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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. Neverthe-
less, 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 mo-
lecular 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 accu-
racy [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 (which are referred to in Section 3). 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 avail-
able 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 tech-
niques is gaining momentum as the potential of breath analy-
sis is being realized and more scientists and clinicians are
becoming involved in this area of science and medicine. To
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date, the United States Federal Drug Administration (FDA)
has approved only the following compounds for breath test-
ing:

e cthanol (law enforcement)

e hydrogen (carbohydrate metabolism)
e nitric oxide (asthma)

e carbon monoxide (neonate jaundice)
e CO,(H. pylori infection)

e branched hydrocarbons (heart transplant rejection).

This list is still quite limited even though it has been
established in pilot studies that some other breath metabo-
lites, 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 diabe-
tes [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 over-
growth [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 pro-
cedures are critically investigated and measurement repro-
ducibility 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), pro-
ton-transfer reaction mass spectrometry (PTR-MS), laser
spectrometry and ion mobility spectroscopy (IMS) are par-
ticularly promising for real time breath analyses. Also, the
well established gas chromatography mass spectrometry
(GC-MS) now in conjunction with solid phase micro extrac-
tion (SPME), although slower in providing analysis, has a
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valuable role in breath analysis. These techniques are de-
scribed later to illustrate their potential and the features they
must exhibit to become a reliable clinical diagnostic.

2. REQUIREMENTS OF BREATH TEST; ANALYSIS
OF TRACE COMPOUNDS

What are the demanding analytical requirements that will
allow breath analysis to become a reliable tool for medical
diagnostics and therapy? Ideally, a wide range of diverse
volatile organic and inorganic compounds need be unambi-
guously identified and accurately quantified in directly ex-
haled breath in real time, obviating sample collection into
bags or onto traps that can compromise the sample by intro-
ducing exogenous impurities, selectively favour certain
compounds and delay analyses. This is a serious challenge
made more demanding by the fact that most of the metabo-
lites will be present at the ppb level or lower, although in the
diseased state some will present at the ppm level and greater.
One saving grace is that the molecular weights of most vola-
tile compounds do not greatly exceed 200 u (u = atomic
mass unit), which eases mass spectrometric complications.

The compounds known to be present in exhaled breath
range from the simple diatomic inorganic molecules, nitric
oxide, NO, and carbon monoxide, CO, to the small mole-
cules ethane, C,Hg, carbonyl sulphide, OCS, and ammonia,
NH;, to polyatomic molecules such as dimethylsulphide,
(CH3;),S, alcohols, including methanol, CH3;0H, and ethanol,
C,HsOH, aldehydes such as acetaldehyde, CH;CHO, ke-
tones, including acetone, CH;COCH;, and higher-order al-
cohols, aldehydes and ketones, such as 3-heptanone, CH;CH,
(CO)(CH,);CHs. In this mix there are also high-order hydro-
carbons and other types of organic compounds. It has been
suggested that there are hundreds of different compounds in
breath and - given the complexity of human biology and bio-
chemistry - this may well be true, but relatively few com-
pounds have been positively identified and even fewer quan-
tified to better than an order-of-magnitude in concentration.
Given the widely different physical properties of these com-
pounds it is now understood that no single analytical method
can be used to detect and quantify all of them. We describe
some of the available analytical methods later and their ap-
plication to exhaled breath analysis.

2.1. A Paradigm: Nitric Oxide (NO) in Breath

The most widely reported exploitation of breath analysis
in clinical studies is the detection and quantification of NO.
In this sense the NO breath test is a paradigm [6]. It can be
measured on-line, even with breath-to-breath resolution. The
technique used is fluorescent spectroscopy, which involves
the conversion of the NO to excited nitrogen dioxide, NO,*,
in reaction with ozone, and the subsequent fluorescence of
the NO,* is used to establish the NO concentration [7]. NO
is produced in almost all organs and is present, in particular,
in the lungs and the paranasal sinuses [8]. It shows a dose-
dependent increase after a challenge with acetylcholine or
bradykinin [9], and allows the therapeutic monitoring of
asthma [10-12]. Its concentration can increase within sec-
onds, as, for example, in the paranasal sinuses after hum-
ming [13, 14].
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However, the measurements of NO in exhaled breath
exemplify the potential difficulties in the development of a
breath-based clinical test. As mentioned above, NO is pro-
duced in both the lungs and the paranasal sinuses, and is of-
ten seen at much higher concentrations in the latter regions.
Therefore, expiratory flow rate and dead space air may influ-
ence the NO levels. Consequently, specific guidelines must
be followed when measuring NO production in the airways
[15]. The difficulties in developing guidelines for NO during
the last decade should serve as an example and warning that
the development of clinically applicable tests can be cum-
bersome, even when interesting preliminary pilot results are
available. The general assumption is that the trace gas com-
pounds present in alveolar breath evolve from the blood and
that their concentrations in the exhaled breath stream (gase-
ous phase) are representative of the respective blood concen-
trations (liquid phase), the relative gas phase/liquid phase
concentrations being determined by the appropriate partition
coefficients at the temperature at the alveolar interface. This
can be approximated by the (published) Henry’s Law coeffi-
cients for aqueous solutions [16] but these can be signifi-
cantly modified due to the complexity of blood [17]. Also,
the pH of the blood can have an influence on the partition,
this being particularly severe for ammonia [18]. Obviously,
if a particular trace gas is also generated within the lungs or
the airways, like NO, then the exhaled breath concentrations
will not be simply represent the blood levels. However, it
should be noted that NO is present at relatively low levels
(typically a few ppb) in the exhaled breath of healthy indi-
viduals when compared to several other compounds includ-
ing ammonia, acetone, methanol, ethanol and isoprene (typi-
cally > 100 ppb; see the sections on analytical techniques
below). Even in diseased states (such as asthma and chronic
obstructive pulmonary disease (COPD)) the exhaled NO is
still at relatively low concentrations [8, 19]. Although the
quantification of the most abundant metabolites is much
simpler using the recently developed analytical techniques, a
potential complication is the generation of some of them
(notably ammonia and ethanol) by mouth flora and their in-
jection into the exhaled breath stream [20]. But these poten-
tial complications are becoming well recognised, and as the
techniques are developed and more research is carried out
into breath analysis and the sampling methodology is refined,
breath analysis will become a more reliable and more widely
used for clinical diagnosis and therapeutic monitoring.

3. TECHNIQUES FOR BREATH ANALYSIS; RECENT
DEVELOPMENTS

Of the commonly used analytical techniques for breath
analysis, GC-MS has been most widely used and has the
most illustrious history of achievement. Several years ago,
this technique had provided most of the data available and
had been exploited to identify many of the trace gases (me-
tabolites) present [1] and indicated the presence of many
more without identifying them [21]. But GC-MS does have
some limitations in that sample collection into bags or onto
traps (pre-concentration of trace gases) is necessary, quanti-
fication is not straightforward and constant calibration of the
GC-MS instruments is required [22-25]. However, recent
advances in this technique have extended its value for breath
analysis, as described below.



Breath Analysis: The Approach Towards Clinical Applications

More recently developed techniques for breath analysis
include laser optical spectroscopy, which is very molecule
specific and can be made accurately quantitative, but it is
useful only for low molecular weight compounds, such as
NO (also analysed using fluorescence spectroscopy, as de-
scribed above) and ethane, C,Hs. Of the newly developed
mass spectrometry-based techniques, selected ion flow tube
mass spectrometry, SIFT-MS, and the similar proton transfer
reaction mass spectrometry, PTR-MS, which use quantitative
mass spectrometry coupled with chemical ionisation and
flow tube technology, are proving to be very valuable tools
for accurate quantitative breath analysis, as will be indicated
below. The less precise ion mobility spectrometry (IMS)
described below has its place in breath analysis, because
IMS instruments can be made very small. So these instru-
ments can be more easily used in the clinical environment,
although it would appear that their best role is for monitoring
and not analysis. Significantly, SIFT-MS, PTR-MS and IMS
can be used on-line to the patient to provide reliable real time
breath gas analysis obviating breath sample collection, al-
lowing rapid diagnosis and thus facilitating early treatment.
These new developments have gone hand-in-hand with de-
velopments in sampling methodology, as will be mentioned
throughout the following sections.

3.1. Recent Developments in Gas Chromatography Mass
Spectrometry, GC-MS

The greatest feature of gas chromatography is that the
individual components of a complex gas mixture, like ex-
haled breath, elute at different times from a column, and thus
the many components can be separately analysed using elec-
tron impact ionisation (EI) coupled with mass spectrometry
if a match can be found with the data contained in the EI
cracking pattern library. However, library identification may
still be misleading, because different substances may have
similar cracking patterns. Therefore, in all critical cases, the
elution time of the pure substance itself should be deter-
mined to confirm proper identification [26]. Nevertheless,
GC-MS is the technique which — as a rule — gives the most
detailed information on the composition of breath samples.
Even so, quantification of a substance in a breath gas sample
by GC-MS is not trivial and careful calibration using pre-
pared samples of different concentration of each compound
is needed. Additionally, it is difficult to analyse the lowest
molecular weight volatile compounds such as formaldehyde
and “sticky” compounds like amines. A recently explored
extension to GC analysis, which appears to hold great poten-
tial, is its combination with SIFT-MS realising the GC-SIFT-
MS analytical method [27]. In this combination, SIFT-MS
acts as an absolute detector replacing the usual electron im-
pact ionization of the GC-MS instrument. Ionization in
SIFT-MS is performed by the reactions of the volatile (trace)
substances with the primary ions H;O', NO" and O," and
quantification is achieved if the reaction rate coefficients are
known. Importantly, regular calibration is unnecessary (see
Section 3.3) and quantification by GC-SIFT-MS can be
achieved without the need for cumbersome preparation of
calibration mixtures.

The GC-MS technique has recently seen enormous de-
velopments in sensitivity, software and pre-concentration/
sampling procedures. A ten-year old GC-MS instrument
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typically acquired data on cracking pattern ions at a rate of
about 500 u/sec, whereas now several thousand u/sec (e.g.
13000 u/sec) can be realised. Hence, the individual peaks in
a GC-MS spectrum can be much better resolved in time, and
the signal-to-noise ratio improved. For sampling and pre-
concentration of substances the following techniques have
been developed:

e solid-phase microextraction (SPME) [28, 29].

e adsorption of volatile substances on adsorbing material
like Carbopack X, Carboxen 1018, Carboxen 1019, Car-
bopack B 60/80, Carbotrap C 20/40 and others, with sub-
sequent thermal desorption and GC-MS measurement
[30].

e adsorption of volatile substances onto activated charcoal
with subsequent liquid desorption using CS, or an app-
ropriate ester like ethyl acetate [31]; this method of “ac-
celerated solvent extraction” (ASE), though not yet widely
used in the analysis of volatile compounds, can make use
of the high adsorption capacity of activated charcoal.

e sophisticated preconcentration of gaseous samples in a
cryogenic trapping system [32].

With all these methods, the handling of the high water
content (humidity) of breath samples is a non-trivial matter.
With cryogenic trapping, in particular, freezing of the trap
may occur (if the breath sample is too voluminous), which in
turn restricts the volume of exhaled breath that can be col-
lected. Also, adsorption of volatile substances on the adsorb-
ing material may give rise to the “breakthrough phenomena”
due to adsorption of high amounts of water and carbon diox-
ide present in exhaled breath samples [30]. Perhaps a combi-
nation of standard adsorbing materials like Carbopack in
sequence with activated charcoal could be used, where the
second adsorption minimises “breakthrough” by trapping all
the volatiles that eventually pass the first cartridge.

Of these methods, solid phase microextraction (SPME) is
very reliable and gives rise to reproducible results [28, 29,
33]. If the pre-concentration of the adsorption volatile com-
ponents onto the SPME-fibre is high enough, it is highly
recommended. In particular, the number of steps in the
preparation and analysis (like the passage through different
traps) and therefore the possibility of errors and losses of
trace compounds are reduced. In addition, costs of solvents
and disposal of solvents as required by other techniques can
be avoided. Some volatiles (e.g., ethane) cannot be pre-
concentrated sufficiently with SPME to allow analyses in the
ppb concentration range. For such molecular species, pre-
concentration and the use of adsorbents is still necessary for
adequate GC-MS analysis.

3.2. Proton Transfer Reaction Mass Spectrometry,
PTR-MS

Proton-transfer reaction mass spectrometry (PTR-MS) is
a technique which was first developed during the 1990°s [34,
35] and has been used for on-line monitoring of volatile mo-
lecular species in environmental research, food control and
medical applications [36-42]. The ionisation of a volatile
species M, e.g., acetone, is performed by a chemical reaction
in which a proton is transferred from a reagent ion, H;0", to
M producing the product ion MH "
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H;O"+M — MH" + H,0 ey

Hence, this ionisation technique is called proton-transfer-
reaction mass spectrometry, PTR-MS, and it is a special case
of the well known chemical ionisation technique [43]. This
chemical ionisation is performed by injecting a current of
H;0" ions into a “drift chamber” (the reaction chamber,
some 10 cm long) where these precursor ions react with the
trace gas M. Chemical ionisation is a “soft” ionisation tech-
nique when compared to EI, since no pronounced fragmenta-
tion of the MH" product ion species occurs. In GC-MS, the
components, M, of the gas sample are first separated in the
GC column, and then every elution peak (every component)
undergoes EI. The fragmentation of the nascent parent mo-
lecular ions M" is exploited to identify the underlying sub-
stance using a library of fragmentation patterns.

In PTR-MS the composite compounds of the sample are
not separated in time, but fragmentation of the nascent MH"
product ion is largely avoided because proton transfer is not
greatly exothermic. If a product molecular ion MH" does not
fragment, it can be observed at a mass-to-charge ratio, m/z,
which is determined by the molecular mass of the original
molecule M plus 1 atomic mass unit (due to the attached
proton). Acetone, for example, with a molecular weight of
58 u, is then observed in the product mass spectrum as an ion
with m/z 59. However, even though fragmentation does not
occur for many types of MH" product ions under PTR-MS
conditions, this does occur for some of these MH' product
ions. For example, if the molecular species M contains a
fluorine atom F, then fragmentation often occurs in which an
HF molecule is released. An example of this is when M is
the volatile anaesthetic sevoflurane with a molecular weight
of 200 u, which in PTR-MS mainly gives rise to product ions
an m/z value of 181 [40]. (Note that under SIFT-MS condi-
tions, ions at m/z values of 49, 181 and 199 appear as prod-
ucts of this reaction [44]). Total or partial fragmentation also
occurs of nascent MH" product ions following the protona-
tion of some more common organic molecules by H;O", in-
cluding some alcohols, aldehydes and esters (see ref [45]).

Volatile compounds can be quantified to a factor of two
or so with PTR-MS (see below) when not positively identi-
fied. If two different compounds give rise to product ions at
the same m/z value they cannot readily be distinguished. As
an example, consider the substances butanal, 2-methyl-
propanal, 2-butanone and tetrahydrofuran, which have the
same molecular weight of 72 u. Consequently, the respective
protonated ions would all have an m/z value of 73 (assuming
no fragmentation of the nascent product ions) and so cannot
be distinguished by PTR-MS alone. Some of these analysis
difficulties are removed using NO" and O," precursor ions in
addition to HsO" ions, as used in SIFT-MS, which is de-
scribed in the next section. Quantification of compounds by
PTR-MS is performed by considering the kinetics of the pro-
tonation reaction, viz.

d/dt [MH"] = ky « [M] « [H30] )

Here, a critical parameter is the compound-specific rate
coefficient, ky, for the proton transfer reaction, which usu-
ally takes values between 1.3 x 10 cm?/s and 4 x 10” cm?/s
[46]. Using ky and the time #45 that the swarm of ions take
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to traverse the drift chamber, the concentration of species M
can be computed (to a first order approximation) as:

concentration of M = counts(MH")/(counts(H30 ")« ky * tasin)
(3)

Here the counts() are the PTR-MS-measured (and
transmission-corrected) counts of ions at a particular m/z
value.

Though identification of substances is not always possi-
ble with PTR-MS, a few compounds can usually be attrib-
uted to certain m/z values of product ions under prescribed
circumstances, due to assistance from parallel GC-MS
measurements:

e When measuring ambient air near a road, the concentra-
tions of benzene (product ion m/z=79), toluene (m/z= 93)
or the different isomers of xylene (m/z= 107) can confi-
dently be determined.

e When measuring human breath, methanol (m/z= 33),
acetonitrile (m/z= 42, from smoking), acetone (m/z= 59)
and isoprene (m/z= 69) can also be attributed with some
confidence to the respective m/z values. However, the
isoprene protonation reaction leads to some fragmenta-
tion producing an ion at m/z= 41 (Alfons Jordan, priv.
comm.), although the latter ion may not exclusively
originate from protonated isoprene.

e When analysing the breath of patients with propionic
academia, an increased level of ions at m/z= 115 can be
attributed to an increased level of heptanone in the breath
[47].

Such tentative identifications should always be treated
with circumspection and checks by GC-MS (or other tech-
niques) are desirable [48]. Also, for proper quantification of
volatile substances in gas samples, the respective reaction
rate coefficients have to be known (which is only possible
after substance identification).

What are the advantages of PTR-MS? The following
features are worthy of special mention.

e Breath-gas measurements can be performed on-line [41,
42, 49], and even with breath-to-breath resolution.

e The limit of detection of PTR-MS is very low (down to
the ppt-level [50], depending on the measurement time
allowed for the particular product ion).

e A medical student can learn to use PTR-MS within a
week or so, because the handling of the software is rela-
tively simple and there is no need for method selection
(like the choice of column and SPME fibre or tempera-
ture ramps etc. for different compounds, as in gas chro-
matography).

In Fig. (1), an on-line measurement of the product ions at
m/z= 33 and m/z= 69 obtained as exhaled breath is analysed
by PTR-MS together with the breath CO, concentration of a
human volunteer over a full night. In this experiment, though
not shown, all m/z values of ions between 21 and 230 were
recorded, with uniform time-slots of 0.5 sec (for each m/z
value). CO, was measured for control purposes using a stan-
dard CO, sensor. Measuring 210 different m/z values each
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Fig. (1). Time variations of breath concentrations in parts-per-billion, ppb, derived from product ions at m/z= 33 (tentatively identified as
methanol) and ions at m/z= 69 (tentatively identified as isoprene) in PTR-MS for a healthy volunteer during a whole night.

for 0.5 sec takes 1.75 min. Hence the concentration of a par-
ticular substance is measured about 34 times per hour. For
just one particular m/z value the duration of one “cycle” can
be reduced to 1 sec (since the count rate of the precursor ions
H;'%0" at m/z= 21 have also to be determined).

Under what circumstances can volatile substance be
measured by PTR-MS? The protonation of most compounds,
M, by H;O" ions is quite exothermic and so once MH" is
formed the reverse reaction back to H;O" and M cannot pro-
ceed. This is because the proton affinities of most volatile M
exceed that of water molecules which is 691.2 kJ/mol and
can therefore be detected by PTR-MS. As an example, or-
ganic alcohols have proton affinities between about 750 and
880 kJ/mol and can therefore be detected by PTR-MS. The
proton affinities of the main components of air (nitrogen,
oxygen, carbon dioxide) are smaller than that of water.
Hence, significant protonation of these compounds will not
occur. Carbon dioxide, for example, has a proton affinity of
540.6 kJ/mol, will therefore show almost no protonation and
will not be detected by PTR-MS. However, if the concentra-
tion of carbon dioxide (with a molecular weight of 44 u) in a
gas sample is very high (as is the case in breath samples),
there will be some ion counts at m/z= 45. Hence the concen-
tration of other volatile species in the gas sample with m/z=
45 (like acetaldehyde) cannot be determined in a straight-
forward way. Similarly, some compounds have proton affini-
ties close to that of water, including formaldehyde, hydrogen
sulphide and hydrogen cyanide and then the reverse reaction
can result in the loss of the MH" product ions in reaction
with HO molecules in the breath sample giving back the
H;0" precursor ions:

MH" +H,0 - M + H;0" 4

The above compounds and some others such as the C;-C,4
hydrocarbons, methane to pentane, cannot be readily ana-

lysed by PTR-MS. A detailed description of this phenome-
non has been given following several SIFT-MS studies, as
reported in the review paper by Smith and Spangl 1995 [45].
A summary of the characteristics for PTR-MS and other ana-
lytical techniques is given in Table 1.

Recently, there have been some new developments and
extensions to the PTR-MS technique, such as the PTR-Time-
of-Flight (TOF)-MS technique [51]. These developments
could lead to PTR-MS analytical devices which not only
allow quantification, but also the positive identification of
compounds in gas samples.

3.3. Selected Ion Flow Tube Mass Spectrometry, SIFT-
MS

The selected ion flow tube (SIFT) technique was con-
ceived, developed and exploited for many years for the study
of the reactions occurring in interstellar clouds [52], and it is
only relatively recently that its potential as an analytical tool
was realised when it was developed as the novel selected ion
flow tube mass spectrometry, SIFT-MS, technique [53, 54].
The broad intention was to develop SIFT-MS as an analyti-
cal method for the analysis of trace gases in air with a focus
on real time breath analysis for clinical diagnosis and thera-
peutic monitoring. In this sense, the intention was, and re-
mains, to establish a versatile trace gas analytical method
that offered an extra dimension to existing analytical tech-
niques, viz. on-line real time analysis of exhaled breath
avoiding sample collection, such as is required for GC-MS
analysis.

SIFT-MS has been described in detail previously [53-56]
so only a brief summary is provided here. A chosen precur-
sor ion species formed in a microwave discharge (either
H;0", NO' or 0,") is selected from a mixture of ions by a
quadrupole mass filter and injected into fast-flowing helium
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Summary of the Characteristics of Different Analytical Techniques Used for Exhaled Breath Analysis

GC-MS

PTR-MS

SIFT-MS

IMS

Laser Spectrometry

lonization method

electron-impact ionisa-

tion or chemical ionisa-

tion (isobutane, ammo-
nia)

chemical ionisation

using H;O'

chemical ionisation
using H;0", NO" and
0,

atmospheric pressure

chemical ionisation,

mostly using H;O" or
cluster species

no ionisation necessary

Detection of:

molecular fragments
and identification using
fragmentation patterns

protonated molecular
species

a variety of ionic spe-
cies characteristic of the
precursor ions and
reactant molecules

mostly protonated mo-
lecular species (but
negative ionisation is
also possible)

characteristic spectral

lines

Fragmentation

unavoidable and desir-
able (for substance
identification by match
with library)

is not desirable; fluori-
nated species or alco-
hols as well as larger
molecules may frag-

ment

does occur but is well
characterised for many
reactions by SIFT stud-
ies

is not desirable; fluori-
nated species or alco-
hols as well as larger
molecules may frag-

ment

fragmentation is not an
issue, however each

compound is responsi-
ble for a very large
number of spectral

lines.

Substances which can-
not be detected

depends on preconcen-
tration; ethane cannot
be detected at ppb-
levels using SPME
(except with preconcen-
tration and subsequent
thermodesorption using
appropriate adsorbents)

lower hydrocarbons

(methane — butane);
formaldehyde and acet-
aldehyde quantification

need further research

lower order hydrocar-
bons and species of low
proton affinity and high

ionisation energies

lower hydrocarbons
(methane — butane);
formaldehyde quantifi-

cation is difficult

measurement methods
have to be developed
for every molecular
species; substances with
higher molecular weight
(e.g., pentane) still need
method development

Advantages

different substances in
gas sample can be iden-
tified

on-line measurement
is possible; high
sensitivity

on-line, real time abso-
lute quantification of
several compounds
simultaneously to good
accuracy. Water vapour

as internal calibration

small portable device
with high sensitivity

potentially small de-
vice; on-line measure-
ment is possible

Potential problems

on-line measurement is

only possible in chemi-
cal ionisation mode,

different protocols for
different classes of
substances; water in
samples may cause

problems

formation of water
clusters (depending on
water content of sam-
ple) is not yet fully
understood; hence water
content of samples may
cause problems; identi-
fication of compounds
from m/z alone some-
times difficult

identification of
isomers sometimes
difficult

quantification is rela-

tively difficult (ionisa-

tion depends on water
content of sample)

Specific laser is neces-
sary for each molecular
species; wavelength-
tunable lasers may be
available in the future;
water content of sam-
ples may cause prob-
lems (e.g., Nafion-
drying is used)

Limit of detection

depending on precon-

centration method and

detector (ppb and even
ppY)

down to ppt (depending
on measurement time
slot)

currently at 0.1 ppb/sec

down to ppt (depending
on ionisation method;
more sensitive using a
®Ni source)

down to ppt using multi
pass methods

Calibration

the whole chain of
sample preparation and
measurement calibrated

for each compound

separately

Transmission coeffi-
cient has still to be
determined for a par-
ticular instrument setup

once the reaction time
and mass discrimination
are determined for a
given instrument, uni-
versal kinetic library
can be used for absolute
quantification

Calibration for all com-
pounds required.

Absorption spectra must
be known for each
compound to be de-
tected.
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carrier gas. The chosen precursor ion species is used to ion-
ise the trace gases in a breath sample that is introduced into
the carrier gas at a known flow rate. The exhaled breath is
presented to the entry port of the SIFT-MS instrument via a
disposable cardboard mouthpiece and a fraction of it (the
sample) enters the carrier gas via a heated, calibrated capil-
lary. The choice of precursor ion depends on the trace gas
compounds in the sample that are to be analysed, characteris-
tic product ions being produced from their reactions with
each precursor ion. For example, H;O" is chosen when the
trace gas compounds to be analysed are readily protonated
by this precursor ion, as described above for the PTR-MS
method (see equation (1)). This is the case for many organic
compounds, including some that are known to be present in
exhaled breath, which include methanol, ethanol, propanol,
acetaldehyde, acetone and isoprene (see later) and also am-
monia. For example, acetone reacts with H;O" thus:

H;0" + CH;COCH; — CH;COCH;H™ + H,0 (3)

A downstream orifice samples the precursor ions and
product ions, which pass into a differentially-pumped quad-
rupole mass spectrometer and ion counting system for analy-
sis. Hence, a product ion at an m/z value of 59 is observed
when acetone is present in the sample of breath. However, in
SIFT-MS another ion is always seen at an m/z value of 77,
which is the hydrate of the protonated acetone ion formed in
the following three-body reaction:

CH;COCH;H' + H,O + He — CH;COCH;HH.O + He
(6)

The production of this adduct ion is facilitated by the
presence of the helium carrier gas atoms [57] and is pro-
moted by the relatively high water molecule concentration in
the breath sample. The ratio of the total count rates of all the
product ions, including the hydrated product ions, to all the
count rates of all the precursor ions and the rate coefficients
for the reactions of the precursor ions with the particular
trace gas compound are the required parameters for the
proper quantification of trace gases [45]. Thus, calibration of
the instrument for each separate compound, which is diffi-
cult at low (ppb) concentrations, is not required. The quanti-
fication procedure for particular trace gases is generally
along the lines given above for PTR-MS, with the differ-
ences that account is taken for the differential diffusive loss
to the flow tube walls of the product ion species and the
measured rate coefficients for individual reactions are always
used. This allows concentrations of trace gas compounds in
air and breath to be determined to about 20% or better (see
the details and references given in ref [56]).

The ion chemistries that occur when NO™ and O," are
used as precursor ions are distinctly different than that for
the H;O reactions that essentially involves proton transfer
(sometimes with fragmentation), as explained in the PTR-
MS section. For NO', three different processes dominate the
chemistry, these being charge (electron) transfer between
NO' and the reactant molecule M producing parent radical
cations M" and neutral NO molecules, hydride ion (H') trans-
fer producing (M-H)" ions and neutral HNO molecules and
adduct formation producing NO"M ions. Clearly, charge
transfer can only occur when the ionisation potential of M is
less than that of NO (which is 9.26 e¢V). This is the case for
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most amines and so NO” is very suitable for the analysis of
these compounds. H transfer commonly occurs in the reac-
tions of NO" with most alcohols and aldehydes. Adduct for-
mation or association commonly occurs for ketones and car-
boxylic acids. For acetone the reaction proceeds thus:

NO' + CH;COCH; + He — NO'".CH;COCH; + He @)

This is analogous to reaction (6) and results in a product
ion at an m/z value of 88.

For O, precursor ions, charge transfer occurs in their
reactions with most compound molecules, including acetone,
often resulting in partial fragmentation of the nascent parent
M radical product ion, e.g.:

0, + CH;COCH; —CH;COCH;' + O, (8a)
— CH;CO" + CH; + O, (8b)

In this case and for similar reactions both product ions
must be included in the analysis for accurate quantification
to be achieved. In general, the ions produced by O," ionisa-
tion are a subset of those observed in electron ionisation (EI)
spectra for the reactant molecule [45].

A real advantage of SIFT-MS is seen via these acetone
examples. For the analysis of some compounds in complex
samples like exhaled breath, all three precursor ions (H;O',
NO', 0;) can be used on the same sample, thus providing a
check on the analyses. This can be especially helpful to dis-
tinguish between compounds that have the same molecular
weight, like, for example, acetone and propanal (that react
with NO' producing NO'.M and (M-H)" ions respectively).
These aspects of SIFT-MS have been thoroughly discussed
in the review paper by Smith and Spangl [45].

There are two distinct analytical modes of operation of
SIFT-MS. Firstly, the full scan mode, where a conventional
ion mass spectrum is obtained over a chosen range of mass-
to-charge ratio, m/z, as the breath sample (either from a bag
or from directly exhaled breath) flows into the carrier gas, in
order to identify all the precursor ions and product ions and
to determine their respective count rates. From these and
from the well-defined reaction time, the on-line computer
immediately calculates the concentrations of those trace gas
compounds present in the breath sample exploiting the in-
built kinetics database, which comprises the rate coefficients
and the product ions of the particular precursor ion/trace gas
compound reactions. The SIFT-MS kinetics database has
been constructed from numerous detailed selected ion flow
tube (SIFT) studies of the reactions of various classes of
compounds (alcohols, aldehydes, ketones, hydrocarbons, etc)
with the three SIFT-MS precursor ions [45, 58, 59]. Sec-
ondly, the multiple ion monitoring mode in which the down-
stream analytical mass spectrometer is rapidly switched be-
tween selected m/z values for both the precursor and product
ions, in order to quantify both water vapour and the targeted
trace compounds. This mode of operation reveals the con-
centration time profiles of several (targeted) trace gases si-
multaneously in a single direct breath exhalation and also
identifies the alveolar portion of the breath sample, thus pro-
viding more accurate quantification of the chosen trace com-
pounds than can be obtained using the broad sweep full scan
mode. An example of breath analysis data obtained using the
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multiple ion monitoring mode is presented in Fig. (2). Note,
also, the important point that during the breath inhalation
cycles the levels of the targeted compounds in the ambient
air are determined, which allows an assessment to be made
as to whether or not the ambient levels can influence the
derived breath levels.

A unique feature of SIFT-MS breath analysis is that the
water vapour concentration in the air/breath samples is rou-
tinely calculated from the signal levels of the hydrated hy-
dronium ions H30+(H20)1,2,3, which are formed in three-body
reactions involving H;O" and the abundant H,O molecules,
analogous to that shown in equation (6). Such measurements
act as an internal calibration of the sampling system since the
absolute humidity of exhaled breath is known to be close to
6% (see ref [45]). The accuracy of SIFT-MS analyses has
been well established by several investigations (as reviewed
in ref [45]) and can be used with confidence for breath
analysis.

The great advantage of SIFT-MS breath analysis is that it
is a truly non-invasive technique and as such does not hold
fears for patients. It is clear that the appearance in breath of
volatile metabolites must reflect in some way the normal
physiology and pathophysiology of the individual donor. The
challenge is to identify the trace gas metabolites, to quantify
them to the required precision and accuracy and to under-
stand their biochemical origin and their physiological sig-
nificance. An initial essential phase of SIFT-MS studies has
been to establish the concentration distributions of those
breath metabolites that can be unambiguously identified in
the healthy population and thus to gain additional insight
into normal physiological processes via this unique (exhaled
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breath) window. Critical to this topic is the recent work re-
ported in a series of papers by Turner, Spané&l and Smith [60-
63] who have carried out longitudinal studies of several
common breath metabolites in the exhaled breath of a cohort
of 30 healthy volunteers over a six month period, thus estab-
lishing their concentration distributions in breath, which
were found to be close to log-normal rather than normal and
thus they were described by a median and a multiplicative
(geometric) standard deviation. The median values (given in
the brackets) for these compounds are: ammonia (833 ppb),
acetone (477 ppb), isoprene (106 ppb), methanol (461 ppb),
ethanol (112 ppb), propanol (18 ppb) and acetaldehyde (22
ppb). The relationships between the levels of these metabo-
lites and factors such as age, gender and body mass index
were also investigated. These studies were a follow-up to the
more limited pilot study by Diskin et al. [64] carried out over
a 30 day period. Collectively, these studies have thus estab-
lished the expected levels on these compounds and their
variations in the breath of the healthy population (within the
constraints of the limited healthy volunteer cohorts). These
studies have also provided some information on the bio-
chemical origins of these common breath metabolites in
healthy individuals; for example, it seems most likely that
the alcohols originate in the gut via bacterial action. It is also
clear that exhaled breath ammonia levels increase with the
age of the volunteer. But of major value is that with these
data it becomes possible via breath analysis to recognise
departures from the norm and thus to exploit breath analysis
for clinical diagnosis.

A number of previously published studies have linked
increase levels of specific compounds in exhaled breath and
the headspace of body fluids with various diseases as, for
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Fig. (2). Time profiles of concentrations of water vapour, ammonia and acetone in three sequential breath exhalations obtained simultane-
ously using SIFT-MS. The alveolar concentrations are obtained by analysing the indicated portions of the exhalations (vertical dotted lines).
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example, elevated breath acetone in diabetics (see the excel-
lent early review by Manolis [1]). As envisaged, SIFT-MS
studies have now begun to add significantly to this important
topic. A useful approach to breath analysis is that there are
two distinct types of breath tests: (i) measuring changes in
the breath levels induced by food or a dose of a particular
drug and (ii) measuring breath levels of compounds sponta-
neously generated by the human organism in the healthy and
diseased states. Some of the compounds generated naturally
by all human being are mentioned above; many other com-
pounds are surely present, but few have been positively iden-
tified and certainly not properly quantified. Of the recog-
nised compounds, the levels of some have been shown by
SIFT-MS and other studies to be altered in the diseased state.
It has been shown that the breath levels of some can be
modified by the ingestion of certain foods and drugs. Mouth
production has also been investigated using SIFT-MS, as is
mentioned below. Much can be written on these SIFT-MS
studies, but only headings can be given here; the details can
be obtained from the papers cited below.

In the first category (i), modification of the common
breath metabolites following the ingestion of protein and
carbohydrate meals has been studied, showing that breath
ammonia increases following the protein meal but not after
the carbohydrate meal, whereas acetone decreased following
both of these food types [65]. A study of the loss kinetics of
ethanol metabolism in which the formation of acetaldehyde
was also tracked, well demonstrates the key feature of on-
line breath analysis that samples can be taken every few sec-
onds, allowing accurate definition of the kinetics [66]. This
facility was invaluable in the study of breath ammonia in-
crease following a large dose of vitamin B3 (Niacin), a topic
of some interest in psychiatry [67]. Increase in breath am-
monia was also observed following the ingestion of a small
dose of urea by H. pylori-positive individuals [53], which
offers a simple non-invasive test for the presence of this bac-
terium in the body. An interesting application of on-line
SIFT-MS (and flowing afterglow mass spectrometry (FA-
MS) [68]) breath analysis is the determination of the deute-
rium content of breath water vapour following a measured
dose of D,O, from which total body water can be readily
derived [69], a parameter of great importance in nephrology.
Finally, it is pertinent to note again that the production of
trace gases in the mouth must be guarded against if true
blood levels of metabolites are to be derived by breath analy-
sis. However, SIFT-MS also offers the opportunity to study
halitosis. In this regard, a SIFT-MS study has shown that
mouth washing with sucrose and urea solutions generates
copious amounts of ethanol and ammonia respectively [20],
and that because of the rapid time resolution of the SIFT-MS
analyses, mouth and alveolar production of these trace com-
pounds can be partially distinguished. In this category (i) can
be included the appearance in breath and urine of acetonitrile
after cigarette smoking; that the measured quantities in
breath and urine are seen to be equivalent indicates that the
acetonitrile is systemic [16].

In the second category (ii), SIFT-MS studies of note are
those involving patients with end-stage renal failure. The
first significant observation was the greatly elevated ammo-
nia present in the breath of these patients prior to haemo-
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dialysis and the reduction of this metabolite during treatment
[2]. Diabetes was also recognised in some of these patients
by the elevated levels of acetone in their breath, and in some
patients the breath ethanol was also many times greater than
normal, which has been attributed to gut bacterial overload.
In a subsequent study, it was observed that other breath me-
tabolites were reduced during dialysis, but in a fraction of
the patient cohort the breath isoprene actually increased; the
speculation is that this is due to bio-incompatibility of blood
and the dialysis membranes [70]. These in vivo studies are
complimented by the investigations of the presence of ma-
lignant tumours (cancer) in the body by analysing the vola-
tile compounds emitted into the headspace above urine sam-
ples provided by bladder and prostate cancer patients [71].
This in vitro study revealed that formaldehyde was present
above the urine from the cancer patients but not above urine
samples from healthy controls [71]. This observation has
spawned studies of the breath of cancer patients [72] and is
the focus of an EU project BAMOD involving 13 research
groups (cf the homepage of BAMOD at: http://eu-proposal.
voc-research.at). Further SIFT-MS studies that are the prel-
ude to breath analysis studies are the study of volatile com-
pounds generated by cancer cell line cultures in vitro, which
showed the emission of acetaldehyde in close proportion to
the number of cancer cells in the culture [73]. Finally, as part
of a concerted effort to use SIFT-MS for the study of chil-
dren with respiratory disease, and especially cystic fibrosis,
specimens of Pseudomonas aeruginosa taken from these
child patients have been cultured on plates and the volatile
emissions studied with the remarkable result that hydrogen
cyanide (HCN) gas is emitted from these cultures [74]. This
may offer a non-invasive monitor (ideal for children) of the
severity of colonisation by this bacterium.

3.4. Ion Mobility Spectrometry, IMS

The term ion mobility spectrometry refers to the method
of identifying trace compounds in gases by the characteristic
mobilities of ions derived from specific compounds. Chemi-
cal ionisation of volatile compounds occurs via ions like
H'(H,0), NO'(H,0),, NH;(H,0), [75], Oy" or O, (H,0),.
Positive ionisation occurs mainly through proton transfer
reactions whereas negative ionisation occurs through elec-
tron capture or reaction with O,". Halogenated volatiles, MX,
for example, can be negatively ionised with subsequent for-
mation of X ions. Therefore, ionisation mainly occurs for
volatiles having a high enough proton affinity (higher than
that for water). Experience demonstrates good ionisation
occurs for compounds with proton affinities larger than 750
kJ/mol. Hence, as with PTR-MS and SIFT-MS, low order
alkanes (methane — butane) cannot be analysed. Formalde-
hyde, in particular, has an IMS-detection limit in the ppm
range.

The ions in an IMS instrument drift in a buffer gas at
ambient pressure under the influence of a weak electric field.
The drift times of swarms of ions of specific types formed
using suitable ionisation sources (normally **Ni B-radiation
sources, UV-lamps or discharges) are normally measured
exploiting electrical shutters. The drift velocity of the ions, v,
is related to the electric field strength, E, by the mobility, u
(v = wE). Therefore, u is inversely proportional to the drift
time, which is usually measured at a fixed drift length. The
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different ion species that comprises the ion swarm separate
in space according to their drift velocities, which are related
to their different masses and geometrical structures. Collec-
tion of the ions by a Faraday cup results in a time-dependent
signal corresponding to the v values of the separated ion
swarms. Hence, such a v spectrum contains information on
the nature of the different trace compounds present in the
sample gas. Theoretical considerations show that the mobil-
ity of the ion is related to their collision rate with the gas
molecules in which they are drifting, the gas temperature, the
dimensions of the ion (structural dependencies) and the colli-
sion integral [76, 77]. Therefore, isomeric forms of ions (and
the precursor molecules) should be distinguishable.

IMS was originally developed for the detection of trace
compounds, for example gaseous pollutants, in air [77]. It
combines both high sensitivity and relatively low technical
expenditure with high speed data acquisition. The time to
acquire a single drift spectrum is in the range of 10 ms to 50
ms. Thus, an IMS instrument is suitable for process control,
but due to the occurrence of ion-molecule reactions in the
drift gas and relatively poor mass resolution of the ionic spe-
cies formed, it is generally not good for identification of un-
known compounds. So support is required using other tech-
niques, such as GC-MS and SIFT-MS, to realise positive
identification of compounds. Under ideal circumstances, the
final IMS spectrum consists of clearly separated peaks, al-
though this is rarely the case unless pre-separation of the
separate components of a mixture is carried out. It is neces-
sary to shield the IMS against external electromagnetic dis-
turbances and the gas flow rates (normally in the range of
some mL/min) as well as the temperature in the ionisation
and drift regions must be carefully controlled.

All parts of the IMS that are in contact with the analytes
are constructed from inert materials. Teflon is used for the
ionization chamber and the drift tube. Much development
work on IMS has been carried out by Baumbach et al. [78,
79]. To realize effective pre-separation of a rather complex
exhaled breath mixture, long polar multi-capillary chroma-
tographic columns (MCC) are required [80]. The heating of
the columns is essential to obtain reproducible results. In the
sampling process, the subject blows through a mouthpiece
coupled to a brass adapter via a Teflon tube, which is con-
nected to a 10 mL stainless steel sample loop of an electric
six-port valve. By switching the six-port valve, breath is
transported by the carrier gas from the sample loop into the
MCC. Then the separated compounds of the breath mixture
can be directly analysed by IMS. Therefore, the results can
be achieved within 600 s depending on the separation time of
the compounds. This construction enables a direct and rapid
sampling at a known breath volume. The effective separation
of water vapour is one major advantage of using the MCC;
using other techniques like humidity sorbents or membrane
separation units, some of the breath components may be lost.
The potential value of IMS in breath analysis is that the in-
struments are small and cheap and thus could be readily and
widely used as a monitor of known breath compounds in the
clinical environment.

Pilot investigations using IMS have been carried out on
the breath of 40 subjects, including 22 patients suffering
from various pulmonary lung infections [78]. Also, breath
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analyses for 18 healthy persons were analysed on-line using
the MCC-"Ni-IMS combination and the room air was ana-
lysed before each breath measurement. To reduce the risk of
cross contaminations due to other physiological processes,
the subjects had not ingested solids or liquids and not
smoked for at least two hours before the breath measure-
ments (for further details see ref [80]). In these studies, ace-
tone was clearly identified in all the breath samples, as is
expected even in the healthy state (see section 3.3). Addi-
tional peaks in the IMS spectra were also seen when analys-
ing the breath of patients who were taking antibiotics and
those suffering from Preumonia. Other peaks were seen
when analysing breath of patients suffering from airway in-
flammation. To identify these characteristic peaks, further
measurements will be needed, and larger cohorts of patients
and healthy persons will need to be investigated. Data will
need to be processed using statistical methods to clearly cor-
relate the characteristic pattern of the IMS-topographic plots
with specific diseases. Colon cancer metabolites have also
been detected using IMS [81].

In the near future, mass spectrometric methods (such as
SIFT-MS) will be used to identify some of the unidentified
metabolites detected by MCC-IMS. The opportunity for on-
site and short-time analyses using air as the carrier gas at
ambient pressure is the most important benefit of this tech-
nique. Thus, the use of MCC-IMS directly in the clinical
setting will allow results to be obtained within minutes, pro-
viding additional information to influence therapeutic strate-
gies and facilitates the building of spectral databases relating
to particular illnesses.

3.5. Laser Spectroscopy

This spectroscopic technique is proving to be a promising
contributor to breath analysis, especially for compounds that
are present in breath at very low levels, such as C,Hs, NO
and CO [82-84] for which PTR-MS, SIFT-MS and ion mo-
bility spectrometry (IMS) cannot be used, and for which GC-
MS usually requires pre-concentration from breath samples
before analysis meaning that time resolved (breath-to-breath)
measurements cannot be made. This detection method is
based on absorption spectroscopy and is therefore very
molecule specific, providing “fingerprint” spectra in the in-
frared wavelength region, for example near 3.3 pm for eth-
ane detection and near 4.8 pm for CO detection. The trace
gas concentrations are determined from the light absorption
observed at the characteristic wavelengths for specific mole-
cules. The analyzer consists of a tunable continuous-wave
laser and an absorption cell containing the gas sample of
interest. This optical method has great advantages for sensi-
tive and specific trace gas analysis. However, in common
with all analytical instruments that essentially have near-
static gas samples to analyse, contamination by out-gassing
materials can be serious, and so all parts that are in contact
with the sample gas must be made of stainless steel, copper
or Teflon. Also, the gas sample needs to be dehumidified and
(spectroscopically) interfering molecules need to be removed
by some form of trap, and this runs the danger of loss of the
trace gases that are to be detected and quantified.

Nevertheless, as well as NO, CO, OCS, etc, various or-
ganic compounds have been detected in exhaled breath at the
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sub ppb level and even at the ppt (parts-per-trillion) level in
some cases [83]. In particular, this technique has proved to
be very useful for the quantitative on-line detection of C,Hg
[83, 85], which is considered to be the most important vola-
tile marker of free-radical induced lipid peroxidation and cell
damage in the human body and is a promising non-invasive
tool for on-line monitoring of oxidative stress status [86].
Ethane has also been detected in the breath of patients suffer-
ing from lung cancer [87] and scleroderma [88] using laser
spectroscopy. Such optical instruments could be connected
to a mechanical ventilator for continuous monitoring. Re-
cently, this technique has been used to investigate carbon
monoxide and carbonyl sulphide [89-91]. Exhaled carbon
monoxide (eCO) may be a marker for pulmonary diseases

[8].
3.6. The Use of *C-Labelled Substances

PC-labelled compounds have been used as diagnostic
probes for some years [92], and there are more than 50 accu-
rate diagnostic '°C breath tests reported. Measurements are
carried out, for instance, using isotope selective IR-spectro-
meters. Both 13COZ and 12C02 have characteristic infrared
absorption bands, which allow both absolute and relative
quantification of these isotopomers.

Examples of diagnostic tests using “C-labelled com-
pounds are the following:

e H. pylori breath test using *C-labelled urea [93].

e dihydropyrimidine dehydrogenase deficiency test using
uracil-2-"C [94].

o BC-methacetine-liver function test [95, 96]: cytochromes /
fatty liver / cirrhosis rating.

e 3C-n-octanoate liver function test: mitochondrial oxida-
tion [97].

e '3C-aminopyrine liver function test: this is used to assess
Non-Alcoholic (NASH) or Alcoholic Steatotic Hepatitis
(ASH).

e chronic hepatitis and cirrhosis [98, 99].

e 3C-L-methionine [100, 101] and "*C-isokaproic acid
liver function test [102-104]: mitochondrial oxidation.

o C-isokaproic acid liver function test [102-104].

e 3C-mixed lipids (cholesteryloctanoate, mixed triglyc-
eride, trioctanoin, triolein, and palmitic acid) for the di-
agnosis of pancreatic exocrine insufficiency [105-113].

e gastric emptying for liquid food, using "*C-acetic acid
sodium salt [114-116].

e gastric emptying for solid food, using "*C-octanoic acid
as substrate [117-119].

e lactose "“C-ureide-test to determine oro-coecal transit
time [120-124].

o C-lactase-deficiency test using naturally "C-labelled
lactose [125].

e C-total amylase-test using naturally '*C-labelled corn-
flakes, to detect chronic pancreatitis [126].
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e C-phenylalanine and "*C-leucine test for deficiencies in
certain enzymes produced in the liver leading to diseases
such as PKU (phenylalanine hydroxylase deficiency) or
maple syrup disease [127, 128].

e 3C-bicarbonate test for total energy expenditure [129,
130].

With all these tests, *CO; in exhaled breath is measured
at several times following intake of the respective “C-
labelled test substance (e.g., 75 mg of *C-urea). The results
are expressed in promille-deviations delta *C from the Vi-
enna Pee Dee Belemnite standard [131]. The latter was ob-
tained from a Cretaceous marine fossil, Belemnitella ameri-
cana, from the Pee Dee formation in South Carolina. Its ra-
tio, 0.0112372 of *C/"2C, is higher than nearly all other
natural carbon-based substances; for convenience it has been
assigned a delta®C value of zero, giving almost all other
naturally-occurring samples negative delta values. Exhaled
breath gas typically has a delta’>C value of about —26, but
can increase to —23 for persons consuming maize-derived
food. This value of delta'’C is measured for each individual
patient and taken as the baseline. After ingestion of Be-
labelled substrates, delta’>’C may increase some 50 times
over baseline, and the (deltaI3 C-baseline) time curve can be
used for diagnostic purposes, as well as indirect determina-
tion of pharmacokinetics and enzyme activity. However,
many tests are not routinely used by physicians, mainly due
to lack of approval by the FDA. The most used and only "*C-
based FDA-approved test assesses H. Pylori infection (the
stomach bacterium now unambiguously linked with stomach
ulcer formation), by the ingestion of *C urea followed by
13C0, detection.

Breath tests can be used to assess a person’s ability to
metabolise drugs. In this sense it can be used to adapt or
“personalise” drug doses to the individual genetic heritage of
each patient. A powerful example of personalized medicine
is the breath test to detect dihydropyrimidine dehydrogenase
deficiency in patients and adapt 5-fluoruracil (SFU) therapy
for cancer therapy [94]. A small proportion of people have
severe adverse effects from 5FU and this can be easily
avoided by identifying such subjects by a harmless breath
test following uracil-2-">C ingestion.

4. ARTEFACTS MAY ARISE: AMBIENT AIR CON-
TAMINANTS AND ISOMERS

Most exploratory studies of trace gases in exhaled breath
have been carried out using mass spectrometric techniques,
most commonly GC-MS, and PTR-MS and SIFT-MS, as
discussed above. An old observation by Preti [132] of an
apparent increase in the concentration of o-toluidine (o-
C¢HsCH3NH>) in the exhaled breath of lung cancer patients
stimulated a follow-up study in Innsbruck using the PTR-MS
technique that showed an increase in concentration of a sub-
stance, M, in breath that generate product ions at an m/z
value of 108 [133]. Thus, it was deduced that a compound of
molecular weight of 107 u was indeed present and following
the Preti study it was too quickly assumed to be o-toluidine.
Clearly, however, ions at m/z= 108 can be generated in PTR-
MS from many different substances, such as hydroxy-
benzyl, N-methyl-aniline, dimethyl-pyridine, ethyl-pyridine,
and the other structural isomers of toluidine. Furthermore, a
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study of the breath of Innsbruck hospital personnel showed
that the concentrations of the substance or substances gener-
ating ions at m/z=108 in the PTR-MS instrument could vary
widely during the course of a day, with peak values up to 15
ppb as compared to about 2-3 ppb, which was typical for the
breath of cancer patients. A subsequent study of the breath of
lung cancer patients did not show any increase of the product
ion at m/z= 108. This forcibly demonstrates that the ambient
air can have a serious influence on breath analysis and so the
ambient air in the breath analysis laboratory must be well
controlled and carefully monitored at all times, especially
when attempts are being made to identify and quantify
breath metabolites at the ppb level. Similarly uncertainties
have arisen using PTR-MS in that a product ion at m/z= 63
can either be protonated ethanethiol, C,HsSH, or dimethyl-
sulfide, (CH3),S, both having the same molecular weight of
62 u, considerable concentrations of which can be observed
in hospital or laboratory ambient air. Another example is the
appearance of an ion at m/z= 107, tentatively due to xylene:
in Fig. (3) the respective concentrations are shown for a
group of lung cancer patients in comparison with healthy
volunteers (hospital personnel / group of healthy volunteers).
The coincidence in concentrations between the groups of
lung cancer patients as compared with hospital personnel is
startling and demonstrates that volatiles in ambient air can
seriously distort breath analyses. Such disturbing data are by
no means restricted to PTR-MS analyses. The earlier inaccu-
rate quantifications of n-pentane and isoprene using GC-MS
has earlier flagged up the difficulties of analyzing trace gases
in breath samples [134]. However, with the continuous de-
velopment of the analytical techniques many of these prob-
lems are being recognised and resolved.

Amann et al.

5. CONCLUDING REMARKS; FURTHER RE-
SEARCH AND CLINICAL HORIZONS

Breath analysis for clinical diagnosis and therapeutic
monitoring is in its infancy. In the foregoing, the clinical
relevance of this new diagnostic and the experimental tech-
niques that have been developed and exploited to explore its
potential as a non-invasive, real time diagnostic have been
outlined. These analytical techniques are now sufficiently
reliable to make serious clinical research worthwhile, but the
development of smaller devices and improvements in sam-
pling methodology will continue. Several companies are
attempting to develop hand-held device with the vision of
large volume sales sometimes based on naive hypotheses
(e.g. that elevated acetone is a diagnostic for diabetes only).
Before these can become a reality, more careful and exten-
sive clinical research must be carried out to establish and
strengthen the link between new and/or elevated breath me-
tabolites and particular disease states.

References have also been given in this paper to those
pilot investigations carried out to date that begin to demon-
strate the value of breath analysis to physiology and medi-
cine. Particularly exciting is that these investigations reveal
how valuable real time, rapid analyses can be in providing
immediate results to the clinician, which facilitates diagnosis
and treatment. Some planned investigations involving breath
analysis are:

e Screening of lung and breast cancer - branched-chain
hydrocarbons and aldehydes.

e Detection of heart transplant rejection - branched hydro-
carbons.

T T T
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Fig. (3). Comparison of breath gas concentrations derived from product ions at m/z= 107 in PTR-MS for a lung carcinoma group with two
control groups (in-hospital staff and healthy volunteers outside hospital). The increased median concentration for the lung carcinoma group

seems to be mainly a hospital indoor air effect (unpublished).
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e Therapeutic monitoring of asthma - nitric oxide.

e Primary ciliary dyskinesia (PCD, Kartagener’s syn-
drome) - NO in the paranasal sinuses.

e Oro-caecal transit times - *C-labelled substance inges-
tion and breath '*CO,.

e Carbohydrate malabsorption - breath hydrogen following
sugar ingestion.

e Therapeutic monitoring of the critically ill.

These investigations should further indicate the true
clinical value of breath analysis and contribute to a clearer
understanding of the underlying biochemical processes that
produce volatile compounds in breath. Along with these,
studies of the trace gases in the breath of healthy individuals
will continue, for example following challenges by food and
drugs, using the unique opportunity that reliable breath
analyses offer to physiology.
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