1.93 1.89
137 | significant 1.54 2.11 | significant 1.54 2.11
138 | significant significant

concentration concentration

<1 ppb 0.30 0.37 | <1 ppb 0.30 0.37
139 | not significant; not significant;

difference in difference in

inhaled air inhaled air

(non-smoker (non-smoker

>smoker); >smoker);

concentration concentration

<1 ppb 0.35 0.39 | <1 ppb 0.35 0.39
140 | significant; significant;

difference in difference in

inhaled air inhaled air

(non-smoker (non-smoker

>smoker); >smoker);

concentration 0.09 0.09 | concentration 0.09 0.09
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<<1 ppb <<1 ppb
141 | not significant; not significant;
- concentration concentration
230 | <I ppb; <1 ppb
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Figure 1 The example of the logistic regression curve and 30% marginal concentration (not filtered) for

acetonitrile as calculated from the ion count rate at m/z = 42 using k=5.1x10"cm’s™
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Figure2
a) Examples

Histograms of filtered concentrations of acetonitrile (m/z 42) and benzene (m/z 79) present in the
breath gas of smokers and non smokers (significantly higher concentrations (p<.01)). The curves show
the estimated log-normal distribution and the vertical black lines show the median-values.

miz 42 miz 79
15F 3 T T T T T T —
non-smoker 20 non-smoker |
median 5.10 median 0.66
12} smoker smoker
16F median 1.82 {

median 42.20

number of samples

10 10 10
concentration (ppb)

b) Counter-examples

Histograms of concentrations (without filtering) of formaldehyde (m/z 31) and methanol (m/z 33)
present in the breath gas of smokers and non smokers. These do not show a significant difference in
concentrations. The curves show the estimated normal distribution and the vertical black lines show
the median-values. Filtering would not make sense for m/z 31 and m/z 33, since there are no
differences in concentration between smokers and non-smokers, and therefore all very low

concentrations would be eliminated (see Methods Section).
m/z 31 miz 33

non-smoker

median 199.7 {

smoker
median 173.0

non-smoker R ¥
median 3.75 15F 0
smoker P
median 3.97

181

15}

12}

number of samples

concentration (ppb)
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Figure 3 Receiver operating characteristic (ROC) curve for filtered concentrations of m/z 42. This plot
demonstrates the ROC curve of prediction of the breath test for the m/z 42 in a view of the continuum of
sensitivity and specificity (the black point marks point of maximum Youden-index, the red one of
maximal accuracy).
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Figure 4 Filtered concentrations (parts-per-billion, ppb) of compounds in breath derived from product
ions at m/z 42 and m/z 79 (upper panel) identified as acetonitrile and benzene respectively and those
derived from product ions at m/z 28 and m/z 42, identified as hydrogen cyanide and acetonitrile (middle
panel), and hydrogen cyanided and benzene (lower panel) in smokers, non-smokers and ex-smokers.
Between all the three pairs there is a significant correlation. In these pictures we can see a classification
based on two substances, the area where smokers are classified is dark grey, the one for non-smoker light
grey. The classification was computed with a quadratic discriminant analysis (MATLAB® command
classify.m with quadratic boundaries between groups) based on filtered data. The sensitivity, specificity
and the Youden-Index are shown in the tables besides the plots.

(Fig 4 upper panel)

©  non-smoker
©  smoker
o ex-smoker

benzene [ppb]

10°
acetonitrile [ppb]

Sensitivity | Specificity | Youden- | Correlation coefficient R
% % Index
91.7 78.4 0.70 0.71
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(Fig 4 middle panel)

C  non-smoker
< smoker
@ e¥-smoker

o
5
z
o
T
10' 10° 10°
acetonitrile [ppb]
Sensitivity | Specificity | Youden- | Correlation coefficient R
% % Index
64.9 78.9 0.44 0.53
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(Fig 4 lower panel)

benzene [ppb]

HCN [ppb]
Sensitivity | Specificity | Youden- | Correlation coefficient R
% % Index
92.1 68.0 0.60 0.55
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