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The development of non-invasive screening techniques for early cancer detection is one of the greatest
scientific challenges of the 21st century. One promising emerging method is the analysis of volatile
organic compounds (VOCs). VOCs are lowmolecular weight substances generated as final products of cel-
lular metabolism and emitted through a variety of biological matrices, such as breath, blood, saliva and
urine. Urine stands out for its non-invasive nature, availability in large volumes, and the high concentra-
tion of VOCs in the kidneys. This review provides an overview of the available data on urinary VOCs that
have been investigated in cancer-focused clinical studies using mass spectrometric (MS) techniques. A
literature search was conducted in ScienceDirect, Pubmed and Web of Science, using the keywords
‘‘Urinary VOCs”, ‘‘VOCs biomarkers” and ‘‘Volatile cancer biomarkers” in combination with the term
‘‘Mass spectrometry”. Only studies in English published between January 2011 and May 2020 were
selected. The three most evaluated types of cancers in the reviewed studies were lung, breast and pros-
tate, and the most frequently identified urinary VOC biomarkers were hexanal, dimethyl disulfide and
phenol; with the latter seeming to be closely related to breast cancer. Additionally, the challenges of ana-
lyzing urinary VOCs using MS-based techniques and translation to clinical utility are discussed. The out-
come of this review may provide valuable information to future studies regarding cancer urinary VOCs.
� 2020 The Association for Mass Spectrometry: Applications to the Clinical Lab (MSACL). Published by

Elsevier B.V. All rights reserved.
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1. Introduction

Cancer is a major public health problem, leading to a huge num-
ber of mortalities each year. According to the World Health Orga-
nization (WHO), cancer is the second leading cause of death
worldwide, responsible for approximately 9.6 million deaths in
2018; equating to about 1 in 6 deaths [1]. Furthermore, the inci-
dence has been increasing. In 2018 approximately 18.1 million
new cases were reported, and in 2040 it is estimated it will be near
29.4 million [2]. The earlier cancer is detected, the better the
chances are for recovery, and the sooner an appropriate treatment
can be implemented, the more likely it is to be effective. However,
there are two major obstacles to identification and early treat-
ment: first, there is a general paucity of easily identifiable signs
and symptoms in the early stages of cancer, and even when there
are signs, diagnosis frequently requires many expensive, invasive
and time demanding procedures [3–5]. For these reasons, there is
a global need for the research and development of low cost, rapid
and non-invasive methodologies for early diagnosis, to reduce the
time spent in different stages of health care systems and improve
the chances of recovery [6,7].

Metabolomics is an emerging field that has significant untapped
potential for biomarker discovery and translation to cancer screen-
ing and early diagnosis [8,9]. A recent and promising metabolomic
approach is ‘‘volatilomics”, the study of volatile organic com-
pounds (VOCs) produced in human body and emitted through
breath, blood, urine, saliva, sweat, feces and other biological matri-
ces [6,10–12]. VOCs are low molecular weight substances that are
generated as final products of cellular metabolism, exhibiting a
high-vapor pressure and low boiling point (below 250 �C) [11].
Compared to other types of metabolites, which must be extracted
from tissues or body fluids before analysis, VOCs are directly acces-
sible in the gaseous phase (headspace), thus requiring minimal
sample preparation and allowing non-invasive and real-time mon-
itoring [13]. It is well-known that diseases alter the physiological
and metabolic status of an individual; therefore, in pathological
conditions it would not be unexpected if the concentrations of
VOCs changed and/or new VOCs were generated. Consequently, a
number of studies have been performing headspace analyses in
clinical settings for the diagnosis of diabetes [14], ulcerative colitis
[15], asthma [16], chronic obstructive pulmonary disease [17], irri-
table bowel syndrome [18], and, especially, cancer [19–22].

As mentioned previously, VOCs are released through a variety of
biological matrices, including bodily fluids and cell lines [10,23–
24]. Therefore, numerous matrices may be explored in the context
of VOC analysis for cancer biomarker discovery. The majority of the
studies in the literature are related to breath analysis, with a spe-
cial focus on lung cancer [25]. Reviews on VOC breath biomarkers
in cancer can be found elsewhere [26–28]. Urine is another non-
invasive specimen-type which is available in large volumes and
the analytes excreted are already concentrated by the kidney.
Hence, it is a well-suited source of VOCs for metabolic profiling,
and has been extensively explored using metabolomics approaches
to identify cancer biomarkers [8,29–31]. After breath, urine is the
main biological matrix used to detect VOCs in various types of
28
cancers [25]. Regardless of the matrix, VOCs differ between indi-
viduals due to a number of uncontrolled variables, such as genetics,
environment, therapeutics, diet, and smoking habits, making VOC
assessment analytically challenging [3].

VOC analysis can be performed using a number of different
tools. Gas chromatography coupled to mass spectrometry (GC–
MS) is the gold standard technique employed for the chemical
characterization of VOCs as cancer biomarkers [32]. However,
other MS-based techniques, such as selected ion flow tube mass
spectrometry (SIFT-MS) and proton transfer reaction mass spec-
trometry (PTR-MS) have also been successfully used for this pur-
pose [33–35]. In addition, pattern recognition sensor arrays, such
as electronic noses (eNose), and ion mobility spectrometry (IMS)
based techniques are also employed to create specific ‘‘odor finger-
prints” of VOC profiles. [36–38]. Finally, studies have shown that
sniffer dogs can be trained to detect the presence of cancer, espe-
cially in urine samples [39–41]. There are a number of reviews that
describe the techniques used to detect VOC cancer biomarkers in
the literature. However, they are usually focused on breath analy-
sis [27], on one specific type of cancer (mainly lung) [42], on canine
and eNose methods [43,44], or they approach only the non-
separative mass spectrometric (MS) techniques [45].

In contrast, here we focus on mass spectrometry (MS)-based
clinical studies of urinary VOCs as cancer biomarkers. Firstly, we
provide a brief overview of the VOCs found in urine; then we
review the most recent decade of published evidence covering
the use of MS to detect urinary VOCs for cancer diagnosis, high-
lighting the methods performed and possible biomarkers; and
finally we focus on the three most reported cancer types: lung,
breast and prostate.

2. Literature search

A literature search was carried out in ScienceDirect, Pubmed
and Web of Science, using the keywords ‘‘Urinary VOCs”, ‘‘VOCs
biomarkers” and ‘‘Volatile cancer biomarkers” in combination with
the term ‘‘Mass spectrometry”. Additionally, the search was sup-
plemented by further checking the references present in pertinent
articles. Only studies published in English and appearing in peer-
reviewed journals between January 2011 and May 2020 were eval-
uated. In total, 72 papers were analyzed and 25 were included for
full-text review. Only papers that conducted cancer clinical studies
analyzing the urinary VOC profiles using MS-based methods were
considered fit for our evaluation. It is worth mentioning that most
of the excluded studies were related to the analysis of other types
of biological matrices (mainly breath) [46], or used other tech-
niques to analyze VOCs present in urine, such as sniffing dogs
[47] or pattern recognition sensor methods [48].

3. VOCs in urine

The exact biochemical mechanisms by which VOCs are gener-
ated in our body is not yet fully understood. However, studies indi-
cate that the reactive oxygen species (ROS) generated as part of the
cellular respiration process may react with many structures,
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including cell membranes, proteins, DNA and RNA, and can gener-
ate small volatile molecules that are emitted by different body flu-
ids [10,11,49]. In addition, these VOCs may be converted into
different compounds by enzymatic reactions, which take place
mainly in the liver via cytochrome P450 (CYP450) enzymes
[10,11]. For example, alkenes may be generated by oxidative stress
and then converted into alcohols via CYP450 activity [49]. More
details about VOC origin can be found elsewhere [11,49].

The VOCs are mainly transported in our body through the blood
and pass into urine after renal filtration [11]. In total, 279 urinary
volatile compounds were identified and compiled in a review by
de Lacy Costello and collaborators [50]. The VOCs in urine are con-
sidered intermediate or end products of metabolic pathways, and
cover a range of chemical classes, such as ketones, alcohols, alde-
hydes, carboxylic acids, amines, furans, pyrroles, hydrocarbons
and sulfur compounds [50,51]. Compared to other bodily fluids,
urine contains a larger number of ketones, which arise from enzy-
matic liver function and/or bacterial action in the gut [11,50]; in
addition, very low amounts of esters have been reported [50].
Finally, a large number of terpenes are described (also in saliva)
and are hypothesized to originate from the diet [50].

As mentioned previously, urine has been used for VOC analysis
in a number of studies since it is a non-invasive matrix that is easy
to collect and can be obtained in large volumes [3]. In addition, uri-
nary VOCs may be detected in higher concentrations since urine is
relatively less complex, presenting fewer matrix interferences
compared to blood, for instance, and VOCs are also concentrated
by the kidneys before excretion [3,10]. However, a drawback is that
urinary VOCs may be affected by the ingestion of medications, food
and/or drink, which must be taken into consideration when a VOC
is considered as a candidate for a disease biomarker [51]. Alter-
ations in urinary VOC patterns have been observed in a series of
metabolic disorders. For instance, in maple syrup urine disease,
the strong smell of maple syrup in urine is due to high levels of
keto acids (keto acidosis), and in diabetes mellitus, acetones and
ketones (mainly 4-heptanone) are also present in higher amounts
[10,52]. Urinary VOC patterns in cancer patients are often different
from those found in the urine samples of control subjects, and
these differences depend also on cancer type and stage [51]. Thus,
possible cancer biomarkers and the MS-based methods used to
assess urinary VOCs will be discussed in the following section.
4. Diagnosing cancer via determination of urinary VOCs using
MS techniques

4.1. Analytical methods overview

The main MS-based technique that has been employed in uri-
nary VOC cancer biomarker research is GC–MS. This method was
used in 21 of the 25 evaluated studies (84%). VOC analyses using
GC–MS usually require a preconcentration step to increase
detectability [53]. Fifteen studies used the solid phase microextrac-
tion (SPME) method for this purpose. SPME is a solventless tech-
nique based on the sorption of analytes by an extracting phase
immobilized over the surface of a fused-silica fiber which can be
immersed in the sample or placed within its headspace [54]. SPME
is a well-established procedure, which has been performed in VOC
analysis since the early 90 s [55]; thus, it was expected that this
technique would be the most employed procedure. However, other
preconcentration techniques have been used, such as Needle Trap
(NT) devices, which were employed in three studies [56,57,58]. NT
involves a stainless-steel needle packed with a sorbent bed that is
used for the extraction of gaseous samples [59]. The claimed main
advantage of NT over SPME is that the sensitivity of an NT method
can be improved by increasing the sample volume, since it is an
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exhaustive technique [60]. In addition, one study performed a Stir
Bar Sorptive Extraction (SBSE) [61], which is a similar approach to
SPME, where a stir bar coated with a sorbent is used to extract the
VOCs from a liquid sample [62].

GC–MS is an extremely useful tool; however, it is expensive,
requires highly trained personnel and it is not easy to implement
in clinical settings, mainly due to its lack of portability [3,63].
Therefore, simpler and less expensive MS-based techniques have
been used for VOCs analysis, such as SIFT-MS [64]. SIFT-MS is a
technique that exploits a fast flow tube reactor combined with
chemical ionization to analyze trace amounts of VOCs in air sam-
ples [65]. SIFT-MS does not require a preconcentration step and
can be performed in real-time (online) for the quantification of
VOCs; hence, it is a method that is widely used in breath analysis
for VOC biomarkers [65]. More details on SIFT-MS principles and
applications can be found elsewhere [65,66]. Urine is less fre-
quently analyzed using SIFT-MS than breath samples [45], with
only two of the evaluated studies using this technique to detect
urinary VOC biomarkers [67,68]. Thus, it is a method that may be
further explored in future studies.

It is important to mention that one study performed an unusual
method to asses urinary VOCs: they used high-field asymmetric
waveform ion mobility spectrometry (FAIMS) coupled with Liquid
Chromatography Mass Spectrometry (LC-MS) to assess VOC pat-
terns in colorectal cancer [69]. This work demonstrated that cancer
patients presented different urinary VOC profiles from non-cancer
controls, although the authors did not discuss compound identifi-
cation. Finally, one study performed urine analysis coupling a
headspace sampler, a programed temperature vaporizer and a
mass-spectrometer (HS-PTV-MS) [70]. In this way, the analytes
were introduced directly into the MS, which allows one to obtain
a volatile fingerprint of the samples, although no biomarkers were
identified [70].

An overview of the reported studies and their respective detec-
tion methods and possible biomarkers are listed in alphabetical
order of first authors in Table 1. Details on biomarkers will be dis-
cussed in the following section.
4.2. Urinary VOCs cancer biomarkers

As shown in Table 1, 12 different types of cancer were evaluated
in clinical studies through the analysis of urinary VOCs by MS-
based techniques between January 2011 and May 2020. The most
studied type of cancer was lung (5), followed by breast (4) and
prostate (4).

These results are consistent with reports from the World Health
Organization indicating that lung and breast are the two most
common types of cancer, and prostate is the fourth [1]. However,
other high frequency types of cancers, such as ovarian, endometrial
and thyroid were not reported. In order to better visualize the data,
Fig. 1 presents the types of cancer and the number of studies in
which they were reported. It is important to mention that two
works evaluated more than one type of cancer: Porto-Figueira
et al. (breast and colon) [56] and Silva et al. (colorectal, leukemia
and lymphoma) [82]. Additionally, colon and colorectal were con-
sidered different types of cancer, according to Lee et al. [98].

A total of 188 different urinary VOCs were reported as possible
cancer biomarkers, largely comprising ketones, aldehydes, car-
boxylic acids, alcohols, furans, phenols, sulfur compounds and
hydrocarbons (mainly monoterpenes and benzene derivates).
Twenty-two of the twenty-five evaluated studies contributed to
the identification of biomarkers, with an average of approximately
14 clinically relevant substances per study. These substances were
chosen as possible biomarkers because they were present in signif-
icantly different levels between the cancer patient group and con-



Table 1
Summary of the analytical methods and the possible urinary volatile biomarkers (alphabetical order).

First author (Year) Cancer type Method Possible biomarkers (Number of VOCs) Ref

Arasaradnam (2014) Colorectal FAIMS and GC–MS Not reported [71]
Cauchi (2016) Bladder SPME-GC–MS (16): 2,3-Butanedione; 2-Butanone; 2-Pentanone; 2-Propanol; 3-Hydroxyanthranilic acid; 4-Heptanone; Acetic acid;

Benzaldehyde; Benzoic acid; Butyrophenone; cis-3-Hexanoic acid; Dimethyl disulfide; Hexanal; Piperitone; Thujone; trans-3-
Hexanoic acid.

[72]

Gao (2019) Prostate SBSE-GC–MS (11): 1-(2,4-Dimethylphenyl)-3-(tetrahydrofuryl-2)propane;1,1,1,5,5,5-hexamethyl-3,3-bis[(trimethylsilyl)oxy]-Trisiloxane;
1,1,3,3,5,5,7,7,9,9-decamethyl-pentasiloxane; 1-Propylpentachlorotriphosphazene; 2,6-Di-t-butyl-4-hydroxymethylene-
2,3,5,6-detetrahydrocyclohexanone; 2-Amino-Imidazole-5-carboxylic acid; 4-(3,4-dihydro-2,2,4-trimethyl-2H-1-
benzopyran-4-yl)-phenol; 4-Nitro-40-chlorodiphenylsulfoxide; Estradiol; Ethyl à-hydroxymyristate trisiloxane; Phthalic acid,
bis(7-methyloctyl) ester.

[61]

Guadagni (2011) Lung SPME-GC–MS Hexanal [73]
Hanai (2012) Lung SPME-GC–MS (4): 2-Ethyl-1-hexanol; 2-Methylpyrazine; 2-Pentanone; Tetrahydrofuran [74]
Hua (2018) Lymphoma SPME-GC–MS (5): 2,6-Dimethyl-7-octen-2-ol; 2-Methylbutanal; 2-Methylpyrazine; 4-Heptanone; Decanoic acid. [75]
Huang (2013) Gastroesophageal SIFT-MS (7): Acetaldehyde; Acetic Acid; Acetone; Hexanoic Acid; Hydrogen Sulfide; Methanol; Phenol [67]
Jiménez-Pacheco (2018) Prostate SPME-GC–MS (9): 2,6-Dimethyl-7-octen-2-ol; 2-Butanone; 2-Ethylhexanol; 3,5-Dimethylbenzaldehyde; 3-Methylphenol; Furan; Phenol; P-

xylene; Santolina Triene.
[76]

Jobu (2012) Bladder NTME-GC–MS (6): Ethylbenzene; Nonanoyl chloride; Dodecanal; 2-Nonenal; 5-Dimethyl-3(2H)- Isoxazolone. [58]
Khalid (2015) Prostate SPME-GC–MS (4): 2,6-Dimethyl-7-octen-2-ol; 2-Octanone; 3-Octanone; Pentanal. [77]
Lima (2019) Prostate SPME-GC–MS (6): 2,5-Dimethylbenzaldehyde; 3-Phenylpropionaldehyde; 4-Methylhexan-3-one; Dihydroedulan IA; Hexanal;

Methylglyoxal.
[78]

McFarlane (2019) Colorectal LC-FAIMS-MS Not reported [69]
Monteiro (2017) Renal Cell

Carcinoma
SPME-GC–MS (2): 2-Oxopropanal; 2,5,8-Trimethyl-1,2,3,4-tetrahydronaphthalene-1-o. [79]

Navaneethan (2015) Biliary Duct SIFT-MS (3): 2-Propanol; Carbon disulfide; Trimethyl amine [68]
Opitz (2018) Head and Neck SPME-GC–MS (35): 2-Methyl-5-(methylthio) furan; 2-Methylbutanal; 2-Methyl-butyric acid; 2-Methylthiophene; 3,4-Dehydro-b-ionone;

3,4-Dimethyl-2, 5-furanedione; 3-Heptanone; 3-Methyl-2-heptanone; 4-Methyl-2-heptanone; 4-Tert-butylphenolpheno;
Acetone; Benzene; Dimethyl disulfide; Dimethyl trisulfide; Ethanoic acid; Ethylbenzene; Furan; Heptanal; Hexanal; Linalool;
m-Cresol; Nonanal; Phenol; Styrene; Tetrahydro-2, 2-dimethyl-5-(1-methyl �1-propenyl) furan; Tetrahydro2,2,5,5-
tetramethylfuran; Thiophene; a-Terpineol.

[80]

Porto-Figueira (2018)b Lung NTME-GC–MS (29): 1,1,3-Trimethyl-1H-indene; 1,2,3-Trimethylbenzene; 1,4-Cineole; 1,6-Dimethylhepta-1,3,5-triene; 1-Ethyl-3-
methylbenzene; 2,2,6-Trimethyl-6-vinyltetrahydropyran; 2,3-dihydro-1,1,5,6-tetramethyl-1H-indene; 2,4-Dimethyl-3-
pentanone; 2-Butanone; 2-Ethyl-5-methylfuran; 2-Heptanone; 3,3-Dimethyl-6-methylenecyclohexene; 3,5-Di-t-
butylphenol; 3-Hexanone; 4-tert-Butylphenol; Acetaldehyde; Acetone; Carbon disulfide; Carvacrol; Dimethyl sulfde;
Hexanal; Isoterpinolene; Methyl chloride; p-Cresol; Tiophene; a-Calacorene; a-Curcumene; a-Phellandrene; a-Terpinene.

[57]

Porto-Figueira (2018)a Breast NTME-GC–MS (53):1-(2,6,6-Trimethyl-1,3-cyclohexadien-1-yl)-2-buten-1-one; 1-(4-methoxyphenyl)-1,3-butanedione; 1,2,3,4-tetrahydro-
1,4,6-trimethylnaphthalene; 1,2,3,4-tetrahydro-1,5,8-trimethylnaphthalene; 1,2,3-Trimethylbenzene; 1,2,5,5,6,7-
Hexamethylbicyclo[4.1.0]hept-2-en-4-one; 1,2,5,5-Tetramethyl-1,3-cyclopentadiene; 1,2-Dihydro-1,5,8-
trimethylnaphthalene; 1,4-Cineole; 1,5,5-Trimethyl-6-methylene-cyclohexene; 1,6,7-Trimethylnaphthalene; 1,6-
Dimethylhepta-1,3,5-triene; 2,20-Ethylidenebis(5-methylfuran); 2-Acetyl-6-methoxynaphthalene; 2-Acetylfuran; 2-
Bromophenol; 2-Methylbutanal; 2-Methylfuran; 2-Pentylfuran; 3,3-Dimethyl-6-methylenecyclohexene; 3-Hexanone; 3-
Methylfuran; 4-Heptanone; 4-tert-Butyl-2-Bromophenol; 4-tert-Butylphenol; 6-methyllilolidine; 7,7-Dimethyl-9-oxatricyclo
[6.2.2.0(1,6)]dodecan-10-one; 9-Methyl-S-octahydrophenanathracene; Benzene, 1,2,3,4-tetramethyl-5-(1-methylethyl)-;
Benzoic Acid; Butanal; Carbon disulfide; Cyclohexene, 5-methyl-3-(1-methylethenyl)-, trans-(-)-; Dehydro-Ar-ionene;
Dehydro-b-ionone; Dihydromyrcenol; Dimethyl disulfide; Ethanone, 1-(2,4,5-triethylphenyl)-; Ethyl ether; Furan; Guaiacol;
Lavender lactone; m-Anisalcohol; Octanoic Acid; o-Cymene; p-Cresol; Pentane; Phenol; Thiophene; Trans-2-Methyl-1,3-
pentadiene; a–Curcumene; a–Terpinene; c-Terpinene.

[56]

Colon NTME-GC–MS (41): 1-(4-methoxyphenyl)-1,3-butanedione; 1,2,3-Trimethylbenzene; 1,2,5,5,6,7-Hexamethylbicyclo[4.1.0]hept-2-en-4-
one; 1,2,5,5-Tetramethyl-1,3-cyclopentadiene; 1,3-Dimethyl-1-cyclohexene; 1,5,5-Trimethyl-6-methylene-cyclohexene;
1,6,7-Trimethylnaphthalenel; 1,6-Dimethylhepta-1,3,5-triene; 2,2,6-Trimethylcyclohexanone; 2,4-Dimethyl-3-pentanone; 2-
Acetylfuran; 2-Ethyl-5-methylfuran; 2-methoxy-5-methyl-Thiophene; 2-methyl-5-(methylthio)furan; 2-Methylfuran; 2-
Pentylfuran; 3,3-Dimethyl-6-methylenecyclohexene; 3,5-Di-t-butylphenol; 3-Hexanone; 3-Methylfuran; 4-tert-Butyl-2-
Bromophenol; 4-tert-Butylphenol; 5-Methylfurfural; 7,7-Dimethyl-9-oxatricyclo[6.2.2.0(1,6)]dodecan-10-one; Butanal;
Carbon disulphide; Dehydro-Ar-ionene; Dimethyl disulfide; Dimethyl sulphide; Ethanone, 1-(2,4,5-triethylphenyl)-; Ethyl
ether; Furan; Guaiacol; Isoprene; m-Anisalcohol; Methanethiol; Methyl allyl disulphide; p-Cresol; Pentane; Phenol;
Thiophene.
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trol group. The statistical methods and criteria to identify the
biomarkers can be found in the original studies.

The disparity in results between the groups can most likely be
explained by two reasons. First, the lack of standardized proce-
dures for VOC analysis and statistical treatment of data, which is
a common problem and debated subject in the field of VOC assess-
ment [26,28,32,88]. Second, as already mentioned, urinary VOCs
may vary according to the patients’ type and stage of cancer, and
also according to their genetics, lifestyle and environmental expo-
sures [51,89].

However, despite a lack of standardization leading to divergent
results, some VOCs consistently appear in several cancer types. To
better interpret the biomarkers present in Table 1, we filtered the
clinically-relevant substances that were reported in four or more
types of cancer, or in four or more studies. These compounds are
listed in Table 2 along with their Chemical Abstracts Service
(CAS) number, and any cited concentration change (up for
increased and down for decreased). Of the 188 different urinary
VOCs reported as possible biomarkers, 16 were categorized as
highly relevant. The three most frequent biomarkers were hexanal,
dimethyl disulfide and phenol. As they are the most reported sub-
stances, they will be discussed later in more detail. However, it is
relevant to mention that for obtaining an unambiguous diagnosis,
it is also important to set a chemometric fingerprint consisting of
multiple of substances, not just one compound [26].

Hexanal is a possible biomarker reported in 6 articles and
related to 7 types of cancer. This compound is one of the main tar-
gets in lung cancer studies and is reported at significantly higher
levels in different biological matrices, such as blood and breath
when comparing cancer patients and healthy controls [26,90].
Increased levels of hexanal and other aldehydes, in general, may
be related to the elevated activity of ROS originating from cancer
cells and their surrounding environment [11,90]. Cauchi et al.
[72], Guadagni et al. [73] and Opitz et al. [80], who evaluated blad-
der, lung, and head and neck cancer, respectively, presented statis-
tically higher levels of hexanal in urine. However, Lima et al. [78]
and Silva et al. [82], who evaluated prostate, and colorectal, lym-
phoma and leukemia, respectively, reported that hexanal was actu-
ally presented in significantly lower levels in cancer patients.
Interestingly, the other aldehydes present in Table 2, follow the
same trend: heptanal is reported in significantly increased levels
in one study [80] and in decreased levels in another [82]; and
the same with 2-Methyl-3-phenyl-2-propenal: increased in Silva
et al. 2011 [82] and decreased in Silva et al. 2019 [84]. Hence, hex-
anal may be considered as a urinary VOC related to cancer, but
more studies focused on pathway dysregulation are needed in
order to investigate what is potentially causing the disparity
between the levels of volatile aldehydes present in urine.

Dimethyl disulfide was presented as a possible biomarker in 7
of the 12 types of cancer reviewed and it was reported in 5 differ-
ent studies. This substance is an example of a sulfur compound, a
class that is highly present in urine and one of the main factors
responsible for its odor [91,92]. Volatile sulfur metabolites are pro-
duced mainly by incomplete metabolism of methionine in the
transamination pathway, which is often down-regulated in cancer
patients [83]. In this sense, according to Table 2, dimethyl disulfide
was presented in statistically significantly lower levels in five can-
cer types (bladder, breast, colorectal, leukemia and lymphoma)
[72,82,83] and increased in only one (head and neck) [80]. In addi-
tion, carbon disulfide, another sulfur volatile compound considered
as a relevant biomarker [56,57,68], was reported to be present in
lower levels in one study [68]. Thus, down-regulation of sulfur
metabolites in urine may be a common feature of tumor growth.
In this respect, dimethyl disulfide, as a VOC urinary cancer biomar-
ker, is a good candidate for further study.



Fig. 1. Number of published cancer studies using VOCs between January 2011 and May 2020 according to cancer type.

Table 2
Biomarkers identified in four or more types of cancer or in at least four studies.

Substance CAS N� of cancer
types

N� of
studies

Cancer types Concentration
change

Reference

Hexanal 66-25-1 7 6 Bladder, Lung(2), Colorectal, Head and Neck, Leukemia,
Lymphoma, Prostate,

Up 72,73,80
Down 78,82

[57,72,73,78,80,82]

Dimethyl disulfide 624-92-
0

7 5 Breast (2), Colon, Colorectal, Bladder, Head and Neck,
Lymphoma, Leukemia

Up 80
Down 72,82,83

[56,72,80,82,83]

Phenol 108-95-
2

6 7 Breast (3), Colon, Gastroesophageal, Head and Neck, Renal
Cell Carcinoma, Prostate

Up 76,
80,83,85,87
Down 67

[56,67,7680,83,85,87]

3-Heptanone 106-35-
4

6 4 Breast, Colorectal, Head and Neck Leukemia, Lymphoma ,
Lung

Up 80–83 [80–83]

4-Heptanone 123-19-
3.

4 5 Bladder, Breast(2), Lymphoma, Renal Cell Carcinoma Up 75,84
Down 72,87

[56,72,5,84,87]

2-Butanone 78-93-3 4 4 Bladder, Head and Neck, Lung, Prostate Up 72,76
Down 80

[57,72,76,80]

Furan 110-00-
9

4 4 Breast(2), Colon, Head and Neck, Prostate Up 76,80,85 [56,76,80,85]

Carbon disulfide 75-15-0 4 3 Biliary Ducts, Breast, Colon, Lung Down 68 [56,57,68]
4-tert-Butylphenol 98-54-4 4 3 Breast, Colon, Head and Neck, Lung Up 80 [56,57,80]
p-Cymene 99-87-6 4 2 Breast, Colorectal, Leukemia, Lymphoma Up 82

Down 84
[82,84]

Heptanal 111-71-
7

4 2 Colorectal, Head and Neck, Leukemia, Lymphoma, Up 80
Down 82

[80,82]

2-Methyl-3-phenyl-
2-propenal

101-39-
3

4 2 Breast, Leukemia, Lymphoma, Colorectal Up 82
Down 84

[82,84]

1,2,4-
Trimethylbenzene

95-63-6 4 2 Breast, Colorectal, Leukemia, Lymphoma Up 82,83 [82,83]

c-Terpinene 99-85-4 4 2 Breast, Colorectal, Leukemia, Lymphoma Up 82 [56,82]
2,6-Dimethyl-7-

octen-2-ol
18479-
58-8

3 4 Head and Neck, Lymphoma, Prostate (2) Down 76,77,86 [75–77,86]

Acetic acid 64-19-7 3 4 Breast(2), Bladder, Gastroesophageal Up 67,85
Down 72,84

[67,72,84,85]
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Finally, phenol was the most reported biomarker, being present
in 7 studies [56,67,76,80,83,84,87] and related to 6 different types
of cancer (breast, colon, gastroesophageal, head and neck, renal cell
carcinoma and prostate). Phenols are one of the major chemical
families identified in urine from oncologic groups [84] and their
formation is considered to be related to the metabolism of tyrosine
by the gut microbiota [50]. In addition, alterations in urinary levels
of phenol may correlate with breast cancer, since three of the four
reviewed articles mention this compound as a possible VOC bio-
marker [56,83,84].

In the next section, the three most reported cancer types pre-
sented in this review, lung, breast and prostate, will be discussed
in greater depth.
32
4.2.1. Lung cancer
Four of the five reviewed lung cancer studies suggested possi-

ble biomarkers. In total, these four studies reported 36 different
urinary VOC biomarkers and only hexanal was present in more
than one report [57,73]. High levels of this compound have been
related to lung cancer in other matrices, such as blood [93] and
breath [94], and also in studies that evaluated urinary VOCs
through non MS-based analysis, such as Liu et al. [95]. Therefore,
it is likely that significantly higher levels of hexanal may be
related to lung cancer. However, elucidating the exact mechanism
causing this elevation should be further studied, as in other types
of cancers the levels of this aldehyde are significantly decreased
[78,82].
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As hexanal was the only biomarker reported in more than one
study, the results regarding urinary VOCs related to lung cancer
are clearly inconsistent, despite it being the most studied type of
cancer among those reviewed. This inconsistency could be related
to the lack of standardized analysis, and/or limitations in the
cohort size. The four works that suggested potential biomarkers
utilized three different techniques: SPME-GC-MS [73,74], NTME-
GC-MS [57] and HS-GC-MS [81]. Only Santos et al. [81] used crea-
tinine measurement to normalize dilution factors. Regarding the
cohort size, the studies evaluated between 10 and 20 cancer
patients, a relatively low number that may have contributed to
the variance in results.

Regarding the methods’ ability to distinguish between lung can-
cer and control samples, the study that presented the best results
was that of Ramos et al. [70]. Interestingly, this is the only work
that did not suggest any biomarkers since they used a non-
separative analysis based on HS-PTV-MS combined with pattern
recognition techniques to obtain a ‘‘urinary odor fingerprint” of
lung cancer. Their predictive model achieved 100% sensitivity
and specificity.

The analytical method, cohort, sensitivity and specificity (if
mentioned in the article) of the reviewed lung cancer studies have
been summarized in Table 3 in alphabetical order.

4.2.2. Breast cancer
Breast cancer had the highest number of possible VOC biomark-

ers, with 73. Among them, 9 VOCs were reported in at least two
studies: 2-pentylfuran [56,84], 4-heptanone [56,84], acetic acid
[84,85], dimethyl disulfide [56,83], furan [56,85], guaiacol
[56,85], p-cresol [56,85] a-terpinene [56,84] and phenol
[56,83,85]. Phenol seems to be the most promising biomarker,
since 3 of the 4 studies reported statistically higher levels of this
compound in breast cancer samples. Additionally, in the only study
where this substance was not considered a biomarker, phenol was
also reported at elevated levels in the urine of cancer patients com-
pared to controls [84]. The mechanism that leads to phenol pro-
duction by cancer cells and/or its environment is not yet fully
understood, but some studies indicate that it may be related to
alterations in aromatic amino acid (mainly tyrosine) metabolism
[50,96,97]. As mentioned previously, p-cresol, which is a methyl
phenol produced mainly via gut microbiota degradation of tyrosine
[99], was reported in significantly higher levels in two breast
Table 4
Analytical method, cohort, main metabolic alterations of the four reviewed breast cancer

First Author (year) Method Cohort Main metabolic

Porto-Figueira
(2018)a

NTME-GC–MS 30 cancer � 60 control Dysregulation in
metabolism by c

Silva (2012) SPME-GC–MS 26 cancer � 21 control Dysregulation in
Silva (2019) SPME-GC–MS 31 cancer � 40 control Dysregulation in
Taunk SPME-GC–MS 65 cancer � 70 control Dysregulation in

fatty acid biosyn

Table 3
Analytical method, cohort, sensitivity and specificity of the five reviewed lung cancer stud

First Author (year) Method Cohort

Guadagni (2011) SPME-GC–MS 10 cancer � 25 con
Hanai (2012) SPME-GC–MS 20 cancer � 20 con
Porto-Figueira (2018) NTME-GC–MS 17 cancer � 30 con
Ramos (2017) HS-PTV-MS 14 cancer � 24 con
Santos (2017) HS-GC–MS 12 cancer � 12 con
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cancer studies [56,85]. Therefore, there might be a link between
breast cancer, tyrosine metabolism and higher levels of phenol
and p-cresol in urine. However, the exact mechanisms that lead
to these changes are still not well known.

The breast cancer articles reviewed appear to be from the same
research group, with the only difference being the techniques uti-
lized: NTME-GC–MS versus SPME-GC–MS. This may explain why it
has more possible VOC biomarkers in common than the lung can-
cer studies. Yet, some inconsistencies are still present, such as acid
acetic being up-regulated in Taunk et al. [85] and down-regulated
in Silva et al. [84]. This may be due to the fact that in Taunk et al.
[85] the samples were collected in India, and in Silva et al. [84] they
were from Portugal, which reinforces that life habits and genetic
factors influence the VOC profile and this should be further studied
in depth with larger cohorts. Although the number of patients and
controls in the breast cancer studies were larger than that of lung,
they are still far from ideal.

The breast cancer articles reviewed do not focus their discus-
sions on method sensitivity and specificity, but rather on which
metabolic pathways were dysregulated in cancer samples. In fact,
there are common metabolic pathways that are altered in two or
more studies. For instance, the pyruvate pathway was reported
to be up-regulated in two studies [84,85]. Both studies cite acetic
acid as a metabolite that has a central influence on this dysregula-
tion; however, as mentioned previously, this VOC is reported as
down-regulated in Silva et al. [84] and up-regulated in Taunk
et al. [85], which emphasizes the need for further studies on the
influence of genetics and lifestyle on the urinary VOC levels, and
also further investigation between the relation of acetic acid levels
and breast cancer. The synthesis and degradation of ketone bodies
were also altered in two studies [83,85], and the authors hypothe-
sized this is due to the fact that cancer cells prefer to use ketone
bodies as an energy source under hypoxic conditions. In addition,
sulfur metabolism requires special attention since it was reported
as up-regulated in 3 of the 4 reviewed studies [83,84,85]. Regard-
ing the urinary sulfur compounds, dimethyl disulfide [83] and tri-
methyl trisulfide [84] were present in significantly lower levels in
cancer patients, while dimethyl trisulfide was reported as up-
regulated [85].

The analytical method, cohort, and the main metabolic alter-
ations of the reviewed breast cancer studies are summarized in
Table 4 in alphabetical order.
studies.

alterations Reference

phenylalanine pathway, butanoate metabolism, and xenobiotics
ytochrome P450

[56]

ketones and sulfur compounds metabolism [83]
pyruvate pathway and sulfur compounds metabolism [84]
pyruvate pathway, sulfur, ketones and tyrosine metabolism, and
thesis

[85]

ies.

Sensitivity Specificity Reference

trol – – [73]
trol 0.95–1 0.70–1 [74]
trol – – [57]
trol 1 1 [70]
trol 0.75–1 0.80–1 [81]



Table 5
Analytical method, cohort, sensitivity, specificity and accuracy of the five reviewed prostate cancer studies.

First Author (year) Method Cohort Sensitivity Specificity Accuracy Reference

Gao (2019) SBSE-GC–MS 55 cancer � 53 control 0.96 0.8 87% [61]
Jiménez-Pacheco (2018) SPME-GC–MS 29 cancer � 21 control – – – [76]
Khalid (2015) SPME-GC–MS 59 cancer � 43 control 0.8 0.57 63–65% [77]
Lima (2019) SPME-GC–MS 40 cancer � 42 control 0.89 0.93 86% [78]
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4.2.3. Prostate cancer
In total, 29 urinary VOCs were reported as possible biomarkers

in the four reviewed prostate cancer articles. As with the lung can-
cer studies, a lack of standardization may have been a primary
main reason why only one biomarker was replicated between
the prostate cancer reports. For instance, in a study carried out
by Jiménez-Pacheco et al. [76] urine samples were collected from
patients at different periods of the day, which could lead to differ-
ing patterns of VOCs, while also increasing the number of con-
founding factors.

The only compound repeated between them (i.e., 2,6-Dimethyl-
7-octen-2-ol) appears to be an interesting biomarker for further
evaluation, since in both studies [76,77] this VOC is present in sig-
nificantly lower levels in cancer patients. A possible explanation
for this pattern is that cancerous cells may be using this metabolite
as an energy source [77]. However, the presence of 2,6-Dimethyl-
7-octen-2-ol may be also due to a contamination since this com-
pound is a common surface cleaner [100].

Currently, prostate-specific antigen (PSA) is considered the
most important biomarker for prostate cancer diagnosis, despite
its low specificity [76]. There is a need to identify a more suitable
biomarker for diagnosis of this disorder, and metabolomics is one
of the most promising approaches [78]. With this in mind, the
reviewed studies are generally focused on urinary VOC metabolites
and the comparison of their models to the PSA results. Three of the
four studies developed VOC-based models with this purpose: Kha-
lid et al. [77], Lima et al. [78] and Gao et al. [61].

The method of Khalid et al. was based on 4 VOCs (i.e., 2,6-
dimethyl-7-octen-2-ol, 3-octanone, 2-octanone and pentanal),
obtaining an accuracy of 63% to 65%; a value slightly better than
when they using PSA alone (62–64%). When combining PSA levels
and the four VOCs, the accuracy was increased (65–74%). The
method of Lima et al. [78] was able to identify prostate cancer with
a sensitivity of 89%, specificity of 83%, and accuracy of 86%, and
was based on 6 VOCs (i.e., 2,5-dimethylbenzaldehyde, 3-
phenylpropionaldehyde, 4-methylhexan-3-one, dihydroedulan IA,
hexanal and methyloxal). Gao et al. [61] developed a urinary VOC
model based on 11 VOCs (see Table 1) to detect prostate cancer
with a higher accuracy (87%) than PSA alone (59%).

Finally, Jiménez-Pacheco et al. [76] did not compare their VOC-
based method with PSA results, but compared prostate cancer
patients samples with benign prostatic hyperplasia patients, and
reported significant differences between urinary furan and p-
xylene levels from both groups before and after prostate massage,
supporting the proposal that VOCs may serve as prostate cancer
biomarkers.

The summary of the reviewed prostate cancer studies are pre-
sented in alphabetical order in Table 5.
5. Conclusion and perspectives

The assessment of urinary VOCs using MS-based methods has
the potential to be applied in cancer diagnosis. Over the past
10 years, 25 articles that conducted these types of analyses were
reported. In total, 12 different types of cancer were evaluated, with
lung (5 studies), breast (4 studies) and prostate (4 studies) being
the most studied. There are a variety of other prevalent cancers
34
that were not evaluated, such as ovarian, endometrial and thyroid.
Thus, there is a coverage gap that other future studies may explore.

Regarding cancer diagnosis, a total of 188 different urinary
VOCs were reported as possible biomarkers, and 16 were consid-
ered most relevant since they appeared in four or more types of
cancer, or in at least four studies. Among these 16 compounds,
the most frequent were hexanal, dimethyl disulfide and phenol.
It is very likely that significantly higher levels of hexanal may be
related to lung cancer. Phenol seems to be closely related to breast
cancer. Additionally, when evaluating the alterations in metabolic
pathways related to breast cancer, sulfur metabolism requires spe-
cial attention. Regarding prostate cancer studies, it is interesting to
note that all VOC models presented accuracy that was moderately
better than PSA alone; it is clear that these results could be further
improved, given that Cornu et al. used the olfactory detection
power of trained dogs to distinguish between 33 urine samples
of prostate cancer volunteers and 33 controls, and obtained 91%
of specificity and sensitivity [39]. In another similar study with a
cohort of 902 urine samples of prostate cancer patients and 540
controls, trained dogs achieved a sensitivity of 98.6–100% and
specificity of 97.6–98.7% [47].

There are still some points that need to be improved so that MS-
based techniques can be applied, with confidence, at the clinical
level. First, GC–MS is still the gold standard method to analyze
VOC biomarkers. However, it is not an easy technique to imple-
ment in the clinical setting because it is expensive and not porta-
ble. Thus, more studies need to be done concerning MS-based
techniques that are less expensive and allow real-time monitoring,
such as SIFT-MS. In addition, methods must be standardized from
collection to data processing, and performed with larger cohorts,
preferably with patients from different countries and/or ethnici-
ties, in order to better evaluate the influence of confounding fac-
tors, such as diet, medication and genetics. Finally, the pathways
affecting VOC production and consumption are not clear and could
use elucidation in order to provide more detailed information on
the potential mechanisms of cancers, which could be useful in
development of treatments.
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[66] D. Smith, P. Španěl, Progress in SIFT-MS: Breath analysis and other
applications, Mass Spectrom. Rev. 30 (2) (2011) 236–267, https://doi.org/
10.1002/mas.20303.

[67] J. Huang, S. Kumar, N. Abbassi-Ghadi, P. Španěl, D. Smith, G.B. Hanna, Selected
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