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introduction of the air/breath sample to 
be analysed into a helium carrier gas in a 
flow tube at a controlled rate, where the 
composite gases in the sample react with 
one of three precursor ion species, H3O

+, 
NO+ or O2

+, which can be selected indi-
vidually and introduced into the helium 
carrier gas. This is shown schematically in 
Figure 1. These ion/molecule reactions 
result in product ions that characterise the 
neutral component molecules (analytes) 
present in the air/breath sample, and 
these characteristic ions are monitored 
using a downstream mass spectrometer/
ion counting system. Absolute concen-
trations of analytes are accurately calcu-
lated in SIFT-MS from the count rates of 
characteristic product ion and precursor 
ion using the well-defined reaction time 
and the known rate coefficients, k, for the 
ion/molecule reactions.1 The k values and 
the product ions for reactions of the three 
available precursor ions with many volatile 
organic compounds (and an appreciable 
number of inorganic compounds) have 
been measured using the SIFT technique 
under the very conditions of the flow tube 
reactor, i.e. in a thermalised ion swarm in 
helium carrier gas at 300 K, a crucial point 
that is not normally performed with other 
flow/drift tube techniques such as proton 
transfer reaction mass spectrometry (PTR-
MS) which can lead to inaccurate analy-
ses. The kinetic data obtained from these 

accuracy of analysis. When absolute quan-
tification by GC-MS is required then quan-
titative standards must be used for each 
compound of interest. Further to this, 
most GC columns do not take kindly to 
the presence of water vapour in a sample 
and this usually has to be removed before 
analysis, which can also compromise the 
sample, especially of water soluble trace 
gases.

These comments are not intended to 
diminish the image or utility of this most 
valuable analytical technique, but rather 
they are intended as a background to 
the discussion of selected ion flow tube 
mass spectrometry, SIFT-MS, that we 
conceived primarily as a real-time, abso-
lute, analytical technique that can meet 
the challenge of the immediate analysis 
of humid exhaled breath for rapid clini-
cal diagnosis and therapeutic monitor-
ing. This objective has certainly been 
achieved and the application of SIFT-MS 
has quickly been expanded into many 
other areas where real time, immedi-
ate analyses of trace compounds in air 
are desired, as we have demonstrated in 
recent reviews 1,2 and which we summa-
rise at the end of this article.

Principle of SIFT-MS
The essence of the SIFT-MS technique for 
real-time trace gas analysis (as described 
in detail in recent reviews1,3) lies in the 

Introduction
The requirements of gas analysis are 
being met by a very wide variety of tech-
niques capable of detecting and quanti-
fying trace components of air and other 
gaseous media that are present at parts-
per-billion, ppb, and even parts-per-trillion, 
ppt. In the forefront of these remarkable 
advances has been gas chromatogra-
phy (GC) coupled with various detection 
techniques, paramount amongst which 
is mass spectrometry (MS), realising the 
well-known and invaluable GC-MS tech-
nique. In GC-MS a gas sample is intro-
duced into a carrier gas, usually helium, 
passing through a temperature controlled 
column and the separated component 
gases elute at the end of the column at 
different times and are analysed individ-
ually by the mass spectrometer. GC-MS 
remains the analytical method of choice 
for complex mixtures composed of 
perhaps hundreds of compounds. Yet this 
important analytical method has a down-
side in that real-time immediate analy-
ses are not feasible, since elution times 
are, at best, measured in seconds and 
more commonly in minutes, and sample 
collection or extraction is required that, 
for example, involves the trapping of the 
trace gases from the sample onto sorbent 
material with subsequent release into the 
GC column. Such collection techniques 
can modify the sample and diminish the 
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humid samples such as urine and cell 
cultures,1,2 but here we focus on real-
time breath analysis since this was the 
prime motivation for the initial develop-
ment of SIFT-MS and perhaps offers the 
greatest analytical challenge. Using the 
MIM mode we have carried out stud-
ies of the levels of several metabolites 
in the exhaled breath of many healthy 
volunteers to establish “reference 
ranges” of these particular metabolites 
as a prelude to studies of these same 
metabo lites and others, including breath 
biomarkers of disease with the support 
of patients with particular diagnosed 
diseases. From such studies the level 
distributions of various volatile metabo-
lites have been constructed for significant 
cohorts of healthy individuals over vari-
ous age ranges. As an example, popula-
tion distributions of the breath acetone 
levels obtained for cohorts of healthy 
volunteers over the wide age range 
4–83 years4 are shown in Figure 3. What 
is immediately evident in Figure 3 is that 
the level distributions are quite wide and 
that the exhaled breath acetone levels 
depend somewhat on age. These distri-
butions are approximately log normal, 
as is the case for most of the breath 

Breath analysis
As mentioned above, SIFT-MS has 
been applied to the analyses of biolog-
ical volatile organic compounds in vari-
ous media, including the headspace of 

SIFT measurements form the kinetics 
library that allows immediate quantifica-
tion of the composite compounds of the 
sample.

The time response of the SIFT-MS 
instruments is very short (milliseconds); 
thus, several compounds can be analysed 
simultaneously in a few seconds in real 
time, allowing the composition of ambi-
ent air to be monitored continuously and 
single breath exhalations to be analysed 
on-line and in real time, as illustrated later, 
the data then being immediately availa-
ble to the clinician/scientist. The dynamic 
range of the analysis is very wide; water 
vapour and carbon dioxide present at a 
few percent of exhaled breath and trace 
gases present at the ppb level can be 
measured simultaneously. Sample data 
are shown in Figure 2. These data were 
obtained by focusing on specific breath 
metabolites by switching the analytical 
mass spectrometer between appropriate 
characteristic ions formed in the reac-
tions of the chosen precursor ion species 
with the particular trace molecules. This 
is the so-called multiple ion monitoring, 
MIM, mode of SIFT-MS. These data well 
demonstrate these extraordinary features 
of on-line SIFT-MS analyses of ambient 
air and exhaled breath.

Figure 1. Schematic of the current Profile 3 SIFT-MS instrument and a photograph (the laptop 
gives the scale). Also illustrated are both mouth and nose-exhaled breath sampling.

Figure 2. Sample data of six sequential breath exhalations/inhalations illustrating the dynamic 
range and real-time response of SIFT-MS for the simultaneous analyses of breath water vapour, 
CO2, acetone and HCN. Photograph of a child exhaling into the breath sampling adaptor is shown 
in the inset. Mean levels and coefficients of variations (c.v.) in the alveolar regions (vertical shad-
ing) are: water vapour 5.48% (0.02), CO2 3.0% (0.09), acetone 171 ppb (0.02) HCN 25 ppb 
(0.15). Estimated limit of detection for HCN in this experiment is 0.4 ppb for a single exhalation. 
Estimated precision of measurement is ±0.2% for CO2, ±6 ppb for acetone and ±3 ppb for HCN. 
Note to the right the levels of each compound in the ambient air, as obtained during the breath 
inhalation. Note the positive slopes of the profiles for acetone and the negative slopes for HCN in 
the alveolar regions, indicating the origins of these compounds.
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biomarkers of particular diseased states. 
Clearly, a combination of mouth and 
nose sampling can identify the sources 
of those compounds responsible for 
halitosis. Further information on SIFT-MS 
work in breath analysis can be obtained 
in the recent review papers1,2 and our 
papers published in the Journal of Breath 
Research.

Bacterial infection in 
cystic fibrosis
A summary of breath analysis research 
to date using SIFT-MS is given in the 
very recent paper in Mass Spectrometry 
Reviews.2 Thus, just one example of 
the exciting results is appropriate here. 
A most dramatic demonstration is the 
result of a parallel study of the exhaled 
breath of cohorts of children suffer-
ing from cystic fibrosis and asthma.7 On 
measuring the trace compounds hydro-
gen cyanide, HCN, and nitric oxide, NO, it 
was found that the cystic fibrosis sufferers 
had elevated breath levels of HCN [indi-
cating colonisation of the lungs by the 
bacterium Pseudomonas aeruginosa, 
(PA)] and very low levels of NO whereas 
the asthmatics had high breath levels of 
NO (as expected) and very low levels of 
HCN. These data are represented by the 

nation” of the alveolar or “systemic” breath. 
So we have developed the SIFT-MS meth-
odology to allow on-line sampling of the 
breath exhaled both via the mouth and 
the nose (see the upper part of Figure 
1), the latter avoiding mouth contami-
nation and pinpointing those trace gases 
that are truly systemic.6 Sample longitudi-
nal data for breath ammonia and acetone 
exhaled via the mouth and nose are given 
in Figure 4 obtained for a healthy volun-
teer over a period of about one month. 
These data show the variation in breath 
levels of these compounds from day-to-
day (individual biological variability). They 
also dramatically show that ammonia in 
exhaled breath is largely (but not totally) 
generated in the oral cavity, whereas 
acetone is purely systemic, with no 
significant generation in the mouth. That 
acetone is systemic is also indicated by 
the positive slopes of the real-time mouth-
exhaled breath acetone level profiles in 
the alveolar region, as seen in Figure 2, 
where it can also be seen that the corre-
sponding slope for HCN is predominantly 
negative indicating that this compound is 
mostly of oral origin. Thus, it is clear that 
nose sampling is to be preferred, espe-
cially when searching for new (unidenti-
fied) systemic compounds that may be 

 metabolites that we have studied in suffi-
cient detail.3 Clearly, this spread in breath 
levels for ostensibly healthy individuals 
needs to be appreciated when searching 
for abnormalities/elevations in diseased 
states such as diabetes for which breath 
acetone is often considered as a biomar-
ker, even though this has not been estab-
lished by careful clinical trials.

These studies and several others have 
demonstrated that non-invasive breath 
analysis by SIFT-MS is both quick and 
painless and is very acceptable to very 
young children (see inset to Figure 2) 
and frail elderly patients alike. The very 
rapid time response of SIFT-MS instru-
ments, and the real-time facility that it 
offers for the analysis of single breath 
exhalations in sequence, allows the 
study of pharmokinetics following drug 
or substance ingestion. Such has been 
well demonstrated by the detailed study 
of the metabolism of ethanol and its 
conversion to acetaldehyde.5

Differences in oral and 
nasal exhalations
A potential source of concern in breath 
analysis has been that trace compounds/
metabolites present in breath exhaled via 
the mouth (by which the great majority 
of breath analyses have been carried out 
to date) can partially or totally originate in 
the oral cavity (due to bacterial and enzy-
matic activity). This can result in “contami-

Figure 3. The level (concentration) distribu-
tions for acetone in mouth-exhaled breath 
for population cohorts in the age ranges 
indicated, covering the wide range from 
four years to 83 years. The distributions are 
essentially log-normal except that for the 
young cohort which is skewed towards the 
higher level characteristics for the adults. 
Hence, for easy comparison, the median 
levels are given (in parts-per-billion, ppb) for 
all the distributions. Figure 4. The concentration distributions of acetone and ammonia (in parts-per-billion, ppb) as 

measured on-line by SIFT-MS in the mouth- and nose-exhaled breath and in the static gas in the 
oral cavity for one healthy male volunteer each day over a period of about one month. The μ* are 
the median values of these geometric distributions and the σ* are the geometric standard devia-
tions.
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scope of breath analysis and provide moti-
vation for novel applications of SIFT-MS in 
other areas.
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exhaled breath may be used as a non-
invasive biomarker of the presence and 
severity of PA infection. If this is substanti-
ated by further research, it could give great 
support to the clinician in monitoring and 
alleviating the symptoms of this debilitat-
ing infection and cystic fibrosis.

Instrumentation and 
future perspectives
Remarkable strides have been made 
during the last ten years in the devel-
opment of SIFT-MS and it is now being 
utilised in several areas of research. Some 
of the areas in which pilot studies have 
been carried out are summarised in Table 
1. The initial SIFT-MS developments were 
made by utilising a large laboratory SIFT 
instrument.2 The most recent develop-
ment of the truly transportable instrument, 
Profile 3 (Instrument Science, Crewe, UK), 
of mass 120 kg, has greatly improved 
sensitivity2,8 and can be readily located in 
environs such as hospital wards for direct 
breath analyses and in factories for ambi-
ent air monitoring. Smaller instruments 
based on SIFT-MS principles are envisaged, 
and hand-held instruments intended to 
quantify single trace gases/metabolites are 
possible that will most likely be based on 
spectroscopy or sensors. These will allow 
point-of-care screening by real time, non-
invasive breath analysis, for diseases such 
as early stage diabetes (acetone being a 
possible biomarker) and renal disease 
(ammonia). Such will inevitably widen the 

box and whisker diagrams in Figure 5. This 
study indicates that the level of HCN in 

Figure 5. Box plots of the concentrations 
(in parts-per-billion, ppb) of HCN and NO in 
cohorts of young patients with asthma and 
cystic fibrosis. These plots (also known as a 
box-and-whisker diagrams) depict for each 
cohort the smallest observed concentration 
(minimum, as the lower whiskers), lower 
quartile (as the bottoms of the boxes), 
median (as the horizontal lines), upper 
quartile (as the tops of the boxes) and the 
largest observation (maximum, as the upper 
whiskers). See the text for the significance of 
these data.

Biomedical Food science

Environment; 
health and safety

Security

Liquid 
 headspace 
analysis 

Volatile biomarkers of cancer 
and infection in urine
Ketones in urine
Tissue cell cultures
Bacterial cultures

Quantification of 
aroma compounds 
in fermentation
Food flavour analy-
ses

Breath 
 analysis

Clinical diagnosis:
renal failure
diabetes
cancer
infection in cystic fibrosis

Flavour release Biological 
 monitoring

Therapeutic monitoring:
total body water (dialysis)
chemotherapy and radiotherapy
halitosis

Ambient air, 
fumes or 
 emissions 

Release of volatile compounds 
by skin compounds in tobacco 
and cannabis smoke

Volatile organic 
compounds related 
to sensory qualities

Emissions from 
waste incineration, 
sewage and landfills

Detection of volatile markers of 
explosives
Products and fumes of  explosions

Table 1. Some areas of application of SIFT-MS already piloted.


