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bstract

The analysis of exhaled air has several advantages since it is a noninvasive method applicable to a large number of toxic agents, in addition
o being a simpler matrix than those of other biological samples such as urine and blood. However, it presents some challenges, such as the
ecessity of a more sensitive sampling procedure, since the chemical substances eliminated through exhaled air are unchanged in form, not being
etabolized, and exhaled compounds are present at extremely low concentrations, i.e. in the nanomolar range. To improve the sensitivity and

recision of measurement of the concentration of these substances in exhaled air, the sample usually has to be concentrated before assay by gas

hromatography. To this end, the use of the solid-phase microextraction (SPME) technique has been proposed as an efficient sampling method.
his paper presents a revision of breath analysis as a biomarker for occupational and environmental exposure to chemicals. The sampling methods
nd the potential use of SPME for determining chemical substances in exhaled air are discussed.
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In the environmental and occupational health areas, there is
reat interest in the contribution of analytical chemistry for the
etermination of toxic substances in the evaluation of risk to
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human health. Breath analysis has been used in occupational
medicine since 1930, when studies evaluating human exposure
to volatile organic compounds (VOC) were first reported [1,2].
The development of more sensitive analysis methods with new
extraction and detection techniques permits the determination
8. Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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1. Introduction
of chemical substances in trace amounts in exhaled air and has
contributed to the increase in breath analysis as a biomarker in
monitoring of occupational and environmental biological expo-
sure to several volatile chemical agents.
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From the occupational viewpoint, VOC are important
ecause of the large-scale production, their use in manufacturing
rocesses and their high toxic potential. These substances target
he central nervous system and are easily absorbed by the human
rganism through the lungs and, in some cases, through the skin.

The health risks resulting from occupational exposure to these
hemical agents require the attention of Governments and the
ompanies that produce or use these substances in their indus-
rial processes and who are responsible for controlling exposure
o them. Occupational or environmental exposure to chemicals

ay induce various diseases in individuals and populations and
ay lead to major public health problems. Therefore, moni-

oring exposure based on biomarkers allows the evaluation of
ndividual and group hazards and the early detection of expo-
ure to hazardous chemicals, thus significantly reducing their
ffects on health.

Correlation of environmental chemical agents and disease is
difficult task, considering the complex interaction between the
uman organism and the environment, particularly when there
s a long period between exposure and manifestation of disease
3]. It has not been possible to establish biomarkers for many
hemical substances that present a biological interaction with the
uman organism. Therefore, indicators of biological exposure
ay allow estimation of the internal dose before the toxic effects

re manifested.
The determination of VOC in exhaled air has been used as an

xposure biomarker in biological monitoring of occupational
nd environmental chemical agents since it is a noninvasive
ethod and has a simpler matrix than those of other biologi-

al samples such as urine and blood. It also has great clinical
nterest for the detection of some chemical agents as biomarkers
f diseases like lung cancer, liver disease, myocardial infarction
nd diabetes [4,5].

. Exposure biomarkes: definition and concepts

The concept of biomarkers has been developed to estimate the
elationship between environmental and occupational exposures
nd their subsequent effects on individuals or on a group. The
oal of biomarker research and application is to prevent disease
y reducing exposures to hazardous agents through the early
dentification of exposure and response.

Several biological parameters may be altered as a conse-
uence of the interaction between chemical agents and the
rganism. However, the quantitative determination of these
gents as biological indicators or biomarkers may be used only
f there is a correlation between exposure intensity and the bio-
ogical effect of these substances. As a result, a biomarker is
ny substance or the product of its biotransformation (expo-
ure biomarker) or any early biochemical change resulting from
hemical action (effect biomarker), whose determination may be
sed in the assessment of exposure or its health risks. Thus, an
xposure biomarker estimates the internal dose of the respective

hemical agent in the body [6].

Depending on the chemical and the analyzed biological
arameter, the term internal dose may cover different concepts.
t may mean the amount of chemical recently absorbed, either

b
a
a
t
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uring the preceding day or during the past months when the
hemical has a long biological half-time. The internal dose may
lso mean the amount of chemical stored in one or in several
ody compartments or in the whole body as integrated expo-
ure or specific organ dose. Finally, the internal dose means the
mount of chemical bound to the critical sites of action. In fact,
t is the biologically effective dose, since the critical sites are
asily accessible [6,7].

. Exhaled-air analysis principles

The chemical substances that exist mainly in the gas phase at
oom temperature are eliminated unchanged, principally through
he lungs. According to Henry’s law, the amount of a given
ubstance eliminated through the lungs is proportional to its
apor pressure [8].

Breath analysis is based on the equilibrium between alveolar
ir and pulmonary capillary blood. The compounds present in
xhaled breath are proportional to their blood concentrations
ecause of rapid gas exchange at the blood–gas interface in the
ungs. No specialized transport systems have been described for
he excretion of toxic substances by the lungs. These substances
eem to be eliminated by simple diffusion. The elimination of
as is, in general, inversely proportional to its absorption by the
ungs [8,9].

This behavior is true for a gas or a vapor that does not have a
pecial affinity for certain blood components. When it is inhaled,
as molecules diffuse from the alveolar space into the blood and
hen dissolve. The uptake of a gas by a tissue usually involves

simple physical dissolution. This dissolution facilitates the
artition of gas molecules between the air and blood during the
bsorptive phase and between blood and other tissues during the
istribution phase.

The chemical substances present in the alveoli remain there
ufficiently long to reach equilibrium with the blood. The contact
f inhaled gas with blood is continued in the alveoli, and equilib-
ium occurs easily and quickly. At equilibrium, the ratio of the
oncentration of the chemical in the blood to that in the gas phase
s constant. This is called the blood–gas partition coefficient (K),
nd it is unique for each gas [8].

The interpretation of biological monitoring of VOC using
reath analysis as a biomarker requires that special attention
e paid to factors that influence pulmonary excretion. Accord-
ng to Wilson [10] these factors are: ventilation–perfusion,
iffusion–adsorption–desorption, metabolism, breathing tech-
ique, temperature, blood composition and time [10].

. Use of exhaled air as an exposure biomarker

Hundreds of VOC are present in human and animal breath.
hese substances may be generated in the body or absorbed

hrough environmental or occupational exposure [11]. The anal-
sis of chemical substances in exhaled air has been used as a

iomarker to assess occupational exposure to industrial solvents
nd has been the object of several studies that have demonstrated
correlation between VOC levels in exhaled air and exposure

o chemical substances at the workplace [12–29].
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Egeghy et al. [29] investigated the association of benzene
ptake by automobile mechanics exposed to benzene through
heir contact with gasoline vapor and engine exhaust. They

easured benzene in the air and benzene in end-exhaled
reath among 81 workers from 12 automobile repair garages.
his study indicated strong linear trends between the benzene
oncentrations in air and breath, but a more random vari-
tion was apparent among smokers than non-smokers. The
esults suggested that benzene in cigarette smoke affected the
reath–exposure relationship among smokers. The median con-
entration of benzene in breath at the beginning of the exposure
eriod was 12.9 �g/m3 for non-smokers and 33.3 �g/m3 for
mokers. This result indicates that the breath levels of benzene
n smokers prior to the work shift were dictaded largely by their
moking habits [29].

Using SPME and GC–MS, Guidotti et al. [27] determined
he levels of chlorinated solvents in exhaled air of subjects
xposed in the workplace. They analyzed five chlorinated
olvents: chloroform, trichloroethylene, tetrachloroethylene,
etrachloroethane and carbon tetrachloride. The theorical detec-
ion limits (TDL) were 0.5–5 ppb, which show the high
ensitivity of their method. The authors considered it suit-
ble for monitoring workers exposed to low concentrations of
hese chemicals [27]. This TDL was similar to that (1.5 ng/L)
eterminated by Plebani et al. [15], whose methods have been
uccessfully applied to biological monitoring [15].

Chen et al. [19] evaluated the relationship between the breath
oncentrations of, and personal exposure to, toluene, xylene and
thylbenzene for 30 workers from gasoline stations. Each worker
rovided a sample of exhaled breath after his personal expo-
ure air was sampled. They found that breath concentrations of
oluene and xylene were significantly correlated with personal
onitoring concentrations. Exhaled ethylbenzene levels were

oo low to present a relationship between concentration and per-
onal exposure levels. In summary, the exhaled toluene, xylene
nd ethylbenzene concentrations ranged from 4.3 to 41.8, 0.9 to
3.9, and 0.2 to 6.5 ppb, respectively. The results showed that
xhaled breath is suitable for use as a biological exposure index
ven at the ppb level. However, some gasoline service workers
ere exposed to high levels of analyzed VOC [19].
Egeghy et al. [20] measured benzene and naphthalene in air

nd breath to estimate exposures to these substances among mil-
tary personnel working with jet fuel. They investigated subjects
ho had been assigned a priori into low, moderate and high expo-

ure categories. All subjects provided samples of end-exhaled
ir at the beginning and end of the monitoring period. These
amples are designated as “pre and post-exposure” breath sam-
les. Benzene and naphthalene exposures differed significantly
mong the three exposure categories. The median breath con-
entrations for persons in the low, moderate and high exposure
ategories were 4.6, 9.0, and 11.4 �g benzene/m3; 0.73, 0.93,
nd 1.83 �g naphthalene/m3, of breath. In addition, concentra-
ions of both benzene and naphthalene were significantly higher

n “post-exposure” than in “pre-exposure” breath. The levels
n “post-exposure” breath were significantly different between
he high and low, and high and moderate categories, but the
ifference between the moderate and low categories was not
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[
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ignificantly for either compound. The exposure–breath rela-
ionships were weak for both benzene and naphthalene in the low
nd moderate exposure categories. However, the corresponding
elationships were much stronger in the high exposure category.
ir naphthalene correlated highly with a priori categories of jet

uel exposure and, unlike benzene, was not unduly influenced
y background sources and cigarette smoking [20].

Ghittori et al. [22] described a method for the determina-
ion of toluene in exhaled air as a biomarker of occupational
xposure. The correlation coefficient (r) for the correlation of
reath analysis with environmental toluene level was 0.822.
he concentration of toluene in alveolar air ranged from 159

o 3354 ng/L. The breath analysis permitted the collection of
ata on the elimination of toluene by this pathway [22].

Sweet et al. [23] developed of a method for the determination
f perchloroethylene in breath. They evaluated the sensitivity,
pecificity, precision, and speed of analysis for the per-
hloroethylene method. Measurements made for field samples
ere in the range of 0.9–6.0 ppm with a coefficient of variation

or all measurements (three replicates) equal to 5.8% [23].
Despite the relatively recent and still limited application of

xhaled air as a biomarker in the environmental health field,
everal studies have demonstrated its potential in the evalua-
ion of populations exposed to environmental chemical agents
24,30,31]. Perbellini et al. [2] demonstrated that the concen-
ration of 1,3-butadiene, 2,5-dimethylfuran and benzene may
e detected and measured in the exhaled air of individuals
nvironmentally exposed to these substances. The analysis of
xhaled air presented a good correlation with the levels of these
ubstances in the blood and urine in this study. The median 1,3-
utadiene, 2,5-dimethylfuran and benzene levels in alveolar air
ere 1.2 ng/L, 0.5 ng/L, and 5.7 ng/L, respectively [2].
Breath analysis has a promise for identifying important chem-

cals and routes of environmental exposure, such as cigarette
moking, which is the largest single source of exposure to
any toxic substances Yu and Weisel [32] determined the

oncentration of benzene in breath after exposure to environ-
ental benzene. Five volunteers were exposed to environmental

obacco smoke at different exposure levels and different expo-
ure durations. Benzene in breath was confirmed as a short-term
iomarker for environmental benzene exposure at the sub-ppm
evel [32].

In another study, benzene levels in human breath and in ambi-
nt air were compared in an urban area and in a more remote
oastal area. Ambient benzene levels were seven-fold higher
n the urban area than in the coastal area. In the urban area,
enzene concentrations in smokers’ breath (6.8 ppb) was higher
han in nonsmokers’ breath (2.5 ppb), and both were higher than
he respective ambient air levels (3.3 and 1.4 ppb). The same
atterns held true for the breath levels found in subjects from
oastal areas, where breath levels of benzene were again higher
n smokers (4.8 ppb) than in nonsmokers (1.3 ppb), and both
ere higher than benzene levels in ambient air (0.23 ppb) [33].
o and Pack [34] analyzed exhaled air to estimate the environ-
ental exposure to benzene associated with cigarette smoking

s the single most important source of this carcinogenic agent
34]. Gordon et al. [35] proposed VOC as breath biomarkers
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Table 1
Recent publications on the analysis of exhaled air and VOC exposure biomarkers

Chemical substance Reference

Benzene; toluene; xylene; phenol Moser et al. [37]
Perchloroethylene Sweet et al. [23]
Toluene Yoshida et al. [21]
Benzene; naphthalene Egeghy et al. [20]
1,3-Butadiene; 2,5-dimethylfuran; benzene Perbellini et al. [2]
Toluene; xylene; ethyl benzene Chen et al. [19]
Xylene; trimethylbenzene Wilson et al. [49]
Benzene Egeghy et al. [29]
Benzene Gordon et al. [35]
Benzene; toluene, xylene; ethyl benzene Jo and Kim [17]
Benzene; toluene; hexane; trimethylbenzene;

methylene chloride
Thrall et al. [18]
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or active and passive smoking. Their findings were useful in
odels of environmental tobacco smoke exposure and risk [35].
In addition to the analysis of exhaled air for evaluation of

ccupational and environmental exposure to VOC, the presence
f several of these substances in exhaled air has great clini-
al importance. Recently, increased interest in these compounds
ncountered in exhaled air resulted from the identification of
orrelations with a number of illnesses. The annual number of
ublications dealing with diagnostic breath tests has steadily
isen, especially over the last few years [36–41].

The use of the exhaled air analysis in the diagnosis of
etabolic disorders and diseases was established for the deter-
ination of acetone in the study of diabetes [42], a chronic

isease in which the pancreas is unable to produce the insulin
ecessary for sugar metabolism. The analysis of several aliphatic
nd aromatic hydrocarbons in exhaled air has been studied in
n attempt to identify potential lung cancer tumor markers in
ffected populations and control groups [39–41,43,44].

In addition, the following markers have been used: alkanes
o evaluate lipid metabolism, carbon dioxide for respiratory dis-
urbances, dimethylamine for the diagnosis of kidney disorders,
itrogen oxide as a marker of asthma, in addition to other mark-
rs [45]. Furthermore, the analysis of alcohol in exhaled air to
etermine whether drivers are under the influence of alcohol was
ne of the first and is probably the most common application of
xhaled air analysis among the many methods described [46].

The determination of chemical substances in exhaled air
ffers some advantages because of its selectivity and sensitivity
n the estimation of recent exposure. Since it is a noninvasive
ampling method, it is promptly accepted by workers. In addi-
ion, its matrix (air) is extremely simple compared to other
iological fluids and much easier to analyze. In general, the
ethod may be applied to a relatively large number of toxic

ubstances, all of which are of interest to occupational and envi-
onmental health.

Although the toxic kinetics of a large number of these sub-
tances is known, the relationship between the concentration in
xhaled air and exposure is not well known, especially because
f the environmental fluctuation that is common in the work-
lace [18]. The analysis of exhaled air also has the disadvantage
hat only a few of the substances that cross the alveolar capil-
ary membrane are present in the environment and frequently
xist in low concentrations so a technique with high analytical
ensitivity is required.

Nevertheless, many studies of exposed and unexposed pop-
lations have been performed to establish the relationship
etween breath analysis and environmental analysis in the work-
lace, in addition to the development analytical methods and
echniques that allow detection of low levels of these chemi-
al agents in human exhaled air [47,48]. Table 1 lists the most
ecent publications on occupational and environmental exposure
o chemical substances and their determination in exhaled air.
. Biological exposure limits

Biological exposure limits (BEL) are reference values
ntended as guidelines for the evaluation of potencial health

r
d
t
A

enzene Jo and Pack [34]
ylene; toluene Jones et al [50]

azards. BEL is defined as “the maximum permissible quan-
ity” of a biomarker and does not indicate a sharp distinction
etween hazardous and non-hazardous exposure. According to
urrent knowledge, these conditions generally do not impair the
ealth of the employee, even if exposure is repeated or of long
uration. The BEL reflect different philosophies depending on
egulatory authority and country. It may be health-based, such
s the “Biologische Arbeitstoffoleranzwerte” (BAT) of Ger-
any, or related to an equivalent hygiene limit such as the

Biological Exposure Index” (BEI) of The American Confer-
nce of Governmental Industrial Hygienists (ACGIH)-USA [6].
lthough no BAT exists for exhaled air, the BEI list includes four

ubstances (ethylbenzene, methylchloroform, perchloroethy-
ene and trichloroethylene). However, BEI values exist only for
wo of them (methylchloroform −40 ppm and perchloroethylene

5 ppm) [51].
The interpretation of analytical data is a critical point in defin-

ng the BEL of chemical substances in exhaled air. There are
imited data for determining biological guidance values for many
ubstances that could be used for breath monitoring. The use of
xhaled breath as an occupational biomarker tool is still not
idely used. It needs more studies to establish the pattern about

xposure and non-exposure population.

. Sampling techniques and breath analysis

There are many different sampling techniques for breath anal-
sis. Several containers are used to sample exhaled air, such as
lass tubes and plastic bags, from which a sub-sample is trans-
erred directly to the analysis system by means of syringes, or
olid adsorbants, from which the components are thermally des-
rbed [12,52]. This is a time-consuming process consisting of a
umber of steps that may lead to loss of compounds. Compounds
ay also be adsorbed onto the surface of the containers.
Therefore, several sampling devices [23,28,29,35,41] have

een proposed to guarantee efficient sampling that will truly rep-

esent the content of exhaled air during the exhalation time. The
evice must necessarily have a safe storage system to prevent
he loss of the analyte between sampling and the analysis itself.
nother technique consists of the use of solid adsorbants without
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sampling container, such as in the solid-phase microextraction
SPME) technique [53]. Considered a promising technique for
as chromatography, it will be dealt with separately in more
etail.

The analysis techniques most commonly used to determine
chemical substance in exhaled air are gas chromatography
ith detection by flame ionization (FID), mass spectrome-

ry (MS) and flame photometry (FPD), and, more recently,
ass spectrometry using chemical ionization such as proton-

ransfer-reaction mass spectrometry (PTR-MS), selected ion
ow tube-mass spectrometry (SIFT-MS) or ion-molecule reac-

ions (IMR) [37,38]. The development of more sensitive and
pecific detectors has facilitated the determination of very low
oncentrations of chemical agents in exhaled air and has helped
o overcome the main limitation of this biomarker.

The definition of some factors such as: (1) the best sampling
oment, (2) the type of exhalation, and (3) the sampling tech-

ique for an adequate validation of breath analysis as a biomarker
f VOC is fundamental. Exhaled breath has two components.
he first 150 mL of breath, called “dead-space air”, comes from

he trachea and the bronchioles where no gaseous exchange
etween the blood and air occurs. The remaining 350 mL is
alled “alveolar breath”. It comes from deep within the lungs
nd is the air that has undergone gaseous exchange with the
lood. Alveolar air can also be thought of as the blood headspace
54].

Exhaled air consists of a misture of alveolar air diluted with
oom air retained in the dead space of the respiratory tract
mouth, nose, trachea, and bronchi). When sampling the final
xhaled air, the first flow of air is discarded and only the final
art of the exhalation is collected. The alveolar air is generally
bout two thirds of the total volume of exhaled air [10].

Consequently, exhaled air cannot be considered as a homo-
eneous medium, but as a mixture of air coming from different
arts of the lungs, which differ in ventilation/perfusion ratios,
iffusion capacities, accessibilities, etc. Therefore, upon expi-
ation, a changing solvent concentration will be observed. Droz
nd Guillemin [12] showed that different breath types, inte-

ration of the concentration over different expired volumes
nd different possible ventilatory states of the subject, such as
ypoventilated, hyperventilated or breathing normally before

t
[
s

able 2
trategies and sampling techniques of breath analysis in different occupational studie

ime of sampling Type of breath Samplin

2 h after workday Total volume Mylar b
ot mentioned Total volume Tedlar b
eginning and end of workday Final volume Glass tu
nd of workday Final volume Tedlar b
ot mentioned Total volume Comple
2 h after end of workday Total volume Tedlar b
nd of workday Final volume Plastic

eginning and end of workday Final volume Glass tu

nd of workday Final volume Glass tu
ot mentioned Final volume Plastic
Chromatogr. B 853 (2007) 1–9 5

xpiration, can lead to results that are very difficult to interpret
nd are sometimes quite far from the real blood concentration
12].

The fact that several authors use different sampling methods
or exhaled air makes it difficult to compare results appropriately.
here is an urgent need for standardization to obtain comparable

esults among the different research groups. Thus, the simulta-
eous determination of CO2 in exhaled air may be used as a
orrection factor in the same way that creatinine is used for
nalysis of biomarkers in urine. This method would be possi-
le since the presence of CO2 and that of solvents are affected
imilarly by factors such as hypoventilation and hyperventila-
ion, in addition to the dead space dilution. Droz and Guillemin
12] studied two types of exhalation in the determination of
oluene and tetrachloroethylene in exhaled air, expressed in ppm
djusted for 5.5% CO2. The results were similar despite the
wo different sampling methods, demonstrating that the sam-
led volume is not critical if a constant concentration of CO2
s used as a correction factor [12]. Then, the use of CO2 to
djust breath analysis results can be considered advantageous
o compare different studies regarding occupational exposure
valuation.

In addition to the volume of exhaled air, the protocol for the
ime of sampling varies. Sampling at the end of the workshift
as been the time of choice for evaluating occupational exposure
ince comparative studies show a higher sensitivity and better
orrelation with other indicators. However, since the sampling
oment is critical, several authors have tried to minimize this

roblem by adopting sampling at the beginning and at the end
f the work period [29]. Jo and Kim [17] evaluated the expo-
ure of workers to aromatic solvents in dry cleaning laundries
ith ethylbenzene, benzene, toluene and xylene in exhaled air

s exposure biomarkers. The concentrations determined at the
eginning and the end of the workshift were not significantly
ifferent for benzene and toluene, while the concentrations of
thylbenzene and m-, p-, and o-xylene in exhaled air were sig-
ificantly larger for samples collected after the workday than
hose collected before the workshift. The autors suggested that

his result could be due to the amount of solvent used each day
17]. Table 2 shows the variety of techniques in relation to the
ampling moment and the method used for sampling exhaled

s

g technique References

ag Money and Gray [14]
ag Raymer et al. [55]
be Ljungkvist and Nordlinder [56]
ag inside of an aluminum tube Dyne et al. [57]
x apparatus glass tube Philips [58]
ag Peblani et al. [15]

bag Jo and Kim [17]

be Egeghy et al. [29]
Egeghy et al. [20]

be Ghittori et al. [22]
bag Moser et al. [37]
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ir in the determination of VOC. It illustrates that with a great
ariety of techiniques is more difficult the comparison of the
eproducibility of analytical data.

One of the first alveolar air fraction sampling devices was
escribed by Haldane-Priestley in 1905 [58]. It consisted of a
ubber tube with a sampling syringe inserted in the wall close
o the end of the tube. At the end of the exhalation, the tongue
ip closes the tube hole, and the air sample is collected with a
yringe from the stationary air column retained in the tube. After
ome adjustments, this technique had a variation coefficient of
8% for the analysis of hydrogen in exhaled air in bad absorption
f carbohydrates studies.

Raymer et al. [59] developed a portable but complex spirom-
ter capable of collecting alveolar air in 1.8 L canisters for later
nalysis by GC–MS. In operation, the subject who provided
he breath sample inhaled clean air through a one-way valve and
xhaled through a second one-way valve into a long Teflon tube.
his breath was continually sampled into an evacuated canister.
lean air for inhalation was provided by filtering ambient air
ith carbon respirator cartridges. The exhaled breath was con-

inually sampled during inhalation. By definition, the air exhaled
nto the tube was predominately alveolar because it was sampled

ostly at the end of the exhalation. The tube was refilled with
ir from the next exhalation before all the air from the previous
ne was withdrawn [59].

Dyne et al. [57] developed a breath sampling device for cap-
uring a portion of end-tidal air, which was transferred into an
utomated thermal desorption sample tube that was analysed by
C–MS. The breath sampler consisted of an aluminum outer

asing narrowed at one end to form a mouth piece and, at the
ther end, to form an adapter that accepted Perkin Elmer auto-
ated thermal desorption tubes-ATD 400. Inside the sampler

asing was a collapsible sampling bag that was attached to a
ovable brass ring that was guided down the length of the casing

y two open channels. At the end were two non-return valves,
ne of which was also attached to the brass ring. The worker
reathed through the sampler until the final portion of breath
ad been exhaled and was trapped within the sampler. The sam-
le volume captured was 85 mL. An absorption tube was then
ttached to the end of the sampler, and the captured breath was
orced out of the sampling bag by moving the brass ring and
he non-return valve down the casing and was transferred to the
bsorption tube. The absorption tube was then sealed and stored
ntil analysis by GC–MS. The authors obtained a variation coef-
cient between 5 and 15% for the analysis of several VOC for
olunteers exposed to 10 different solvents [57].

Philips [58] developed a complex device, the “Breath Col-
ecting Apparatus” (BCA). It was comprised of a portable

icroprocessor-controlled device that collected alveolar breath
n an adsorbent tube. The duration and flow rate for breath collec-
ion were controlled by settings on the front panel. The subject
ore a nose clip and breathed in and out through a disposable
outhpiece containing inlet and outlet flap valves. The breath
ample was principally from alveolar breath. This apparatus was
ble to trap and concentrate the VOC contained in the alveolar
reath, while allowing the nitrogen, oxygen and carbon dioxide
n the breath to escape. The sample was withdrawn from a sam-

t
e
r
c
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ling port through a trap containing adsorbents such as resins or
ctivated carbon that trapped the VOC, while most other breath
ompounds passed through unhindered. The styrene coefficient
f variation was 11.7%. According to the author, this device
ad the following advantages: comfort for the individual who
emained seated; an alveolar sample free of contaminants; no
ir vapor condensation; and viable field sampling [58].

Egeghy et al. [29] used a self-collecting breath sampling
ethod for monitoring benzene exposure among automobile
echanics. Subjects were provided a self-collecting breath sam-

ler and had only the written instructions for guidance. The kit
sed for self-measurement of solvent in breath consisted of two
5 mL glass bulbs sealed with threaded, plastic caps contain-
ng PTFE-lined septa. The samples were collected at midday
nd transported to the laboratory. Immediately before analysis,
reath samples were transferred from the bulbs to sorbent tubes.
fter 24 h, the sorbent tube was removed and sealed prior to anal-
sis. All samples were desorbed with a Perkin-Elmer automatic
hermal desorption system-ATD 400 to a trap, then analyzed by
C-FID [29].
Lord et al. [60] investigated extraction with a membrane hav-

ng an adsorptive interface (MESI), which they considered to be
simple and effective alternative means of performing breath

nalysis. The silicone membrane used for MESI breath sampling
as similar in nature to that of the nonpolar lipid bilayer cell
embrane of the alveoli across which many compounds must

ravel to be expired. MESI was developed to allow rapid routine
nalysis and a long-term continuous monitoring of VOC in vari-
us environmental matrices. The advantages mentioned are that
he MESI unit acted as an injector; thus, it minimized analyte
oss by interfacing the membrane extraction module directly to a
apillary gas chromatograph. The system included a membrane
odule, including a flat sheet membrane to extract the analytes

rom the sample. The sample was exposed to one side of the
embrane, and a gas flowed along the other side and trans-

orted the extracted analyte molecules into a cooled sorbent
rap. The analyte was desorbed from the sorbent trap by heating
nd transferred for CG analysis using SPME. The results showed
hat MESI was a fast and quantifiable means to determine breath
omponents [60].

All things considered, most methods have two common lim-
tations: (1) the surface of the plastic, glass and metal containers

ay be adsorbants, and the losses may be significant, especially
hen low concentrations are to be determined; (2) the sample
ust be transferred to an analytical instrument, generally by

sing syringes. Despite its simplicity and low cost, the use of
yringes leads to injection repeatability errors and to possible
roblems with leakage. Sampling, storage, transport and trans-
erence of the final air sample to the analysis system are critical
lements for the successful analysis of exhaled air. Losses due
o permeation, leaking, condensation and adsorption have been
eported [60]. Many of these problems may be solved by direct
nalysis methods such as infrared spectroscopy and mass spec-

rometry [11,38]. Furthermore, the use of portable equipment
nables field work and minimizes sample processing and labo-
atory transport losses [23,35,61]. However, the size, cost and
omplexity associated with these instruments make their use dif-
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cult in routine biological monitoring of workers and, therefore,
akes these techniques less attractive.
A commercially available device – the Bio-VOC® sampler –

as been used for research into the clinical diagnostic potential
f breath. It is considered simple and affordable for occupational
onitoring. The sampler captures the final portion of an exha-

ation, the end-expired air. This sample is then transferred into a
tainless steel tube packed with an adsorbent material. Any sol-
ents present in breath are trapped in the tube, which is sent to
he laboratory for analysis. Poli et al. [41] studied a new method
or breath analysis of selected VOC using the Bio-VOC® sam-
ler and SPME. They applied it to the study of patients with
rimary small or non-small cell lung cancer and patients who
uffer from chronic obstructive pulmonary disease [41]. The
io-VOC® sampler was used for biological monitoring of the
xposure of midwives to nitrous oxide [38].

Among breath sampling devices, some patented devices
emonstrate the potential of this analysis. The patent literature
lso makes several references to exhaled air devices, mainly for
linical use and the detection of biomarkers of metabolic dis-
rders. Recently presented, Patent WO No. 2005,010,482 [62]
escribes an invention that provides a method for analyzing one
r more constituents of exhaled breath. The method includes
ontact of a biochip with exhaled air so that the constituent
nteracts with the biochip and becomes reversibly immobilized.
he breath constituent is desorbed from the biochip into a mass
pectrometer for identification and quantification.

. The use of the SPME technique in the analysis of
xhaled air

In recent years, there has been increased interest in the
nalysis of VOC in exhaled breath in clinical medicine and occu-
ational toxicology, and over 200 compounds have been detected
n human breath [63]. However, the concentration of these com-
ounds in human exhalation is extremely low and frequently
ot detectable, as demonstrated by Philips et al. for lung cancer
arkers [43]. The low concentrations of compounds in exhaled

reath make the use of a pre-concentration technique prior to
nalysis necessary. Pre-concentration onto a solid sorbent fol-
owed by thermal desorption is the most frequently indicated

ethod for the analysis of exhaled air samples.

Solid-phase microextraction has been demonstrated to have a

reat potential in the analysis of VOC in exhaled air and has been
pplied to the analysis of chemical substances present in human
xpiration in the nanomolar range [5,64]. The SPME technique

o
t
s
u

Fig. 1. Adaptation of SPME device for breath sampling (1) teflon
Chromatogr. B 853 (2007) 1–9 7

s based on the establishment of equilibrium between the analyte
nd a fused silica fiber coated with a stationary phase, which can
e a liquid polymer, a solid sorbent or a combination of both.
he analyte is then desorbed from the fiber into the injector of
chromatography system. This technique is extremely attrac-

ive since it combines analyte sampling and pre-concentration
n a single process and allows direct desorption to a chromato-
raphic system. The SPME presents low analysis cost, simplicity
f operation, fiber reuse, portability, easy operation and automa-
ion, minimal sample loss and contamination during transport
nd storage and a large variety of phases applicable to different
ompounds.

The application of SPME to the analysis of exhaled air
as first reported by Pawliszyn and Grote in 1997 [5]. The
bjective of their work was the validation of a method for
etermining the main endogenous compounds present in human
xhalation, namely, ethanol, acetone and isoprene. The authors
valuated three fibers (85 �m polyacrylate-coated fiber; 65 �m
olydimethylsiloxane/divinylbenzene-coated fiber; and 65 �m
arbowax/divinylbenzene-coated fiber) with regard to sensitiv-
ty, linear range, precision and detection limits. The precision
ange was from 1.7 to 12.8%, although the fiber PDMS/DVB
howed the best values. In this study, the SPME fiber was inserted
irectly into the mouth of a subject. A Teflon tube was adapted
o the SPME device to protect and prevent contact with the fiber,
s shown in Fig. 1.

Collection of exhaled air using SPME may be applied either
assively or actively. Passive sampling requires the collection of
reath in a plastic bag or some other kind of sample container
or extraction at a later time. In active sampling, the individual
xpels breath directly onto the fiber [64]. The SPME fiber can
e directly exposed in the mouth of a subject through an SPME
evice adapted with a Teflon tube with a small opening to the
oated fiber (Fig. 1).

The first step in developing an SPME method is to determine
he time necessary for the analyte to reach equilibrium with the

atrix and the fiber [52]. Thus, when the exhaled air sampler
s the fiber itself since it is directly exposed in the mouth of
he individual, a smaller equilibration time is required. Grote
nd Pawliszyn [5] demonstrated that the appropriate fibers for a
ather short sampling time were PDMS, PDMS/DVB and Car-
owax/DVB since they reached equilibrium quickly. The results

f this work showed that SPME afforded an effective method for
he analysis of the compounds in exhaled air with sufficient sen-
itivity. However, it indicated the need for further research on the
se of SPME and the use of new fibers that provide an increase

tube, (2) exposed fiber, (3) hole, and (4) SPME device [5].



8 l / J.

i
h

o
l
p
p
m
t
w
r
q
t

i
t
w
j
t
t
t
b
t
i
G

c
e
b
t
a
o

c
b
l
c
t
t
p
D
S
h
t
c

8

a
i
n
t
o
e
a
c

t
s
t
V
t
m
t

o
t
o
a

a
t
s
a
o
n

R

[
[
[
[

[
[

[

[
[

[

[

[

[

L.C.A. Amorim, Z. de L. Cardea

n sensitivity and selectivity for other substances of interest in
uman exhalation [5].

In the quest for a more sensitive analytical quantification
f trace VOC in exhaled air, Giardina and Olesik [64] used
ow temperature glassy carbon macrofibers (LTGC) for solid-
hase microextraction and analysis of 2-methylpentane, styrene,
ropylbenzene, decane and undecane in exhaled air. This
acrofiber measured four centimeters, in contrast to conven-

ional fibers that measure 1 cm. In this study, human exhalation
as simulated, and GC–MS analyses were performed. The

esults showed that these fibers extracted significantly larger
uantities of compounds than PDMS/DVB and had lower detec-
ion limits than those of conventional fibers [64].

There are few studies in which SPME was used in the biolog-
cal monitoring of toxic chemicals. Prado et al. [65] used SPME
o determine tetrachloroethylene in end-exhaled air of exposed
orkers. Exhaled air samples were obtained by having the sub-

ect take two or three deep breaths and then inhaling and holding
he breath for 10–15 s before exhaling into the glass tube with
he valves in the open position. At the end of one exhalation,
he two valves were closed, trapping an aliquot of end-expired
reath in the tube. The SPME fiber was introduced into the glass
ube and exposed for 1 min. After extraction, the fiber was drawn
nto the needle, withdrawn from the tube and injected into the
C–MS [65].
Guidotti et al. [27] used SPME and GC–MS to determinate

hlorinated solvents in exhaled air, urine and blood of subjects
xposed in the workplace. Exhaled air samples were obtained
y having the workers exhale into the container (plastic bag),
he fiber was exposed to the sample for 10 min. This method
llowed monitoring of subjects exposed to low concentrations
f chlorinated solvents [27].

More recent work on SPME for the analysis of exhaled air for
linical purposes used the plastic bag sampling method (“Tedlar
ag”) for later extraction with SPME fibers. Yu et al. [66] ana-
yzed alkanes and aromatic hydrocarbons in exhaled air of lung
ancer patients. They used PDMS fiber and tested the factors
hat influence the extraction of analytes such as extraction time,
emperature and relative humidity. The results demonstrated the
otential of SPME-GC for screening lung cancer markers [66].
eng et al. [39] developed a new method using GC–MS and
PME with on-fiber derivatization to determinate acetone in
uman breath. The results showed that this method was sensi-
ive for determination of low concentration of breath acetone and
an be used as a supplemental tool for diagnosis of diabetes [39].

. Conclusions

Breath analysis is a potential biomarker for occupational
nd environmental exposure since its major advantage is that
t involves a noninvasive procedure. However, more research is
ecessary for it to be used routinely. It is especially important
o establish relationships between exposures (dose) and level

f substances in the various breath samples. Several types of
xpired air have been used in breath analysis, but it has been
rgued that alveolar air (end exhaled air) is the easiest sample to
ollect and probably the most reproducible.

[

[

Chromatogr. B 853 (2007) 1–9

Furthermore, depending on the type of breath or the sampling
echnique used, the results can vary considerably. Therefore, the
tandardization of methods is important for improved interpre-
ation of data among subjects who are or are not exposed to
OC. For this reason, many studies must be performed. In addi-

ion, the concentration of solvent in breath may be affected by
any physiological and biochemical parameters, depending on

he sampling strategy.
Many of the devices described are capable of trapping an alve-

lar air sample and are suitable for use in field studies. However,
he main disadvantage with all these techniques is the problem
f loss through leakage, adsorption, formation of a water film,
nd transfer to the analytical system.

Among many techniques for sampling breath air, SPME is
pplicable for the collection of breath samples with many advan-
ages such as direct collection, simple operation, sensitivity and
electivity. Therefore, more research on the use of SPME for
pplication to the determination of several chemical substances
f environmental and occupational interest in human breath is
ecessary.

eferences

[1] L. Wallace, T. Buckley, E. Pellizzari, S. Gordon, Environ. Health Perspect.
104 (1996) 861.

[2] L. Perbellini, A. Princivalle, M. Cerpelloni, F. Pasini, F. Brugnone, Int.
Arch. Occup. Environ. Health 76 (2003) 461.

[3] E.K. Silbergeld, D.L. Davis, Clin. Chem. 40 (1994) 1363.
[4] S.A. Kharitonov, P.J. Barnes, Prog. R. Res. 31 (2001) 44.
[5] C. Grote, J. Pawliszyn, Anal. Chem. 69 (1997) 587.
[6] World Health Organization (WHO), Biological Monitoring of Chemical

Exposure in the Workplace, vol. 1, WHO, Geneva, 1996.
[7] R. Lauwerys, P. Hoet, Industrial Chemical Exposure. Guidelines for Bio-

logical Monitoring, second ed., Lewis Publishers, Boca Raton, 1993.
[8] K.K. Rozman, C.D. Klaasen, in: Casarett, Dowll’s (Eds.), Toxicology the

Basic Science of Poisons, Mc Graw Hill, New York, 1996, p. 91.
[9] I. Astrand, in: V. Fiserova-Bergerova (Ed.), Modeling of Inhalation Expo-

sure to Vapors: Uptake, Distribution and Elimination, vol. 11, CRC Press,
Boca Raton, 1983, p. 107.

10] H.K. Wilson, J. Scan, Work Environ. Health 12 (1986) 174.
11] R.S. Kennedy, K.D. Cashman, Wr. Klin Wschr. 117 (2005) 180.
12] P.O. Droz, M.P. Guillemin, J. Occup. Med. 28 (1986) 593.
13] L. Drummond, R. Luck, A.S. Afacan, H.K. Wilson, Br. J. Ind. Med. 45

(1988) 256.
14] C.D. Money, C.N. Gray, Ann. Occup. Hyg. 33 (1989) 257.
15] C. Plebani, G. Tranfo, A. Salerno, A. Panebianco, A.M. Mercelloni, Talanta

50 (1999) 409.
16] J.D. Pleil, L.B. Smith, S.D. Zelnick, Environ. Health Perspect. 108 (2000)

183.
17] W. Jo, S. Kim, AIHAJ 62 (2001) 466.
18] K.D. Thrall, P.J. Callahan, K.K. Weitz, J.A. Edwards, M.C. Brinkman, D.V.

Kenny, AIHAJ 62 (2001) 28.
19] M.L. Chen, S.H. Chen, B.R. Guo, I.F. Mao, J. Environ. Monit. 4 (2002)

526.
20] P.P. Egeghy, L. Hauf-Cabalo, R. Gibson, S.M. Pappaport, Occup. Environ.

Med. 60 (2003) 969.
21] T. Yoshida, T. Ishwata, K. Miyata, F. Ishizawa, Chudoku Kenkyu. 17 (2004)

45.
22] S. Ghittori, A. Alessio, S. Negri, L. Maestri, P. Zadra, M. Imbriani, Ind.
Health 42 (2004) 226.
23] N.D. Sweet, G.E. Burroughs, L. Ewers, G. Talaska, J. Occup. Environ.

Hyg. 1 (2004) 515.
24] L. Perbellini, G.B. Faccini, F. Pasini, F. Cazzoli, S. Pistoia, R. Rosellini,

M. Valsecchi, F. Brugnone, Br. J. Ind. Med. 45 (1988) 345.



l / J.

[

[

[

[

[

[
[
[
[

[
[

[

[

[

[
[

[

[

[

[
[

[
[

[

[

[

[

[

[

[
[
[
[
[
[

[
[

L.C.A. Amorim, Z. de L. Cardea

25] F. Brugnone, L. Perbellini, G.B. Faccini, F. Pasini, B. Danzi, G. Maranelli,
L. Romeo, M. Gobbi, A. Zedde, Am. J. Ind. Med. 16 (1989) 385.

26] J.D. Pleil, J.W. Fisher, A.B. Lindstron, Environ. Health Perspect. 106 (1998)
573.

27] M. Guidotti, B. Onorati, E. Lucarelli, G. Blasi, G. Ravaioli, Am. Clin. Lab.
20 (2001) 23.

28] K.A. Henderson, I.P. Matthews, J. Exp. Anal. Environ. Epidemiol. 12
(2002) 309.

29] P.P. Egeghy, L. Nylander-French, K.K. Gwin, I. Hertz-Piccioto, S.M. Rap-
paport, Ann. Occup. Hyg. 46 (2002) 489.

30] L.A. Wallace, E.D. Pellizzari, Environ. Health Perspect. 103 (1995) 95.
31] L. Blaser, Environ. Health Perspect. 104 (1996) 104.
32] R. Yu, C.P. Weisel, J. Expo. Anal. Environ. Epidemiol. 6 (1996) 261.
33] R.C. Wester, H.I. Maibach, L.D. Gruenke, J.C. Craig, J. Toxicol. Environ.

Health 18 (1986) 567.
34] W. Jo, K. Pack, Environ. Res. 83 (2000) 180.
35] S.M. Gordon, L.A. Wallace, M.C. Brinkman, P.J. Callahan, D.V. Kenny,

Environ. Health Perspect. 110 (2002) 689.
36] R.M. Effros, M.B. Dunning Iii, J. Biller, R. Shaker, Am. J. Physiol. Lung

Cell. Mol. Physiol. 287 (2004) 1073.
37] B. Moser, F. Bodrogi, G. Eibl, M. Lechner, J. Rieder, P. Lirk, Resp. Physiol.

Neuro. 145 (2005) 295.
38] A. Amann, A. Schmid, S. Scholl-Bürgi, S. Telser, H. Hinterhuber, Spec-

troscopy 17 (2005) 18.
39] C. Deng, X. Zhang, N. Li, J. Chromatogr. B 808 (2004) 269.
40] M. Corradi, D. Poli, L. Selis, P. Carbognani, S. Iavicoli, M. Rusca, A. Mutti,

G. Ital, Med. Lav. Ergon. 25 (2003) 59.
41] D. Poli, P. Carbognani, M. Corradi, M. Goldoni, O. Acampa, B. Balbi, L.

Bianchi, M. Rusca, A. Mutti, Resp. Res. 6 (2005) 71.
42] C. Deng, J. Zhang, X. Yu, W. Zhang, X. Zhang, J. Chromatogr. B 810

(2004) 269.

43] M. Philips, J. Herrera, S. Krishnan, M. Zain, J. Greenberg, R.N. Cantaneo,

J. Chromatogr. B 729 (1999) 75.
44] N. Rizvi, D. Hayes, Lancet 353 (1999) 1897.
45] M. Fleischer, E. Simon, E. Rumpel, H. Ulmer, M. Harbeck, M. Wandel, C.

Fietzek, U. Weimar, H. Meixner, Sens. Actuator 83 (2004) 245.

[
[
[
[
[

Chromatogr. B 853 (2007) 1–9 9

46] K.M. Dubowski, Clin. Chem. 20 (1974) 966.
47] A.B. Lindstrom, Breath Analysis for Medical Diagnostics and Therapeutic

Monitoring [Based on Presentations at the Conference “Breath Gas Analy-
sis for Medical Diagnostics”], World Scientific Publishing Co., Dornbirn,
Austria, 2004, p. 337.

48] J. Villinger, S. Praun, J. Roessler-Graf, A. Dornauer, H. Neumayer, E.
Baumgarther, Breath Analysis for Medical Diagnostics and Therapeutic
Monitoring [Based on Presentations at the Conference “Breath Gas Analy-
sis for Medical Diagnostics”], World Scientific Publishing Co., Dornbirn,
Austria, 2004, p. 35.

49] P.F. Wilson, C.G. Freeman, M.J. Mcewan, D.B. Milligan, R.A. Allardyce,
G.M. Shaw, Rapid Commun. Mass Spectrom. 16 (2002) 427.

50] K. Jones, M. Meldrum, E. Baird, S. Cottrell, P. Kaur, N. Plant, D. Dyne, J.
Cocker, Ann. Occup. Hyg. 50 (2006) 593.

51] American Conference of Governmental Industrial Hygienists (ACGIH),
Threshold limit values for chemical substances and physical agents and
biological exposure indices. Cincinnati, USA, 2005.

52] S.K. Brown, P. Knott, Benzene Concentrations in the Exhaled Breath of
Pot Liners at an Aluminium Refinery, Proceeding of the 16th AIOH Con-
ference, Albury, 1997.

53] J. Pawliszin, Solid Phase Microextraction: Theory and Practice, Wiley-
VCH, New York, NY, 1997.

54] R. Mukhopadhyay, Anal. Chem. 1 (2004) 273.
55] J.H. Raymer, E.D. Pellizzari, Tox. Ind. Health 12 (1996) 201.
56] M.G. Ljungkvist, G.R. Nordlinder, Am. Ind. Hyg. Assoc. J. 56 (1995) 693.
57] D. Dyne, J. Cocker, H.K. Wilson, Sci. Total Environ. 199 (1997) 83.
58] M. Philips, Anal. Biochem. 247 (1997) 272.
59] J.H. Raymer, K.W. Thomas, S.D. Cooper, D.A. Whitaker, E.D. Pellizzari,

J. Anal. Toxicol. 14 (1990) 337.
60] H. Lord, Y. Yu, A. Segal, J. Pawliszyn, Anal. Chem. 74 (2002) 5650.
61] W.A. Groves, E.T. Zellers, Anal. Occup. Hyg. 45 (2001) 609.

62] R. Benjamin, H. Nathan, U.S. Patent WO2005010482, 2005.
63] J.M. Sanchez, R.D. Sacks, GC Anal. Chem. 75 (2003) 2231.
64] M. Giardina, S.V. Olesik, Anal. Chem. 75 (2003) 1604.
65] C. Prado, P. Marı́n, J.F. Periago, J. Chromatogr. B 1011 (2003) 125.
66] H. Yu, L. Xu, P. Wang, J. Chromatogr. B 826 (2005) 69.


	Breath air analysis and its use as a biomarker in biological monitoring of occupational and environmental exposure to chemical agents
	Introduction
	Exposure biomarkes: definition and concepts
	Exhaled-air analysis principles
	Use of exhaled air as an exposure biomarker
	Biological exposure limits
	Sampling techniques and breath analysis
	The use of the SPME technique in the analysis of exhaled air
	Conclusions
	References


