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Abstract

A series of fatty acids among other compounds have recently been detected in breath in real
time by secondary electrospray ionization mass spectrometry (SESI-MS) (Martinez-Lozano P
and Fernandez de la Mora J 2008 Anal. Chem. 80 8210). Our main aim in this work was to (1)
quantify their abundance in breath calibrating the system with standard vapors and (2) extend
the study to a control group for several days, both under fasting conditions and after sucrose
intake. For the quantitative study, we fed our system with controlled amounts (~140-1440 ppt)
of fatty acid vapors (i.e. propanoic, butanoic, pentanoic and hexanoic acids). As a result, we
found sensitivities ranging between 1 and 2.2 cps/ppt. Estimated concentrations of these
particular acids in the breath of a fasting subject were in the order of 100 ppt. These values
were in reasonable agreement with those expected from reported typical plasma concentrations
and Henry constants. A second set of experiments on three fasting individuals before and after
ingesting 15 g of sucrose showed that the concentration of propionic and butanoic acids
increased rapidly in breath for two subjects. This response was attributed to bacterial activity
in mouth and pharynx. In contrast, a third subject showed no response to the administration of
sucrose. In addition, we performed a survey among six fasting subjects comparing nasal and
mouth exhalations during 11 days, 4 months apart. The signal intensity was comparable for
mouth and nose breath. This observation, in conjunction with the quantitative study, suggests
that these compounds are mostly systemic when measured under fasting conditions. We finally
used the NIST MS search algorithm to evaluate the possibility of recognizing a breathing
subject based on his/her breath signature. The global recognition score was 63% (41 out of
65), while the probability by chance alone was 6 x 10~'7. This indicates that (i) there are
statistically recognizable differences in individual breath patterns and (ii) the breath pattern for
a given subject is relatively stable in time. This is consistent with previous NMR-based studies
indicating the existence of stable individual metabolic phenotypes.

1. Introduction routine diagnostic approach.  These difficulties and the
different approaches taken to overcome them have recently

Breath analysis has elicited considerable research efforts peen reviewed [1], providing an overview of the state of the
because it is non-invasive and carries metabolic information

released during blood—air exchange. However, there are
important pitfalls that have precluded its acceptance as a

art since the times of Lavoisier. One of the main difficulties
is associated with the low concentrations of the most volatile
organic compounds (VOCs) in breath. As VOCs are present
3 Author to whom any correspondence should be addressed. at levels of parts per billion (ppb) to parts per trillion (ppt), a
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preconcentration step is usually necessary. This manipulation
is usually time consuming and may in some cases compromise
the sample. Pioneering studies using atmospheric pressure
chemical ionization (APCI) demonstrated the possibility of
tracing gases in breath (e.g. ammonia and acetone) in real
time [2, 3]. More recently, two well-established techniques
have also overcome this problem: proton transfer reaction
mass spectrometry (PTR-MS) [4] and selected ion flow tube
mass spectrometry (SIFT-MS) [5]. In both techniques, the gas
sample is mixed with precursor ions at low pressure leading to
the detection of several compounds in real time. Their limits of
detection are in the range of ppt for PTR-MS and ppb for SIFT-
MS, and they are therefore suitable for the analysis of VOCs
in breath. Recently, PTR has been combined with a time-of-
flight instrument, enabling in this way the detection of several
isobaric species in breath [6]. Among the compounds detected
in [6] were acetic, propanoic and butyric acids, which is in
good agreement with our measurements on a quadrupole time-
of-flight (Q-TOF) instrument [7]. An alternative approach to
ionize trace gases prior to mass spectrometric analysis was
pointed out by Fenn and co-workers [8-10]. They noted
that gas phase molecules were efficiently ionized in contact
with an electrospray (ES) cloud at atmospheric pressure,
leading to mass spectra akin to that of a sample ionized
from the liquid phase. It is important to note that ESI is
a ‘gentle’ ionization technique where usually none or little
fragmentation is observed. This fact greatly simplifies mass
spectral interpretation. This peculiar way of ionizing vapors
has considerable intrinsic interest, and has also been studied
by Hill and colleagues [11] in conjunction with ion mobility
spectrometry, dubbing it ‘secondary electrospray ionization’
or SESI [12]. Eluents exiting a GC column have also been
successfully ionized by SESI and mass analyzed [13]. Chen
et al used this same approach to monitor changes in breath
metabolites (e.g. urea) upon food intake [14]. However, their
interpretation was that the observed low-volatility compounds
could only be transported in an aerosol form. A subsequent
study showed evidence that urea and the vast majority of the
compounds observed when breath is mixed with an ES plume
come as vapors [15]. Although the ionization mechanism is
still unclear (i.e. dissolution of the neutral molecule in the
droplet and re-emission of the ion, gas phase ion—molecule
reaction or both) [16], independent quantitative experiments
have proven its high sensitivity. Almost a decade ago,
Kiselev and Fenn reported detections of 10 ppt of caffeine
and 20 ppt of explosive RDX [17]. Recent studies combining
SESI with several commercial atmospheric pressure mass
spectrometers (API-MS) have measured limits of detection
at sub-ppt levels [18, 19]. This approach is therefore sensitive
enough to detect VOCs in minute concentrations in breath, in
real time, and can be virtually applied to any commercial
atmospheric pressure ionization MS instrument. We have
actually explored its applicability for the breath analysis of
one subject in positive ion mode using a triple quadrupole
[15] and in negative ion mode with a Q-TOF instrument [7],
and the applicability has also been more recently explored by
Thomas and co-workers combining thermal desorption and ion
mobility mass spectrometry [20]. Here we extend the study

in negative ion mode with an ion trap MS, and we include
quantitative estimations of concentrations in breath with a Q-
TOF instrument.

2. Experimental details

This work is divided into two main experimental sections: (i)
quantification of fatty acids (FAs) in breath and (ii) a qualitative
study of breath patterns for a group of volunteers, fasting and
after ingesting sucrose. For the quantitative analysis, we have
used the same experimental setup as that described previously
for the detection of explosives and is depicted schematically
in figure 1(a). Briefly, we replaced the original ionization
source of a Q-TOF (QStar from Sciex, Concord, ON, Canada)
instrument by a stainless steel chamber, which held a home-
built nanospray source and two 1/4” tubes. One of the tubes
was connected by Teflon tubing to a vapor generator located
50 cm upstream. The vapor generator consisted simply of
another nanospray source (‘seeding ES’), which delivered
known concentrations of analyte gas phase ions by controlling
the ES flow rate, analyte liquid concentration and carrier gas
flow rate. Thus, a set of solutions of propanoic (C3), butanoic
(C4), pentanoic (C5) and hexanoic (C6) acid standards in
methanol were prepared at different concentrations: 0.25, 0.5,
1 and 2.5 mM. These solutions were electrosprayed (‘seeding
ES’) at typical flow rates of 130 nL min~'. The acid vapors
were diluted in 5.5 L min~! of CO, and drawn downstream
through a heated (100 °C) Teflon tube. The ions neutralize
along their path toward the ionization chamber, arriving in
this way as neutral gas-phase molecules when they come in
contact with the ‘charging ES’ cloud. The gas carrying small
concentrations of standards is exhausted through a second tube
to the atmosphere. The charging ES buffer consisted of 0.1%
NH,OH in 1:1 MeOH/H,O (v/v) infused at 70 nL min~!. It
was located coaxially at approximately 1.5 cm from the mass
spectrometer sampling orifice.

For the comparison survey with volunteers, we carried
out our measurements with an ion trap mass spectrometer
(HCT Ion Trap Bruker Daltonics, Bremen, Germany). Its
commercial ES chamber features two windows allowing the
monitoring of the ES performance by eye. In order to mix
the breath samples with the charged ES droplets, we simply
exchanged the windows by a couple of 1/4” tubes (figure 1(b)).
A third port at the bottom of the chamber, meant to collect the
liquid from the ES, was capped with a plastic centrifuge tube
in order to keep the pressure constant within the chamber.

Note also that the commercial ES source is located
orthogonally to the MS sampling orifice to prevent the
introduction of droplets into the MS vacuum system when
the ES is operated in the microflow range. In order to run the
ES at nanoflows, we exchanged the original metal capillary
with a silica one (25 um i.d.), which could be moved freely in
the radial direction. The ES buffer, which consisted of 0.1%
NH4OH in 1:1 MeOH/H,O0 (v/v), was pulled with a syringe
and delivered at ~100 nL min~!. The syringe metal needle
was grounded and the MS capillary voltage was set at 3.8 kV
to generate the ES.
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Figure 1. (a) Schematic of the experimental set-up to calibrate the system quantitatively. Known concentrations of vapors are released with
the ‘seeding’ electrospray source, transported with a carrier gas to the ionization chamber at atmospheric pressure and mass analyzed with a
Q-TOF instrument. (b) Experimental set-up used for the breath analysis experiments using an ion trap mass spectrometer.

One of the 1/4” tubes was connected to a pump, which
continuously sampled 8 L min~! metered with a rotameter.
This flow consisted of 3 L min~! of N (i.e. mass spectrometer
counterflow) and 5 L min~! of ambient air, sampled through
the second disposable Teflon tube. The latter was meant
to breathe directly into the ionization chamber. Note that
since a pump is sucking constantly, the method requires
minimal effort. However, in the case where nasal exhalations
were required, the system may probably not be suitable for
participants with reduced lung function. The local ethics
committee (ITB-CNR) approved the protocol of this study.

3. Results and discussion

3.1. Quantification of FA in breath

One of the challenges in the field of analysis of trace gas
metabolites in exhaled breath is to be able to correlate their
concentrations to the corresponding plasma levels. To address
this point, O’Hara et al [21] have measured simultaneously
blood and breath concentrations for isoprene and acetone.
They found in vivo arterial blood/breath average ratios of
580 for acetone and 0.47 for isoprene. Notably, these values
were comparable to those previously measured for in vitro
blood/air partition coefficients. Henry’s law describes the
partitioning between the liquid and vapor phases in equilibrium
and is usually measured in water/air rather than in blood/air.
Nonetheless, reported partitioning coefficient values covering
several orders of magnitude have been found to be reasonably
similar in water/air and blood/air (see table 2 in [22]). As

noted in [21], using Henry’s constants to estimate breath
concentrations may be an oversimplification given the high
complexity of the lung exchange system. However, in the
absence of literature values, in this study we will use water/air
Henry’s constants to estimate the expected concentration of
a series of FAs in breath. As an example, based on Henry’s
constants of acetone (30 M atm™! [23]) and isoprene (1.3 x
10~2 M atm~! [24]) and the arterial blood concentrations found
in [21] (acetone 26 umol L% isoprene 6.8 nmol L"), we can
estimate their abundance in breath to be 867 ppb (i.e. 867 x
10~ atm) for acetone and 523 ppb (285-846) for isoprene.
These values are comparable to those actually measured in
breath: 1090 ppb for acetone and 376 ppb for isoprene. Thus,
it follows that blood concentrations and Henry constants can
provide a somewhat rough estimate of the order of magnitude
we should expect in breath, for at least these two systemic
compounds.

In an attempt to estimate the concentration of FAs in
breath semiquantitatively in [7], we based our calculation on a
calibration exercise performed on the same Q-TOF instrument
toward explosive vapors [18]. Because the SESI ionization
mechanism is still unclear, the sensitivity measurements need
to be based on calibration standards. As described in the
experimental section, we delivered known concentrations of
FA vapors into the SESI source and measured the system’s
response. All the acids are detected in deprotonated form
[M-H]~. Figure 2(a) shows the single ion monitoring
(SIM) trace at m/z 73.043-73.050 (propanoate, C3), 87.060—
87.067 (butanoate, C4), 101.080-101.087 (pentanoate, C5)
and 115.100-115.107 (hexanoate, C6). It displays four clear
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Figure 2. (a) Total ion current for deprotonated propanoic (C3), butanoic (C4), pentanoic (C5) and hexanoic (C6) acids at different vapor
concentrations. (b) Signal versus vapor concentration. S.E.S: standard error slope; S.E.I: standard error intercept.

Table 1. Compilation of literature data used to calculate expected breath concentrations and measured concentrations.

Measured
gas-phase
Calculated gas-phase concentration
Compound Henry constant (M atm™!) Blood concentration (M) concentration (ppt) (ppt)
Propanoic acid 5.7 x 103 [42]; 6.2 x10% [43] 9.1 x1077 (0-2.1 x107%) [44] 158 (0-368); 145 (0-339) 184
Butyric acid 4.7 x 10° [42] 1 x107% (0.3 x1077-1.5 213 (64-319) 106
x 1070) [44]
Isobutyric acid 1.1 x 10° [42];5.7 x 10°[43] 2.3 x107°(0.7 x1077-4.4 2091 (636—4000); 404
x 107%) [44] (123-772)
Valeric acid 2.2 x 103 [42] 6 x1077 (3 x 1077-1.2 x 107%) 273 (136-545) 119
[44]
Isovaleric acid 1.2 x 10% [42] 1.6 x 107° (0.3 x 1077-2.7 x 1333 (250-2250)
1079) [44]
Hexanoic acid 1.4 x 103 [42] 8 x1077 (0-1.6 x 1079) [44] 571 (0-1143) 138

steps as a result of switching on and off the seeding ES,
delivering in each step different concentrations of FA (~140-
1400 ppt). Plotting the response versus vapor concentration we
obtain the corresponding calibration curves for each compound
(figure 2(b)), showing a linear response, and an increasing
sensibility with increasing FA length. A similar correlation
between sensitivity and mass has been found for explosives
vapors. This has been suggested to be explained by the
increased polarizability of the heavier vapor molecules, which
tends to increase the ionization cross section [25]. Because the
sampling period, or dwell time, used during the experiments
was 1 s, the typical sensitivity values for these particular
compounds were of the order of 1-2 cps/ppt. Thus, based on
the sensitivity found for each compound, we can now estimate
the exhaled concentration of these particular FAs in the breath
of a fasting subject (see for example figure 2 in [7]), being in
the order of ~100 ppt. Table 1 lists these values along with
those expected based on Henry constants and reported blood
concentrations. Note that we have included isomeric species
for butyric (C4) and valeric (C5) acids, which would obviously
appear at the same m/z, and the corresponding intensity
would be approximately the sum of both. For propanoic and
hexanoic acids, the agreement between expected and measured
concentrations is within the expected boundaries, whereas for
C4 (butyric + isobutyric) and C5 (valeric + isovaleric), the

measured values are underestimated. Note however that both
Henry constants and blood concentrations may differ notably
from reference to reference. Also, the dynamic range for a
given compound may vary widely for a given control group
(e.g. propanoic acid). These values should therefore be taken
as rough estimates, and being conservative, we should expect
them in the range 0.1-1 ppb. It should therefore be noted
that only simultaneous measurements of plasma and breath
FA concentrations could establish to what extent this method
is suitable to probe systemic FAs in breath.

3.2. Monitoring breath after sucrose ingestion

Concerning the origin of acetic, propanoic and butanoic
acids, these are the major end products of bacterial-gut
fermentation [26]. In this regard, it is well known that
there exists a significant interplay between bacterial and
mammalian metabolism [27]. However, short-chain FAs are
also produced by mouth bacteria [28, 29], further complicating
the determination of their origin.

Comparing mouth breath with nose breath is a common
approach to differentiate between systemic and oral borne
volatiles [30, 31]. In order to shed light on this issue, we
compared the mouth and nasal breath of an overnight fasting
individual and monitored the evolution of the breath FAs after
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Figure 3. (a) Monitoring in real time of the concentration changes of propanoic (C3) and butanoic (C4) acids in mouth after ingesting 15 g
of sucrose. The dashed line indicates the moment at which the sugar was administered. ‘M’ and ‘N’ stand for mouth and nasal exhalations,
respectively. The subject breathed alternatively through the mouth and the nose. (b) Magnification of the period where a first maximum of

propanoic acid signal intensity is observed. (c¢) Propanoic (C3) and butanoic (C4) acid changes in mouth exhalations for a second participant
after ingestion of sucrose. (d) Mouth exhalations for a third fasting subject who, in contrast with the other participants, showed no response

to sugar intake.

ingestion of 15 g of sucrose dissolved in 100 mL of water.
The subject was asked to breathe alternatively through the
mouth and through the nose. Note that two different sampling
tubes were used to preserve the independence of the results
between mouth and nose exhalations. Figure 3(a) shows the
SIM trace for deprotonated propanoic (m/z 73) and butanoic
(m/z 87) acids for one volunteer. The different periodic
steps observed above the baseline are obtained as a result of
a breath exhalation. The first step observed was recorded
breathing through the mouth, showing a clear response at
about 1000 and 2000 au of intensity for propionic and butanoic
acids, respectively, under fasting conditions. The dashed line
indicates the moment at which the subject ingested the sucrose.
At this moment, he was asked to breathe alternately through
his mouth and nose. The signal evolution for propanoic and
butanoic acids is very similar, where the intensity increases
after sugar intake to reach a first local maximum at minute 38—
42 of the chromatogram (i.e. 10-14 min after sugar intake).

The signal then gradually drops (up to min ~50-54), then
increases (min ~ 56), and then drops (min ~64) and increases
(min ~72) again. Lastly, C3 gradually tails off, while C4
drops until min ~92, to finally increase once again. Note
that the same pattern is observed for both nasal and mouth
exhalations. However, the mouth exhalations show a higher
intensity compared to nose exhalations, clearly indicating that
at least a fraction of the detected acids originates in the mouth.
Figure 3(b) magnifies the chromatogram of propanoic acid in
the period just after sucrose intake. It can be clearly seen
how the nasal exhalations follow the same trend as the mouth
breath, although its intensity is approximately 2/3 of that of
the mouth. Only at the end of the chromatogram (from min
90 onwards), do the signal intensities level off and match each
other. Because there is nonetheless a clear response in the
nasal breath, one may think that either there is a systemic
production of propionic and butanoic acids that are released
into the blood stream as a consequence of the sucrose ingestion,
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or the pharynx region allows air exchange between the mouth
and nasal cavity, thereby allowing these acids formed on the
back of the tongue to be carried up during a nasal exhalation.
Given the fact that only 15 g were administered, this would
hardly produce a short-chain FA pulse that would perturb the
circulating concentration by a factor of 3-5 because only very
small quantities of simple sugars are not absorbed from the
small intestine in healthy people [26]. Moreover, absorbed
butanoic and propanoic acids in the gut are efficiently cleared
by the liver, and little appears in peripheral blood. Therefore,
the explanation of a contribution of the bacteria on the back
of the tongue in the nasal exhalations is more likely. The
observed signal intensity modulations for C3 and C4 may
most probably reflect the fermentation dynamics in the mouth
and pharynx. To our knowledge, this is the first time that
such an event is captured. A second participant was invited to
repeat the exercise providing mouth exhalations. Figure 3(c)
shows that the signal intensity is relatively stable under fasting
conditions (left-hand side of the dashed line) and increases
rapidly after sugar intake. Interestingly, we observed similar
signal modulations as with the first participant, suggesting
again a significant bacterial activity in the mouth—pharynx.
Figure 3(d) shows the result of the same experiment on a
third volunteer (mouth breath only). In contrast with the other
two participants, no appreciable changes in propionic acid (or
any other compound) were observed after sucrose ingestion.
This suggests that the size and/or composition of his microbial
mouth population is different. Overall, with these experiments
we reinforce the notion that it is important to sample under
fasting conditions to minimize interferences from bacterial
by-products when one wishes to target systemic compounds.
These experiments also indicate that in some cases, nasal
exhalations may carry non-systemic compounds.

Regarding the potentiality of this technique in breath
analysis, SESI-MS operated in the negative ion mode (i.e.
detecting mostly FAs) seems to offer an attractive approach
to investigate the bacterial activity in the mouth with high
sensitivity and in real time. This may be relevant for instance
to study the correlation between bacterial by-products and
periodontal illnesses [29].

Intestinal flora also plays a major role in the metabolism
of compounds ultimately excreted via breath. Indeed,
hydrogen breath tests are a common practice to diagnose
disorders associated with gut microflora such as irritable bowel
syndrome and common food intolerances [32]. However,
there are cases of people that do not exhale hydrogen. This
is one of the reasons why, unfortunately, the sensitivity and
specificity of hydrogen breath tests are inadequate for routine
clinical use. Hence, complementary approaches are welcome
to increase diagnostic accuracy [33]. Given that short-chain
FAs are the major end products of gut bacterial fermentation,
this technique appears to represent a complement to current
breath tests used to diagnose these types of disorders.

Organic acidemias cause a build up of toxic organic acid
intermediates due to the body’s inability to breakdown certain
amino acids and odd-chain organic acids. SESI-MS may well
show potential in the monitoring of some types as for instance
isovaleric and propionic acidemias.

Finally, the concentrations of short-chain FAs in blood
have been found to be significantly elevated in patients with
hepatic encephalopathy caused by cirrhosis (362 £ 83 umol
L~") compared with cirrhotic patients without encephalopathy
(178 £ 57 umol L") and healthy individuals (60 & 8 pmol
L") [34]. Actually, early breath analysis studies noted the
presence of greater concentrations of volatile FAs in the breath
of decompensated cirrhotic patients than in healthy subjects
[35]. Therefore, this is an area in which this technique may
also be ripe for analytical exploration.

3.3. Study on a control group: individual breath pattern
recognition

One of the major issues in metabolic studies is the different
sources of temporal variability (e.g. biochemical cycles, diet,
etc) that ultimately change the metabolic fingerprint within
a subject. It has been indicated that gut microbiome is
largely responsible for interday variation of microfolora-
related metabolites [36].  This greatly complicates the
discovery of alterations of metabolic fingerprints due to
the appearance/disappearance or concentration changes of
metabolites that can provide early evidence of the onset of
diseases. Fortunately, some recent nuclear magnetic resonance
(NMR) metabolic studies on urine have shown that in spite of
this ‘temporal noise’, there exists a stable metabolic fingerprint
strongly individual specific, even in timescales as long as
3 years [36, 37]. The main purpose of this section was
to investigate the temporal variability of individual breath-
metabolic phenotypes.

Following the same approach as in the previous section,
we performed breath analysis in six subjects (three males
and three females) during 11 days, 4 months apart. All the
volunteers were non-smokers, not subjected to any particular
imposed treatment or diet and were in the same age range
(28-35). After overnight fasting, they provided three nasal
and three mouth exhalations, alternately. Two different
Teflon sampling tubes for mouth and nasal exhalations for
each subject were used. Some representative results of
the experiments are given in figure 4. It displays the
chromatograms of several FAs obtained for the six subjects.
It shows the background level corresponding to the laboratory
atmosphere (baseline) and the clear response observed for both
mouth and nasal exhalations. The first, third and fifth steps are
due to mouth exhalations, and the other three are associated
with nasal exhalations. Some conclusions can be extracted
from this figure. (i) The measurements are clearly repeatable
for both nasal and mouth exhalations, indicating that control of
the sampling flow rate is an efficient way to preserve ionization
probabilities. (ii) There are modest, but clear differences
in the intensities for the different subjects. (iii) Clearly,
the intensities corresponding to mouth and nasal exhalations
are comparable for a given individual, suggesting that under
fasting conditions the observed FA may be systemic. We also
found some differences between nasal and mouth exhalations
for other compounds. For example, figure 4(c) includes the
SIM trace for m/z 93. Its identity remains unknown, but it
exhibits a similar response to that of ammonia in [31], where it
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Figure 4. Monitoring of a series of FAs (C3—C18) for six fasting subjects (S1-S6) who exhaled three times through the mouth and three
times through the nostril, alternately. For the series C3—C10, the response is comparable between mouth and nasal breath. For the acids
above C11, the FAs emanating from the nostril skin clearly interfere, mostly for subjects S2 and S5. The ion at m/z 93 arises only in mouth
exhalations—three steps each subject, except S4 who breathed twice—indicating that it is not systemic.

is present in the mouth but almost absent in nasal exhalations
for all the subjects. This strongly indicates that this particular
compound originates strictly in the oral cavity. For some other
ions (>C11), the response is the opposite for subjects S2 and
S5 (i.e. stronger nasal intensity), whereas for the other subjects
the intensities are comparable. As noted previously [7], above
C12 the signal enhancement may be largely affected by the
humidity in breath. However, because the humidity levels
for nasal and mouth exhalations for a given subject must be
identical, the distinct response of S2 and S5 must be explained
by other means. We have also reported the detection of a

series of FAs emanating from the skin of the hand by SESI-
MS [38]. The striking nasal response for these two subjects
indicates that skin emanations interfere with nasal exhalations.
FAs with chains of more than 12 carbons are well-known
constituents of bacterial activity on skin. The fact that there
are differences in the skin (nostril) FA profile among different
subjects is consistent with a recent study [39], which revealed
an impressive bacterial diversity both depending on the skin
location (including nostril) and the subject. Therefore, this
obvious difference indicates that the bacterial population in
the nostrils of these two subjects is larger compared to the
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Figure 4. (Continued.)

other four subjects and/or the bacterial families populating
these regions are to a large extent different in the other four
subjects.

Upon visual inspection of the chromatograms, the breath
FA profiles of different subjects are slightly different. The
question we sought to address in this section is whether these
individual differences are significant enough and if they were
stable in time to be statistically discriminated. In other words,
can a given breath signature be successfully attributed to the
corresponding breathing subject from day to day? NIST MS
search software is a widely used tool for the identification
of unknown chemical compounds upon fragmentation via
electron impact. It basically works as follows: the software
contains a library including the fragmentation patterns of
several standards. One then interrogates the library against
the unknown fragmentation spectrum, and it provides a ‘hit
list” of potential candidates ranked from more similar to less
similar. Any spectra to be searched must first appear in this
list. The degree of similarity between the query and the hit
list spectra is given by the so-called match factor, which is
derived from the dot-product mass spectral search algorithm.
A perfect match (i.e. identical spectra) results in a value of
999. Further details on the algorithm can be found elsewhere
[40].

We have reported the potentiality of the NIST MS search
algorithm for the diagnosis of colorectal cancer [41], revealing
that the same principles used to identify a compound can
also be applied to discriminate mass spectral differences
between two groups (i.e. pattern recognition). We explore
here its capabilities in this more challenging exercise, which is
identifying six individuals based on their breath fingerprints.
For this purpose, we created customized libraries containing
the breath mass spectra from the six subjects. In particular,
we averaged the three consecutive mouth-breath mass spectra
for each subject and obtained in this way 65 mass spectra

(11 days x 6 subjects; one subject missing one day). We
transformed our files into text *.MSP format and created 11
libraries. Thus, for a given day (D), we compared this day
against the other 10 days (e.g. D1 against D2-D11; D2 against
D1 and D3-D11; D3 against D1, D2 and D4-D11, and so
on). Library search options were set to ‘Spectrum search
type/similarity /simple’. For our purpose, we considered
that the recognition of the breathing subject was successfully
achieved if the first proposed candidate in the hit list was
the same as the ‘unknown’. Note that in two cases, the first
candidate was correctly assigned, along with another candidate
with the same ‘match’ and ‘reverse match’ factors. In this case,
we considered that the assignment was performed correctly.
In the case where any of the other five breathing subjects was
suggested as first candidate, we considered the assignment as
wrong. The results of this exercise are summarized in table 2.
The individual recognition score ranged from 45% to 73% and
globally, it correctly assigned the breath signature 41 out of
65 times (63%). Note that the probability that such an event
occurs randomly is as low as 6 x 10~!7 (given by a binomial
distribution with success probability of 1/6). Therefore, even
though the number of samples is limited, it provides a proof
of principle. Also, these values are in fair agreement with
learning curves from previous NMR studies (see figure 4(a)
from reference), where the average probability of correct
classification was about 75% for n = 10 spectra. Noteworthy is
that typically, for a correct assignment, the match and reverse
match factors are above 965, and also the other candidates
appear at very close values. For example, in the case of subject
6-day 11 (S6-D11), the algorithm suggests the following
first five candidates in decreasing order (match/reverse match
values): 1 S6-D8 (967/967), 2 S6-D7 (965/965), 3 S6-D9
(965/965), 4 S4-D6 (965/965), 5 S6-D6 (963/963). This
indicates that the profiles among the different subjects are
similar. This is not surprising given that the six subjects were
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Table 2. Results obtained during the breath pattern subject recognition exercise. In the rows are represented the subjects (S) and in the
columns the days (D). e: the person was correctly identified; o: the person was wrongly identified; x: missing measurement.

Recognition
score for each
DI D2 D3 D4 D5 D6 D7 D8 D9 DI0 DIl subject(%)

S1 o ° o ° ° o . ° ° . . 73

S2 e ° ° o o o ° o o o ° 45

S3 e ° o ° o o . o . . o 55

S4 e o ° o . o o ° ° ° ° 64

S5 e o . ° . o X ° . . o 70

S6 o ° ° o ° ° o ° ° . . 73

all healthy, from the same geographical region and within the
same age range, and therefore no major differences may be
expected. Globally, individual-specific differences detected
by the NIST software are based on differences in peak ratios,
rather than just the presence/absence of a given compound, in
line with NMR urine studies [37]. In summary, together with
that shown previously [36, 37], this study based on breath-
MS reinforces the notion of the existence of stable individual
metabolic phenotypes.

4. Conclusions

We have extended here our preliminary results in breath
analysis using SESI-MS in negative ion mode. In particular,
we have quantified a series of short-chain FAs (C3-C6) based
on their standard vapors. The measured sensitivities were
in the range of 1-2.2 cps/ppt, with increasing sensitivity
as a function of chain length. We conclude that their
concentration in the breath of a fasting individual is in the
order of 100 ppt, which is in reasonable agreement with what
it would be expected based on typical plasma concentrations
and Henry constants (~0.1-1 ppb). We have compared nasal
and mouth exhalations for six subjects and found that the
response for most FAs is comparable. These experimental
observations reinforce the hypothesis that these compounds
originate mostly as a result of blood-lung exchange, when
sampled under fasting conditions. However, experiments on
fasting individuals before and after drinking sucrose solutions
showed that bacterial activity in the mouth may pose a serious
interference in targeting these compounds.

We have finally attempted the identification of six
breathing subjects based on their breath fingerprint, collecting
multiple samples for about 4 months. NIST MS search
software was employed as a pattern recognition tool. Globally,
the interrogation exercise provided 41/65 (63%) successful
recognitions. This indicates the existence of individual profiles
constantly in time, which is in accordance with previous
metabolic NMR-based studies.
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