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Abstract
Background: The potential for exhaled breath to be a
valuable diagnostic tool is often overlooked as it can be
difficult to imagine how a barely visible sample of breath
could hold such a rich source of information about the
state of our health. However, technological advances
over the last 50 years have enabled us to detect volatile
organic compounds (VOCs) present in exhaled breath,
and this provides the key to understanding the wealth of
information contained within these readily available sam-
ples. Summary: VOCs are produced as a by-product of
metabolism; hence, changes in the underlying physio-
logical processes will be reflected in the exact composi-
tion of VOCs in exhaled breath. It has been shown that
characteristic changes occur in the breath VOC profile
associated with certain diseases including cancer, which
may enable the non-invasive detection of cancer at
primary care level for patients with vague symptoms.
The use of breath testing as a diagnostic tool has
many advantages. It is non-invasive and quick, and the
test is widely accepted by patients and clinicians. How-
ever, breath samples provide a snapshot of the VOCs

present in a particular patient at a given point in time, so
this can be heavily influenced by external factors such as
diet, smoking, and the environment. These must all be
accounted for when attempting to draw conclusions
about disease status. This review focuses on the current
applications for breath testing in the field of surgery, as
well as discussing the challenges encountered with de-
veloping a breath test in a clinical environment. The
future of breath testing in the surgical setting is also
discussed, including the translation of breath research
into clinical practice. Key Messages: Analysis of VOCs in
exhaled breath can identify the presence of underlying
disease including cancer as well as other infectious or
inflammatory conditions. Despite the patient factors,
environmental factors, storage, and transport consider-
ations that must be accounted for, breath testing dem-
onstrates ideal characteristics for a triage test, being non-
invasive, simple, and universally acceptable to patients
and clinicians. Many novel biomarkers and diagnostic
tests fail to translate into clinical practice because their
potential clinical application does not align with the
requirements and unmet needs of the healthcare sector.
Non-invasive breath testing, however, has the great po-
tential to revolutionise the early detection of diseases,
such as cancer, in the surgical setting for patients with
vague symptoms. © 2023 The Author(s).
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Introduction

The concept of breath testing for the non-invasive diagnosis
of certain diseases, such as cancer, has recently gained interest
among researchers and clinicians, particularly given its potential
to triage patients with non-specific symptoms for further
investigations [1, 2]. However, using breath to detect the
presence of underlying disease dates as far back as Hippocrates
in the 4th century BC who reported on the foetor hepaticus
present in patients with advanced liver disease [3], while the
ancient Greeks were able to diagnose diabetes, liver disease, and
kidney failure based on their characteristic odour [4]. Examples
of contemporary applications of breath testing include breath-
alyser devices for ethanol detection and exhaled nitric oxide in
asthma [5–7]. In 1971, Pauling et al. [8] demonstrated the
presence of 250 different volatile organic compounds (VOCs) in
exhaled breath, and since then more than 3,000 VOCs have
been identified [9, 10]. VOCs are carbon-containing molecules
that are sufficiently volatile to be detectable in a gas form at
room temperature [11].We now know that endogenous VOCs
exist as the by-product of biochemical reactions and metabolic
processes taking place inside all humans, both healthy and
diseased [12]. The relative composition of different VOCs in
breath distinguishes health versus disease, and recent advances
in technology have enhanced the resolution of analytical instru-
ments, leading to the detection of VOCs in breath at parts per
billion or parts per trillion levels.

Breath testing can be performed via different methods
including active testing, where the patient delivers a breath
sample through the instrument mouthpiece, or passive test-
ing, where a breath sample is delivered from a short distance
onto the instrument with no direct contact. A breath test can
also be performed using an ingested substrate which is
selectively metabolised under certain conditions and the
products measured in breath, for example, carbon-13 or
carbon-14, in the detection of Helicobacter pylori. Techni-
ques for breath analysis include gas chromatography-
mass spectrometry, electronic nose, and direct sampling
techniques (secondary electrospray ionisation, selected ion
flow tube, and proton-transfer reaction) [13–16]. Gas
chromatography-mass spectrometry is considered the gold
standard for breath VOC analysis, allowing for the separa-
tion of individual compounds based on their physical be-
haviour in the mobile phase and stationary phase from a gas
mixture [17]. On the other hand, electronic nose devices use
an array of gas sensors and pattern recognition software
which has the added advantage of being a point-of-care test
for analysis [18]. The direct sampling techniques, whereby a
patient breathes directly into themass spectrometer, offer the
possibility of maintaining a high-quality breath sample with-
out degradation and contamination by storage media [19].

The detection of VOCs has traditionally been used in the
food and fragrance industries, as well as in military appli-
cations. However, the field of breath research is rapidly
expanding and now holds great promise as a diagnostic
clinical tool, especially given its non-invasive nature and the
fact that exhaled breath samples are readily available and
can be collected from a patient at any time.

Clinical Applications of Breath Testing

Breath Testing for Cancer Detection
The analysis of exhaled breath for non-invasive detec-

tion of cancer is an evolving field of clinical research. One of
the emerging hallmarks of cancer is its ability to re-
programme cellular metabolism [20], and there is increas-
ing recognition of the importance of the tumour micro-
environment in promoting tumour growth [21]. The alter-
ations to metabolism that occur in cancer cells, alongside
the change in the composition of their microenvironment,
will therefore affect VOC production. These VOCs travel
within the blood to reach the pulmonary alveoli, where they
are exhaled, permitting a quantitative measurement that
reflects the altered profile of VOCs present in the breath of
patients with cancer compared to those without (Fig. 1).
Breath testing for early diagnosis of cancer therefore pro-
vides an attractive option for clinicians and patients due to
the non-invasive nature, with the potential to become a
point-of-care test [22, 23].

Studies have investigated breath testing in several differ-
ent cancers such as lung, breast, oesophago-gastric, color-
ectal, pancreatic, oral cavity, head and neck, mesothelioma,
thyroid, liver, ovarian, prostate, and laryngeal cancers, with
over 250 volatile biomarkers identified [2, 24–27]. These
VOCs consist of hydrocarbons (aromatic and aliphatic)
and oxygenated compounds (aldehydes, alcohols, phenols,
carboxylic acids, ethers, and furans) as well as nitrogen,
sulphur, and halogen-containing compounds. The rela-
tionship between gastrointestinal cancer and the different
VOCs that have been identified as potential biomarkers is
summarised in online supplementary material Table S1
(for all online suppl. material, see https://doi.org/10.1159/
000531504). A systematic review and meta-analysis by
Hanna et al. [2] demonstrated the ability of breath VOC
analysis for cancer diagnosis with a mean area under the
receiver operating characteristic curve of 0.94, a pooled
sensitivity of 79%, and specificity of 89%. As VOCs
originate from the tumour, cancer-associated microbiome,
and the response of the host to cancer, breath testing
carries the promise of detecting cancer at an early stage as
it is independent of tumour volume.
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Breath Testing for Gastrointestinal and
Respiratory Diseases
The urea breath test has been established for over 30 years

for the detection ofH. pylori infection. By the urease enzyme
activity of H. pylori, the carbon-13 or carbon-14-labelled
urea ingested by the patient is hydrolysed to labelled carbon
dioxide in the stomach, which is absorbed in the blood and
measured in exhaled breath. The urea breath test is a highly
accurate and reproducible test with approximately 95%
sensitivity and specificity under standardised procedures
[28]. Furthermore, the hydrogen/methane test is a non-
invasive diagnostic method for small intestinal bacterial
overgrowth. Patients ingest a carbohydrate substrate that is
metabolised when exposed to gastrointestinal microbes,
leading to the production of hydrogen and methane. These
gases are absorbed from the gastrointestinal tract into the
bloodstream and exhaled through the lungs; therefore,
analysis of breath samples after carbohydrate ingestion

provides an indirect measure for detecting small intestinal
bacterial overgrowth [29].

Several studies have also suggested the potential role of
breath VOCs as markers of inflammatory bowel disease
[30]. Raised concentrations of pentane, hexane, hydrogen
sulphide, propionic acid, butanoic acid, and acetic acid are
found in inflammatory bowel disease patients [31]. These
breath profiles may be associated with bacterial dysbiosis
and lipid peroxidation caused by oxidative stress [32]. Acetic
acid in breath has also been reported to be a marker of
gastro-oesophageal reflux disease as it results in the lowering
of pH of the lining of the airways [33]. In addition, various
studies have demonstrated that VOCs may be of benefit in
the diagnosis of liver disease. High concentrations of limo-
nene have been discovered in the breath of patients with
cirrhosis due to a reduction in hepatic clearance [34].
Verdam et al. [35] reported that non-alcoholic steatohepa-
titis (NASH) and non-NASH patients could be separated by

Fig. 1. Schematic diagram demonstrating how VOCs released from gastrointestinal tumours can be detected in
exhaled breath samples (created with BioRender.com).
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specific compounds such as N-tridecane, 3-methyl-butane-
nitrile, and 1-propanol. Acetone concentrations in the breath
have also been found to be significantly increased in patients
with severe steatosis, steatohepatitis, and NASH [36].

Diagnostic approaches based on VOCs have also been
considered for respiratory conditions, such as asthma
and cystic fibrosis. Fractional exhaled nitric oxide has
been shown to be a potential non-invasive marker of
inflammation which is elevated in children with asthma
[37]. Ethane and pentane are also detectable VOCs in
exhaled breath which are related to oxidative stress as a
result of inflammatory respiratory conditions [38]. In
addition, Kramer et al. [39] demonstrated that there was
a distinct composition of VOCs in the exhaled breath of
patients with cystic fibrosis which could be used to
provide rapid non-invasive diagnosis for this particular
condition.

Challenges of Breath Testing

Physiological Variability of VOCs in Exhaled Breath
Breath sampling is subject to several variabilities in the

clinical setting. These variables include patient factors
such as age, sex, nutrition, smoking, alcohol intake, and
medical history. For example, the presence of furans and
sulphur-containing VOCs in breath could result from
specific diets or smoking [40]. Furthermore, acetone is the
most abundant substance in the breath, but it is under-
stood to be a marker for uncontrolled diabetes mellitus
[41], and its levels are also known to be affected by
exercise [42]. Assessing the impact of patient demo-
graphics, co-morbidities, and physiological conditions
as well as reducing the effect of confounding environ-
mental factors is therefore important when quantifying
exhaled breath VOCs in a clinical environment.

Another factor to consider is the variability in VOCs
from one breath to the next. Phillips et al. [43] studied
VOC levels in patients with chronic obstructive pulmo-
nary disease (COPD) and healthy subjects and discovered
that VOC levels varied between three separate breath
samples taken from the same patients at 2-min intervals.
Although the individual breath samples could still dis-
criminate between patients with and without COPD
when evaluated separately, it was noted that the extent
and pattern of variation in VOC levels differed in patients
with COPD compared to their healthy counterparts.
Therefore, studies aiming to validate a potential VOC
biomarker should also investigate the intra-individual
variability in the levels of the selected VOC in order to
understand the robustness of the biomarker.

Environmental Considerations
Breath samples contain endogenous VOCs that are by-

products of metabolism and are the target VOCs for
particular disease states, as well as an abundance of exog-
enous VOCs derived from environmental and dietary sour-
ces [40]. For example, the presence of benzaldehyde, ben-
zene, and toluene in breath is likely to be due to environ-
mental factors, including inhaled cigarette smoke, rather
than being produced bymetabolism [43]. In VOC analytical
laboratories, careful consideration needs to be given to
minimising environmental materials that could be a source
of VOCs including wood-based furniture, polyvinyl chlor-
ide flooring, paints, adhesives, cosmetics, and packing
materials [44, 45]. Understanding the exogenous VOC
contribution to a breath profile is important for accurate
identification and quantification of target VOCs, especially
where there are similarities between the exogenous and
target endogenous VOC classes. For example, 1-propanol is
a target VOC for some cancers but is also a frequently used
laboratory solvent, so its detection in breath could be
exogenous in nature [40]. Meanwhile, aldehydes are a target
VOC in oesophago-gastric cancer, but adhesives and paint
contribute to exogenous aldehyde contamination [46].
Routine collection of air from the environment where
the breath test is carried out can help mitigate the environ-
mental influence by acting as a background control for the
breath samples being analysed.

Storage and Transport of Breath Samples
Exhaled breath samples are typically collected into breath

sampling bags, but this introduces another potential chal-
lenge in breath analysis. Ghimenti et al. [47] compared the
different types of sampling bags to determine which was the
most suitable in terms of background contamination from
the bag itself and stability of VOCs in the stored sample.
They found that Nalophan bags had the lowest background
release of contaminants, and samples remained stable in the
bag for up to 24 h. However, transporting inflated bags of
exhaled breath is not feasible between sites; therefore,
alternative methods of breath sample storage must be
employed if multicentre clinical studies are being under-
taken. In such cases, a breath collection device can be used
to transfer breath samples from sampling bags onto sorbent
tubes, known as thermal desorption (TD) tubes, for storage
and transport (Fig. 2). This introduction of an extra step in
the sampling and storage process could introduce a margin
of error, including the possibility of breath loss or of
contamination from the environment or from components
of the collection system. TD tubes therefore need a robust
quality control system to ensure that sampling has occurred
reliably. Harshman et al. [48] showed that breath samples
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can be stored on Tenax TA TD tubes for 14 days at a
temperature of 4°C, following which there were either VOC
losses or gains depending on the VOC. Our unpublished
data suggest that this period can be extended to 1 month if
TD tubes are stored at −80°C while maintaining stability of
VOCs across the range of chemical classes. Further work is
required to establish the maximum duration of storage at
this temperature. Understanding the stability of VOCs from
breath samples on TD tubes during sampling, transport,
and prolonged storage is therefore important when devel-
oping a breath testing workflow.

Introduction of Breath Testing to Clinical Practice

It is well recognised that in all fields of clinical research,
there remains a significant void between research output
and its translation into clinical practice, despite efforts over
recent years to close this gap [49]. Biomarkers and diag-
nostic tests for early detection of disease are no exception,
and studies have highlighted the need for such tests to offer
clinical utility as well as analytical validity in order to be
successful [50, 51]. For breath testing to be adopted into
clinical practice as a novel diagnostic tool for early detec-
tion of disease, there must be a clear demonstration of the
clinical utility and feasibility, coupled with an appreciation
of the role that breath testing would play in the diagnostic
pathway and how this will improve patient outcomes.

The diagnosis and surveillance of cancer are where breath
testing has the greatest potential to add value in the surgical
setting. Detecting cancer-related changes in metabolism by

analysing VOCs in breath offers great promise for early
detection of cancer as it is independent of tumour volume,
so the test does not rely on the tumour being large enough to
be visible on imaging or endoscopy. Furthermore, many of
the currently available diagnostic tests for cancer are in-
vasive, often involving a combination of biopsies, endos-
copy, and ionising radiation. This makes them less suited to
a triaging pathway. The non-invasive nature of breath
testing therefore makes it ideal as an early cancer detection
test.Woodfield et al. [52] demonstrated that breath testing is
widely accepted by patients and clinicians in a primary care
setting; this high level of acceptability indicates that breath
testing is a feasible addition to a cancer diagnostic pathway.

Defining a clear role for breath testing in the cancer
diagnostic pathway is crucial as this determines where it
should be incorporated into the pathway to have maximum
benefit. Patients presenting with “red-flag” symptoms of
cancer already meet the referral requirements for further
specialised investigations, and it is important to proceed
with those investigations to identify and treat the cause of
these symptoms, even if they are of benign origin. However,
many patients with early-stage cancer have vague symp-
toms that are shared with benign conditions which do not
meet current referral criteria. The scale of this diagnostic
dilemma in the UK is evident with 31.3% of cancer patients
diagnosed through emergency presentation [53]. Thismode
of presentation is associated with an increased risk of
mortality compared to those cancer patients identified
through screening or two-week-wait referral pathways
[54], so a diagnostic tool that could improve the earlier
detection of cancer is urgently needed. Introducing a breath

Fig. 2. A methodology workflow for breath collection, sample transport, analysis, and quality control (created
with BioRender.com). QA, quality assurance; QC, quality control.
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test for patients with vague symptoms that do not meet
referral criteria is therefore likely to be of significant benefit
to clinical practice. Breath testing can be used as an adjunct
to clinical acumen in the primary care setting, helping
general practitioners stratify patients according to risk
and determine which patients with vague symptoms would
benefit from further specialised tests to investigate for a
potential underlying cancer. A particular advantage of
breath testing is the opportunity to develop a platform
technology to triage multiple cancers simultaneously. Using
the same methodology for breath collection and analysis,
different sets of volatile biomarkers can be used to differ-
entiate the underlying diagnosis. This would help general
practitioners select which clinical pathway to refer a patient
down if their symptoms were non-specific.

In addition to its promising role in the early diagnosis of
cancer, there is also scope for breath testing to have a role
in surveillance for patients at high risk of developing
cancer, such as those with Barrett’s oesophagus. As Bar-
rett’s oesophagus is an established risk factor for the
development of oesophageal adenocarcinoma, patients
are currently recommended to undergo regular surveil-
lance endoscopies to enable earlier detection of oesopha-
geal cancer [55]. The NEED study (Non-Invasive Testing
for Early Oesophageal Cancer and Dysplasia) is evaluating
the diagnostic accuracy and clinical utility of using VOCs
in exhaled breath to detect early-stage oesophageal ad-
enocarcinoma and high-grade dysplasia within Barrett’s
oesophagus (NCT04001478) [56]. A further example of
the potential use of breath testing is in patients undergoing
surveillance following cancer treatment for monitoring
treatment response and detecting disease recurrence.

Conclusions

The breath test, based on detecting VOCs, has the ideal
characteristics for a triage tool as it is non-invasive,
simple, and quick. Several considerations, including

patient factors, environmental factors, storage, and trans-
port, must be accounted for, and these have been ad-
dressed in the present review. Before breath testing can be
considered part of a screening programme for asympto-
matic patients, further work is required to investigate the
sensitivity and specificity of breath testing in the asymp-
tomatic population. Opportunities to combine breath
testing with other non-invasive biomarkers, such as faecal
immunochemical testing in the case of colorectal cancer,
in a model that improves the accuracy of both tests are
likely to be the way forward for the use of non-invasive
breath tests in screening programmes.
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