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1. Introduction

Many diseases are missed because of delayed diagnosis or
the low efficacy of appropriate treatment.[1] For these reasons,
there is an urgent need for inexpensive and minimally
invasive technology that would allow: 1) efficient early
detection; 2) stratifying the population, based on their
biospecification for a personalized therapy; and 3) rapid
bed-side assessment of treatment efficacy when a change in
approach is deemed necessary. In this effort, a combined
signature will stratify the disease regarding its phenotypic
behavior, which may direct the physician towards a better
selection of drugs.

A promising frontier that has the potential to meet these
challenges is volatolomics, namely a scientific study of
chemical processes involving profiles of highly and semi-
volatile organic compounds (VOCs). The boiling points of
these compounds span from < 0 88C (e.g. propane) for highly
volatile organic compounds, through 50–250 88C (e.g. acetone;
limonene) for volatile organic compounds, and up to 250–
380 88C (e.g. phthalates) for semivolatile organic compounds.

Disease-specific VOCs are produced mainly through
changes in specific biochemical pathways in the body (for
details, see Section 2.1).[2] Following their production, VOCs
are emitted and can, therefore, be found in bodily fluids,
including (but not confined to): 1) infected cells and/or their
microenvironment, 2) blood, 3) breath, 4) skin, 5) urine,
6) feces, and/or 7) saliva.[3–5] In the following sections, we
will discuss the origin, relationship, and potential synergy
between the volatolome in different bodily fluids to obtain
improved diagnostics.

2. Origin of the Volatolome

2.1. How Are VOCs Generated?

The exact origin and metabolic outcome of VOCs forming
the human volatolome have not yet been properly elucidated
in sufficient depth. However, their origin has been to some

extent estimated theoretically.[1a, 2,6] According to current
understanding, part of the VOCs are predominantly endog-
enous molecules (e.g. isoprene), but other VOCs can stem
from both endogenous and exogenous sources (e.g. acetone)
or mainly exogenous sources (e.g. toluene, acetonitrile).

Endogenous VOCs come from normal and abnormal
metabolic processes occurring in the body.[1a,7] For example,
different liver enzymes affect the construction of the cell
membrane.[2] As part of the cellular respiration process in the
mitochondria, cells generate reactive oxygen species (ROS),
which have an unpaired electron in their outer shell.[1a,2,8] The
general equilibrium between the formation and deactivation of
ROS and free radicals determines the oxidative stress in the
body.[2] In oxidative stress, ROS and free radicals excreted from
the mitochondria can destroy many cellular structures, includ-
ing DNA and RNA, and can generate VOCs that are emitted
in bodily fluids[1a] Once accumulated in tissues, ROS attack
many different molecules, such as polyunsaturated fatty acids
(PUFAs) and proteins. Ethane and pentane, for example, are
produced in this way from w3- and w6-fatty acids, respectively
(Figure 1).[9] ROS molecules in human tissue can also upregu-
late the oxidation of organic chemicals catalyzed by cytochro-
meP450 enzymes.[10] This enzyme family are overexpressed in
abnormal conditions, such as human breast cancer tissue,
through enzymes such as aromatase, which synthesizes estro-
gens.[11] Notable, most inflammatory conditions are associated
with ROS production, and, hence, ROS products might relate
to different abnormal conditions.[1a]

This Review presents a concise, but not exhaustive, didactic overview
of some of the main concepts and approaches related to “vola-
tolomics”—an emerging frontier for fast, risk-free, and potentially
inexpensive diagnostics. It attempts to review the source and charac-
teristics of volatolomics through the so-called volatile organic
compounds (VOCs) emanating from cells and their microenviron-
ment. It also reviews the existence of VOCs in several bodily fluids,
including the cellular environment, blood, breath, skin, feces, urine,
and saliva. Finally, the usefulness of volatolomics for diagnosis from
a single bodily fluid, as well as ways to improve these diagnostic
aspects by “hybrid” approaches that combine VOC profiles collected
from two or more bodily fluids, will be discussed. The perspectives of
this approach in developing the field of diagnostics to a new level are
highlighted.
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Intuitively, endogenous VOCs should have the greatest
diagnostic potential, whereas exogenous VOCs are consid-
ered contaminants that distort the chemical information.
However, there is now sufficient evidence that exogenous
VOCs can also be metabolized by the human organism and
thereby help in screening and diagnosing a disease.[1a, 12]

Exogenous sources comprise inspiratory air, dermal absorp-
tion, smoking, drugs and nutrients (ingested foods), and all
other exogenous molecules that have entered the body by
other routes.[7] Part of these exogenous sources, such as diet,
medicinal drugs, and food additives, have been observed as
being confounding factors for VOC analysis from exhaled
breath and urine.[12a,13] However, this topic is still in its infancy
and dedicated research will be important for understanding
and establishing volatolomic analysis.[13a]

Recent insight into the biochemical pathways of the
endogenous and exogenous chemical families (e.g. hydro-

carbons [alkanes, alkenes], primary and secondary alcohols,
aldehydes and branched aldehydes, ketones, esters, nitriles,
and aromatic compounds) have already been discussed by
us.[1a,2] Briefly:
1) Hydrocarbons are produced mainly by the peroxidation of

PUFAs, lipids found mainly in cellular and subcellular
membranes.

2) Alcohols are absorbed through the gastrointestinal tract
into the blood. Alcohol is metabolized by enzymes, such as
alcohol dehydrogenases, in parallel with the reduction of
nicotinamide adenine dinucleotide (NAD+ to NADH),
and cytochrome P450 (CYP2E1), mostly in the liver. A
small fraction of alcohols is removed through breath,
urine, sweat, feces, breast milk, and saliva.[2]

3) Aldehydes in the body arise from several sources:
1) metabolized alcohols; 2) reduction of hydroperoxide
by cytochromeP450 as a secondary product of lipid
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peroxidation;[14] 3) tobacco smoke (saturated and unsatu-
rated aldehydes (e.g. formaldehyde))[15] and detoxification
processes of tobacco by-products;[16] and 4) dietary sour-
ces.[2]

4) Ketone bodies, compounds produced by the liver from
fatty acids such as acetone, are oxidized in the Krebs cycle
by peripheral tissue.[9, 17] Acetone (an abundant VOC in
humans) is produced by the liver by the decarboxylation
of acetoacetate from excess acetyl-CoA.[9] Ketone levels
in the blood are also influenced by diet and rise as fat or
protein metabolism increases (e.g. notably in cachexia).[18]

5) Aromatic and nitrile VOCs are typically considered
pollutants of exogenous sources (e.g. cigarette smoke
and pollution). They are stored in the fatty tissues of the
body and are highly reactive, thereby resulting in perox-
idative damage.[19]

Parts of the abovementioned theoretical biochemical
production mechanisms have recently been validated exper-
imentally. These include: 1) ethane and pentane, found to be
products of lipid peroxidation,[9,20] 2) isoprene, a product of
the mevalonate pathway,[21] although additional pathways are
possible,[22] and 3) acetone, formed by decarboxylation of
acetoacetate in the liver and blood.[9]

2.2. Does Genetic Information Influence the
Volatolome?

Genetic alterations associated with tumor
growth may lead to VOC alterations in the
microenvironment of the cell, and thus in the
bodily fluids of the patient, as noted in cancer
research.[23,24] Normally, the genetic information
is phenotypically expressed by the production of
specific metabolites as VOCs (Figure 2, upper
panel). Changes in genetic information because
of DNA damage can result in no product, an
altered product, or sometimes a change in the
concentration of a VOC product (Figure 2, lower
panel).

In a study exploring the production of VOCs
in human cell lines, Aksenov et al.[25] examined
two human leukocyte antigen (HLA) alleles, and
found that a single genetic difference results in
a unique profile of VOCs through alteration of
downstream metabolic pathways[25] (e.g. changes
in tentative VOCs as alcohols and ketones). They
concluded that tumorous and normal cells,
immune cells, and infectious agents can all
contribute to the production of VOCs.[25] Others
have suggested that an HLA difference could
alter the composition of the secreted VOCs (e.g.
alcohols and hydrocarbons), specifically tetrade-
canoic acid, from the skin.[26]

In the field of (lung) cancer, several research-
ers have investigated the ability of different

analytical methods to assign unique volatolomic fingerprints
to cancer cell lines by analyzing VOCs in the head-
space.[6b,23b, 27] Triethylamine, benzaldehyde, and decanal com-
pletely disappeared or were selectively reduced in the head-
space of lung cancer cells with specific oncogenes, such as
EGFRmut, KRASmut, and EML4-ALK.[23b] Aromatic mol-

Figure 1. Free-radical-mediated lipid peroxidation: possible reactions and reaction
products (reprinted from Ref. [9] with permission).

Figure 2. Downstream process of the genetic alteration that affects
VOC production. Normally, the genetic information is phenotypically
expressed through the production of specific metabolites as VOCs
(upper panel). Changes in the genetic information as a result of DNA
damage can result in no product, an altered product, or in some cases
a change in the concentration of some VOC products (lower panel).
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ecules, for example, toluene, increased in concentration with
the tested oncogenes, but were more likely of exogenous
origin.[23b] Although comparing many cell lines could reflect
the wide genetic diversity of lung tumor samples, the same
genetic diversity is a hindrance when trying to make direct
links to specific cancer-related pathways. Moreover, cancer
cell lines are by nature genetically unstable and have high
levels of aneuploidy.[28] This gives the cells some plasticity,
thus causing molecular studies to suffer from genetic drift and
making it more difficult to pin down VOC patterns to specific
pathways.

A tractable system to study the effect of specific cancer
driver mutations on the release of VOCs could be by human
bronchial epithelial cells (HBECs) that have been genetically
manipulated.[29] HBECs, are genetically stable compared to
cancer cell lines, with minimal aneuploidy.[30] This provides
a parental cell line, in which the effect of further additional
genetic lesions can be investigated.[29,31] In a recent study,
mass spectrometry detected changes in VOCs in (lung cancer)
cell lines with minimal genetic differences. The VOCs that
contributed to discrimination are from the families of alkanes,
alkenes, benzene derivatives, ketones, aldehydes, and alco-
hols.[23a] Benzaldehyde, for example, was found to be a sig-
nificant compound in the volatolomic signature of both
KRAS and TP53.[23a] In pilot trials on cell lines having the
KRAS mutation, benzaldehyde was totally depleted[32] and in
another study this compound was found at lower concen-
trations in cells carrying the KRAS mutation or TP53 knock-
down.[23a] Another VOC totally depleted in lung cancer cell
lines associated with TP53 down-regulation is 2,2,3-trime-
thylpentane.[23a] These results may lead to the development of
VOC-based diagnostics for the detection of the genetic
mutation profile from the headspace of a lung cancer tissue
obtained through biopsy, or from the bodily fluids of patients
(e.g. breath). This could help guide doctors in making medical
decisions sooner than by current molecular genetic
approaches.

2.3. VOC Emission to/from Various Bodily Fluids

A recent review on VOCs from different bodily fluids
reported 1764 different VOCs out of a total 2577 found in all
sources, including similar compounds that had been isolated
from other sources and identified by CAS numbers, from
seemingly healthy subjects.[13a, 33] Figure 3 gives the percentage
amounts of VOCs in different bodily fluids.[33a] One can
assume that the number of VOCs identified in each bodily
fluid is associated with the number of studies with this specific
end.

In the following subsections, we present and discuss the
origin and postulated emission pathways of the VOCs into or
from each of these bodily fluids.

2.3.1. VOC Emission from Cell/Tissue to Blood

The cell is the smallest functioning compartment in the
body responsible for VOC production.[34] Different cells in the
body take part in a whole plethora of (VOC) metabolic

processes, particularly in diseased conditions when metabolic
alterations occur because of the bodyÏs response to injury or
infection.[25, 35] A major source of VOCs comes from damage
to the cells through direct and/or indirect oxidative stress
processes.[1a] ROS generated naturally by the micro- and/or
macro-environment of the cell causes direct oxidative dam-
age.[1a] Indirect oxidative stress results from exogenous VOCs
(taken up from food, smoking, etc.) that leak into the
cytoplasm and attach to organs or organelles in the body.[19]

Following this leakage process, peroxidative damage to
proteins, PUFAs, and DNA produces lipophilic (VOC)
molecular species that are stored in the fat compartments of
the human body. The stored VOCs are then released over
weeks or even months after the original exposure to the
exogenous VOCs.[2]

So far, many studies have examined the VOC profiles
related to the oxidative stress of mammalian
cells.[6b, 23b,27b,c,32, 36] However, most of these studies were
performed in vitro with no real modeling of the surrounding
tissue and blood vessels. To compensate for this deficiency,
a proper model of the cell–blood interface should be adopted.
In this model, the assumption regarding the movement of
VOCs between the cell and the blood compartments can be
calculated by means of the partition coefficient between fat
and blood (lf:b).[1a] This coefficient estimates the equilibrium
concentrations of VOCs in fat tissue and (lipophilic) cell
membranes with respect to blood. A high lf:b value leads to
a high concentration of the respective VOCs in lipid
membranes (e.g. in endothelial cells lining the blood vessels).
High concentrations of VOCs within the lipid membranes
may change the permeability properties of the VOCs from the
fat to the blood. In contrast, in the case of low lf:b values, the
VOCs stored in the lipid membrane of the cells tend to be
released into the blood.

2.3.2. VOC Emission from Blood to Breath

Currently, 874 VOCs have been found in breath samples,
thus making it the most examined VOC source.[13a] The
principle behind the emission from blood to breath is that
changes in the VOCs in the former are reflected by

Figure 3. VOC percentages in different bodily fluids based on data
from healthy humans.[33a] A total of 2577 compounds were measured,
some of which are found solely in specific bodily fluids (e.g. 1-hexene
found only in breath) and others found in three or more bodily fluids
(e.g. acetaldehyde is found in all fluids).
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measurable changes in the breath.[37] The distribution of
VOCs in breath and blood is governed by active and passive
mechanisms. Thermodynamically, it is possible to correlate
the lf:b value and the partition coefficient between blood and
air (lb:a). This coefficient governs the VOC equilibrium
between blood and alveolar air.[38] Assessment of the partition
coefficient is given in our previous reviews[1a, 39] and others.[40]

Some VOCs exchange in the airways rather than the alveoli,
depending on the lb:a value. The lb:a value of disease-related
VOCs is diverse and depends on the specific chemical and
physical properties of the VOC. For many VOCs, the lb:a

value can differ by over 12 orders of magnitude.[1a, 39] In other
words, for different VOCs showing the same concentration in
exhaled breath, the concentration in the fat and blood may be
highly disparate—by a factor of 108 or more.[1a]

Theoretical and experimental studies have shown that
gases with low solubility in blood, mainly nonpolar VOCs
(lb:a< 10; lb:a in dimensionless units [molLb

¢1/mol La
¢1]),

exchange almost exclusively in the alveoli, whereas highly
blood-soluble volatiles, for example, polar VOCs (lb:a> 100),
tend to exchange in the airways.[40a, 41] In the case of
pulmonary gas exchange, VOCs with 10< lb:a< 100 interact
significantly with both the airways and the alveoli.[40a] The
VOC profile is also influenced by their retention in the lungs,
namely the fraction of the molecules that remains in the
respiratory tract at any time after inhalation and exhala-
tion.[42] Thus, the final partition and exhalation of the VOCs
depends on their physical and chemical properties, and on
their interaction with the different alveolar clearance mech-
anisms.[42, 43]

2.3.3. VOC Transport from Blood to Urine

Many VOCs, mostly water-soluble, are expelled from the
body in the urine, which is over 95 % water. The content of
urine VOCs derives mostly from three renal processes:
glomerular filtration, tubular reabsorption,
and tubular secretion.[44] The rate at which
each metabolite/VOC is filtered is a function
of the glomerular filtration rate multiplied by
the plasma concentration.[44] This relationship
assumes that the VOC is freely filtered and
not bound to plasma proteins, especially the
end products of metabolism (urea, creatinine,
uric acid, and urates) are poorly reabsorbed
and thus excreted in large amounts.

The VOCs in urine cover a range of
chemical families: acids, alcohols, ketones,
aldehydes, amines, N-heterocycles, O-hetero-
cycles, sulfur compounds, and hydrocar-
bons.[13e, 33a] Urine contains many ketones,
mainly the result of enzymatic liver function
because of excessive oxidation of fat and the
inability of the Krebs cycle to process excess
acetyl-CoA;[33a] to a lesser extent it is also the
result of bacterial activity in the gut.[13e] High
levels of ketone bodies have also been found
in patients with diabetes mellitus.[13e] Volatile
short-chain fatty acids can also be found in

urine, but an unexpectedly poor correlation was found
between urine and serum levels for the five most abundant
fatty acids in blood serum.[45] This might be due to differences
in the filtration levels in the kidneys. Different VOCs
(particularly terpenes) are considered to be the outcome of
digested food. Additional exogenous VOCs mainly derived
from the consumption of medical and nonmedical drugs are
cleared through the urine and thus can influence the VOC
profile in urine.[13a,d–f]

2.3.4. VOC Emission from Blood to Skin

More than 500 VOCs have been identified from human
skin extracts.[33a] The VOC composition of human skin is
highly diversified, but only few chemical families are repre-
sented, such as aldehydes, alkanes, carboxylic acids of various
chain lengths and derivative esters, short chain alcohols, and
some ketones,[46] out of which the most predominant VOCs
proved to be 6-methyl-5-hepten-2-one, nonanal, decanal, and
(E)-6,10-dimethyl-5,9-undecadien-2-one.[46] VOCs from the
skin often originate from either gland secretion or metabo-
lism of skin microbiota on the surface.[47]

The distribution of the glands at the skin surface partially
reflects the difference in VOCs emitted by distinct parts of the
human body.[46] The glands are located in the dermis and
terminate in the secretory canals that open on the skin surface
and hair follicles (Figure 4). Apocrine glands contribute
greatly to the VOC mixtures produced from the armpit
region, whereas the VOC mixture of the hand is a combination
of eccrine and sebaceous gland secretion.[48] Eccrine excretion
(sweat) is usually 98% water, with the rest being various
organic and inorganic compounds (sodium chloride, lactate,
and urea), which is mainly transferred by osmosis. Extracel-
lular fluid is the origin of eccrine secretion, and, thus reflects
blood plasma chemistry.[48] In part, the secretion from the
glands is due to sympathetic stimulation of the nervous

Figure 4. Skin, the largest organ of the body, has its main VOC routes through the glands
in the dermis, the sweat pores, and hair.
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system.[44] Sweat is induced by acetylcholine and inhibited by
atropine.[49] The eccrine glands are spread throughout practi-
cally the entire body and may number from 2 to 5 milion per
person.[49]

A large amount of cholesterol and other lipids are
deposited in the corneum of the skin.[44] Thus, it is possible
that breakdown products of lipid peroxidation, VOCs, can
also be secreted to the skin surface. It is important to notice
that in some skin-related conditions, for example, melanoma,
there can be a direct emission of VOCs from the affected
skin.[50] Apart from endogenous VOCs secreted through the
skin,[51] exogenous VOCs, such as VOC-related xenobiotics,
drugs, and diet-based species, can also be secreted from the
skin and might show significant variability among sub-
jects.[44, 52] Additionally, there have been numerous studies
on the influence of microbial biota on skin VOCs, which, in
turn, can vary greatly among human subjects.[46,53]

Of the different areas of the skin, the axillary region is
probably the most important. VOCs from axillae generally
consist of alkanes and C6–C11 carboxylic acids.[53c,54] Other
regions of the skin, for example, hands, are characterized
mainly by aldehydes and ketones, whereas the skin of the feet
is mainly characterized by carboxylic acids and short-chain
fatty acids.[46]

2.3.5. VOC Emission from or into Feces

Nearly 480 VOCs have been reported from fecal sam-
ples.[33a] Typical VOCs produced in the gut by bacterial
fermentation are methane[55] and hydrogen.[56] This micro-
biota is also responsible for the specific odor of the feces,
which results from colonic fermentation of amino acids, and
comprises a number of putrefactive chemical compounds,
such as aliphatic amines, ammonia, branched-chain fatty
acids, derivatives of phenol or indole, and volatile sulfur-
containing compounds.[57] Of these reported VOCs, short-
chain fatty acids,[58] branched-chain fatty acids, indoles,[59] and
phenols[60] are found in significant concentrations in feces.
Alcohols are likely the result of the reduction of acids by gut
bacteria. Different aromatic compounds can also be identified
and are partially the result of fermentation by gut bacteria,
with some aromatic VOCs (e.g. furans) being considered the
result of fructose metabolism by commensal organisms,
including fungi.[33a] A variety of aldehydes, for example,
ethanal, have been identified and may result from dietary and
microbial metabolism; the latter has been associated with
bowel cancer.[61] Other VOCs found in fecal headspace, for
example, chloroform, are probably the result of contaminants
absorbed through food, water, or pollution.[33a] The human
microbiome, namely the community of microorganisms that
lives in or on the human body, should also be taken into
consideration. Human microbiome analyses have revealed
that the intestinal microbiota, the largest group of the
microbiome, is a complex community consisting of more
than 500 species.[62] Although human fecal samples show wide
bacterial diversity, it has been shown that major metabolic
pathways, for example, carbon and amino acid metabolism,
are stable.[63] As a result, the intestinal microbiota has a big
influence on the metabolism of their mammalian hosts and

dramatically contributes to mammalian physiology.[62] Com-
mensal bacteria mediate the extraction, synthesis, and
absorption of a wide variety of metabolites.[64] In addition,
different dietary intakes can influence the microbial compo-
sition through a resulting different metabolic interaction and
variety of metabolites. For example, a high fat diet can lead to
deoxycholic acid producing bacteria that might induce
changes in hepatic cells that eventually facilitate the develop-
ment of hepatocellular carcinoma.[62] Thus, diverse environ-
mental factors, for example, medication and nutrition, can
affect the gut microbial community, thereby changing the gut
microbiome activity, which may result in the generation of
both volatile and nonvolatile metabolites. However, cur-
rently, there are almost no data on the influence of such
microbiome changes on the volatolomics of humans.[65]

2.3.6. VOC Emission from or into Saliva

Approximately 360 VOCs have been reported in saliva
samples. Passive diffusion is the most common transfer route
of VOCs from blood to saliva, as well as ultrafiltration and
diffusion.[66] Thus, biochemical information in the blood is
reflected by VOCs in the saliva. A number of studies
evidenced the correlation between VOCs in blood and
saliva,[67] which can potentially be used for metabolic
and physiologic studies.[66b,d] Nevertheless, it should be
stressed that, apart from blood VOCs, saliva can potentially
contain VOCs resulting from serum, gingival exudate, the
nasal cavity, gastrointestinal reflux, food debris, oral cavity
microorganisms, commercial products, and environmental
pollution.[68]

3. Relationships between the VOCs in Different
Bodily Fluids

Intriguing questions have been raised from the VOC data
of different bodily fluids, such as: Why are only a small
number of VOCs—a mere 1%—found in all body sources?
Why are some VOCs found in breath but not in blood or
saliva? These questions have no clear answer, because of: 1) a
shortage of information on the origin of many VOCs and the
outcome in the human organism; 2) technological limitations
of the analytical instrumentation;[33] 3) insufficient mecha-
nisms of VOC identification; and/or 4) the small number of
studies involving non-breath bodily fluids.

A tentative explanation of the bioconversion of endoge-
nous and exogenous compounds into different volatile and
semivolatile compounds may be that they arise from different
enzymatic activity in the body, predominantly in the liver
where the cytochrome P450 (CYPs) proteins are important.[69]

CYPs are large and diverse oxidase enzymes that catalyze the
oxidation of organic substances,[69] for instance, CYPs cata-
lyze the hydroxylation of alkenes to alcohols, or the reduction
of hydroperoxides (as secondary products of lipid peroxida-
tion) to aldehydes.[14] Although the liver activity influences
many body processes, its main activity is concerned with the
alimentary tract. The same CYPs, are capable of oxidizing
large numbers of nonpolar VOCs, such as hydrocarbons, into
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more polar compounds such as alcohols (e.g. bioconversion of
toluene into benzyl alcohol).[2, 33a]

Aldehyde dehydrogenases in the liver can oxidize alde-
hydes into carboxylic acids, amines to less volatile N-oxides,
and ammonia to nonpolar urea.[2] This chemical first interacts
with phase I enzymes, usually by the cytochromeP450
enzyme system, and then conjugated into a more excretable
form.[2] In the enzymatic defense reaction, the liver is capable
of converting compounds into conjugates, a more water-
soluble and excretable form for other systems to handle, such
as glutathione S-transferases, and N-acetyltransferases,[70]

thereby converting VOCs into nonvolatile compounds.
This biotransformation activity is not restricted to the

liver, but can also occur in the lungs, vascular system, and by
enzymes in the nose.[71] The bladder is capable of biotrans-
formation because its epithelial cells have higher arylamine
acetyltransferase levels than the liver.[72] Thus, it is likely that
a chemical not detected in urine but found in the blood could
have been chemically converted by the kidneys or even by the
bladder. Alternatively, some poorly soluble urine VOCs (e.g.
hydrocarbons) can be lost during the urination mechanisms
and thereby be under-represented in samples during subse-
quent chemical analysis. VOCs present or produced in the
gastrointestinal tract (and feces) can be transported into the
blood and ultimately excreted from the lungs in exhaled
breath.

Controlling the secretion, transport, and production of the
VOCs in the body can be grouped into three complementary
systems (Figure 5). The sympathetic and parasympathetic
systems are mainly responsible in this context for controlling
the functions of different organs, for example, promoting
gland secretion. The alimentary system supervises digestion
and the assimilation of food and other substances, such as
drugs and exotoxins. Finally, the circulatory system can be
considered as a trunk line that transports volatile marker
compounds throughout the body. Different cell metabolites

move in and out from the bodyÏs periphery into the blood
stream and are released by or taken up into the breath, skin,
urine, or feces. Thus, analysis of blood VOCs in relation to the
other bodily fluids is of considerable importance. Never-
theless, the analysis of numerous blood VOCs still poses
considerable technological challenges (e.g. sample prepara-
tion, detectorÏs dynamic range, etc.), thereby limiting the
information it can provide.[73] Therefore, a better model needs
to be developed based on combined empirical data to
understand more accurately the true relations among VOCs
in different bodily fluids.

4. Hybrid Volatolomics

4.1. The Concept

In this Review, we claim that combining the complemen-
tary signals of highly and semivolatile organic compounds
from complementary body sources of the same disease
condition will assure the widest presentation of the human
volatolome, that is, provide us with the most comprehensive
profile of the bodyÏs volatile biomarkers. The reasoning
behind this hypothesis are described and justified below.

Each fluid shows a characteristic pattern of VOCs, with
different classes dominating (Figure 6). For example, breath
has a considerable fraction of hydrocarbons, whereas the

urine pattern is rich in aldehydes, ketones, volatile sulfur
compounds, and alcohols. The abundance of so many classes
of VOCs in urine can be attributed to their active preconcen-
tration by the kidneys.[33a,44] In this sense, urine can be
considered a magnifying glass that provides invaluable insight
into blood VOCs, which can have ultralow concentrations
that are below the detection limits of modern analytical
instruments. Conversely, hydrocarbons are rather poorly
represented in the VOCs of urine, which can stem from the
inability of kidneys to extract this class of compounds from
blood, losses of hydrocarbons during urination related to their
poor solubility in urine, or both. Thus, it is reasonable to
assume that hydrocarbons are under-represented in urine
samples and this fluid is of limited use when species from this

Figure 5. The three main systems that complementarily control the
secretion, movement, and production of the chemicals/VOCs in the
body.

Figure 6. Relative numbers of compounds in each chemical class
detected in the volatolome (reprinted from Ref. [33a] with permission).
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family are considered as disease markers. This flaw can,
however, be circumvented by parallel analysis of exhaled
breath and urine.[74] Here, poor blood/water solubility can be
regarded as an advantage, as it promotes rapid elimination of
volatiles from the blood stream (and body) during pulmonary
gas exchange. Moreover, low blood and water solubility
suppresses gas exchange between the air and mucosa in the
upper airways, thereby preserving the disease-related infor-
mation carried by species of this chemical class (hydro-
carbons).[41b]

Skin can serve as a substantial complementary source of
VOCs to blood, breath, and urine. This is because the skin
volatolome is characterized by a considerable fraction of
carboxylic acids and alcohols. The ample abundance of
species from these chemical classes can be attributed to the
presence of sebum, a unique continuous layer of lipids
(mainly squalene, wax esters, and fatty acids) having photo-
protective, antibacterial, and antimycotic properties.[75]

Sebum is continuously exposed to microbiota activity, oxida-
tive stress from UV radiation, or air pollution. Upon exposure
to ROS, sebum degrades and produces a wide range of
semivolatile and volatile products that are more localized in
the skin; these include aldehydes, ketones, hydrocarbons,
alcohols, and esters.[75, 76]

The molar flow of the VOCs released from bodily fluids
can be rather different from one another, either different
VOCs from the same bodily fluid or similar VOCs from
different bodily fluids. Only sparse data exist on the molar
flow of VOCs, but it clearly shows the differences within each
bodily fluid. For example, in skin emanations, the median
release for isoprene is 4.6 fmolcm¢2 min¢1, for pentane is
5.19 fmol cm¢2 min¢1, and for 6-methyl-5-hepten-2-one is
133 fmolcm¢2 min¢1. In breath, the calculated fluxes for
isoprene is 12 nmol min¢1 person¢1, for acetone is
59.8 fmol cm¢2 min¢1, for acetaldehyde is 7.3 fmolcm¢2 min¢1,
and for dimethyl sulfide is 1.7 fmolcm¢2 min¢1. All have been
calculated based on an alveolar ventilation of 3.3 L min¢1

during sleep.[77]

The related concentration of the expected VOCs from
different sources, as described above, can span from ppmv
levels down to ppbv and pptv levels.[1a, 7] In a recent theoretical
estimation of VOC concentrations in different body compart-
ments it was calculated that VOC concentrations in blood and
fat tissue can reach down to 10¢10m (with an estimation of
1 ppb in breath).[1a] Therefore, to achieve real-world analysis
one will need to use either selective and sensitive systems (e.g.
GC-TOF-MS) for specific identification, or cross-reactive
sensor systems that analyze the total pattern of VOCs (see
Section 5).

In lung cancer studies, VOCs associated with in vitro cell
line studies only partially overlap with lung cancer related
species found in the breath,[27b, 78] namely, some VOCs are
found only in breath, some only in cells, and some in both
(Figure 7a).[2] In another study, the skin volatolome was
compared with that of the breath of a group of human
volunteers by means of a correlation matrix. Figure 7b
presents a heat map of the VOC abundance within the
various samples (1/¢1: maximum positive/negative correla-
tion; zero: no correlation).[4] This showed that the two VOC

sources (skin, breath) are only slightly correlated, whereas the
response within each source is highly correlated. The results
suggest that combined volatolomic data from breath and skin
give a wider VOC profile and, thus, considerably higher
sensitivity and specificity for the detection of health states
compared to a single bodily fluid.[4] However, wider exper-
imental studies are needed to determine the robustness of
such observations.[4]

4.2. Steps Towards the Realization of Hybrid Volatolomics in
Point-of-Care Settings

An important aspect for the “hybrid volatolomics”
concept would be implementing cross-validation models to
show that the VOC profiles in all bodily fluids can be
considered as complementary to each other rather than being
“duplicates”. If VOCs are duplicates, the concern would be as
to how the ratios between VOCs from different sources can

Figure 7. Combining data from different sources can potentially pro-
vide a wider spectrum volatolome. a) Volatile organic compounds that
are informative/indicative (blue) of lung cancer. b) Multivariate correla-
tion, the color map represents the correlation within a matrix of
volunteers samples based on their different VOCs abundance as
analyzed by GC/MS (reprinted from Ref. [4] with permission).
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be interpreted. In either case, for successful implementation
of the “hybrid volatolomics” approach, attention needs to be
paid to the following:
1. The need for reliable identification of the targeted VOC in

human volatolome. Currently, the majority of VOCs have
been identified by GC-MS techniques, where the frag-
mentation spectrum is examined against a common mass
spectral library. Such identification can, however, be
considered only tentative and has to be confirmed. False
identification can occur due to coelution of compounds
(i.e. spectra distortion), lack of respective library spectra,
or mass spectral similarities (e.g. between isomers).
Therefore, it is of particular importance to verify a tenta-
tive identification using alternative techniques (e.g. reten-
tion time matching or retention index matching).[27b, 36a,78c]

In techniques, such as proton transfer reaction time of
flight mass spectrometry (PTR-TOF-MS), the high reso-
lution provided by the TOF mass filter allows exact mass
measurement and, thereby discrimination between iso-
baric compounds.[79] Moreover, additional precursor ions
(e.g. NO+) can help the separation of functional isomers in
some cases.[79] In this context, it is recommended to include
CAS registry numbering for reported VOCs to assist
validation.

2. The need for molar flow (emission rate) data of VOCs as
a way of interpreting the measured VOC concentrations.
Particularly in clinical point-of-care (PoC) environments,
where a fast result is needed, the molar flow has a direct
influence on the selected sampling procedure and time.
For example, the range median emission rates of skin
emanations covered several orders of magnitude (from
0.55 to 4790 fmolcm¢2 min¢1).[51a]

3. The need for standardized collection methods for different
samples to aid comparison of different bodily fluids.
Currently, the collection of headspace samples from
different sources (e.g. blood, cells, urine, feces) can be
taken using a similar VOC collection approach. Con-
versely, breath and skin samples might require different
methods, hence introducing more challenges in this aspect.

By supplementing similar data from different research
groups, a wider dataset can eventually be produced that will
allow comparison and use for chemical, biological, physio-
logical, and clinical studies.

5. Conclusion and Future Perspectives

The volatolomics field has the potential to be a key player
for gaining important biological, chemical, and medical
information, as well as clinical solutions. Almost 2000 differ-
ent constituents of the human volatolome have already been
reported from numerous individual studies looking at VOCs
in a specific compartment—skin, breath, blood, urine, feces,
or cell lines. While the use of VOCs from a single bodily fluid
is sufficient or even preferred in certain cases,[3b, 8, 78a,80]

a combined volatolomic approach could inevitably increase
the diagnostic value of the targeted application (e.g. chemical
data from the breath, urine, and blood of diabetic patients).[81]

Furthermore, hybrid volatolomics combining the spectrum of
volatile and semivolatile organic compounds from all bodily
fluids can provide a wide phenotypic picture of a personÏs
body state. This “hybrid volatolomics” approach is totally
different from some conventional disease diagnosis and
follow-up methods, such as in the case of malignant diseases.
It detects disease based on changes in the blood chemistry and
metabolic activity, and not on the basis of imaging or
pathogenetic morphological changes. Such an operation is
comparably simple, and results can be interpreted automati-
cally. Only positively tested patients will require conven-
tional, unpleasant, and expensive imaging diagnostics (e.g.
biopsy, CT, MRI) to confirm their diagnosis before a decision
on its management and treatment is taken. The benefits of
early stage detection and treatment are anticipated to
significantly increase curability rates and lower healthcare
expenditure. It would also help overcome the heterogeneity
of disease as it relates to the systemic circulation, which
probably represents the total disease burden and not only the
locally examined site.

Some hurdles can still slow down the application of
volatolomics, mainly different confounding factors such as
diet, smoking, and medication. Therefore, using different
control groups as na�ve samples (i.e. before medication
treatment) and blind samples would be most important for
future clinical applications. However, once the proper scien-
tific and technological solutions are found, the potential of
such non-invasive tests would be tremendous.

Comprehensive work remains to be carried out with
respect to current and future technologies for diagnosis using
volatolomics. While highly sophisticated analytical methods
and molecular methods are currently being used in well-
equipped clinical and professional laboratories, the goal is to
achieve fast and inexpensive personalized medicine that can
be introduced globally, including developing countries. The
new high-end analytical systems are necessary as leading
research tools for determining the relevant specific biomark-
ers, but are expensive and are not suitable for PoC analysis,
thus a different approach is needed. One approach would be
sensor array systems, which have been intensively progressing
through both academic studies and technology spinoffs.
Different nanotechnological sensor systems have been devel-
oped, for example, systems based on metal nanoparticles,
piezoelectrics, or colorimetrics and more,[82] thereby paving
the way to real PoC systems. With this in mind, highly
selective sensors might guarantee increased sensitivity. How-
ever, using arrays of cross-reactive sensors may limit that
sensitivity, but, conversely, would relax the constraints on
sensor design. The result could be a multipurpose device with
low to medium levels of sensitivity towards VOCs of interest.
A sensor array combining these recognition approaches
would naturally allow integration to yield a unique signal
for complex, but distinctive, VOCs without requiring the
mixture to be broken down to its individual components. This
array approach is a disadvantage when the precise VOC
composition of a complex mixture is required, but is advanta-
geous when the only required information is the composition
of the VOCs of particular interest and thus might be
preferable in many cases. Following the trend of miniatur-
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ization in the world of technology, a volatolomics testing
system might eventually be contained within a small unit no
bigger than a smart phone.
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