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INVITED REVIEW

Breathing new life into clinical testing and diagnostics: perspectives on
volatile biomarkers from breath

Jordan J. Hawortha , Charlotte K. Pitchera , Giuseppe Ferrandinob , Anthony R. Hobsona ,
Kirk L. Pappanb and Jonathan L. D. Lawsonb

aThe Functional Gut Clinic, Mancheste, UK; bOwlstone Medical Ltd, Cambridge, UK

ABSTRACT

Human breath offers several benefits for diagnostic applications, including simple, noninvasive
collection. Breath is a rich source of clinically-relevant biological information; this includes a vola-
tile fraction, where greater than 1,000 volatile organic compounds (VOCs) have been described
so far, and breath aerosols that carry nucleic acids, proteins, signaling molecules, and pathogens.
Many of these factors, especially VOCs, are delivered to the lung by the systemic circulation, and
diffusion of candidate biomarkers from blood into breath allows systematic profiling of organis-
mal health. Biomarkers on breath offer the capability to advance early detection and precision
medicine in areas of global clinical need. Breath tests are noninvasive and can be performed at
home or in a primary care setting, which makes them well-suited for the kind of public screening
program that could dramatically improve the early detection of conditions such as lung cancer.
Since measurements of VOCs on breath largely report on metabolic changes, this too aids in the
early detection of a broader range of illnesses and can be used to detect metabolic shifts that
could be targeted through precision medicine. Furthermore, the ability to perform frequent sam-
pling has envisioned applications in monitoring treatment responses. Breath has been investi-
gated in respiratory, liver, gut, and neurological diseases and in contexts as diverse as infectious
diseases and cancer. Preclinical research studies using breath have been ongoing for some time,
yet only a few breath-based diagnostics tests are currently available and in widespread clinical
use. Most recently, tests assessing the gut microbiome using hydrogen and methane on breath,
in addition to tests using urea to detect Helicobacter pylori infections have been released, yet
there are many more applications of breath tests still to be realized. Here, we discuss the
strengths of breath as a clinical sampling matrix and the technical challenges to be addressed in
developing it for clinical use. Historically, a lack of standardized methodologies has delayed the
discovery and validation of biomarker candidates, resulting in a proliferation of early-stage pilot
studies. We will explore how advancements in breath collection and analysis are in the process
of driving renewed progress in the field, particularly in the context of gastrointestinal and
chronic liver disease. Finally, we will provide a forward-looking outlook for developing the next
generation of clinically relevant breath tests and how they may emerge into clinical practice.

Abbreviations: AUC: area under the curve; BCFA: branched chain fatty acid; CF: cystic fibrosis;
CLD: chronic liver disease; COPD: chronic obstructive pulmonary disease; CP: Child–Pugh; EBA:
exhaled breath aerosol; EVOC: exogenous volatile organic compound; FDG: fluorodeoxyglucose;
GC: gas chromatography; GC-MS: gas chromatography mass spectrometry; GI: gastrointestinal;
HMBT: hydrogen and methane breath test; HRAM: high-resolution accurate mass; IBD: inflamma-
tory bowel disease; IBD-CD: Crohn’s disease; IBD-UC: ulcerative colitis; IBS: irritable bowel syn-
drome; IBS-D: irritable bowel syndrome with diarrhea; ILD: interstitial lung disease; IMO: intestinal
methanogen overgrowth; IPF: idiopathic pulmonary fibrosis; KD: ketogenic diet; MBT: methacetin
breath test; NAFLD: nonalcoholic fatty liver disease; NASH: nonalcoholic steatohepatitis; NO: nitric
oxide; PET: positron emission tomography; ppm: parts per million; ppt: parts per trillion; PTR-MS:
proton transfer reaction mass spectrometry; SCFA: short chain fatty acid; SIBO: small intestinal
bacterial overgrowth; SIFT-MS: selected ion flow tube mass spectrometry; VOC: volatile
organic compound
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Introduction

Human breath is a rich and diverse matrix that consists

of much more than just atmospheric gases. Over the

last 50 years, research has reported over 1000 different

volatile organic compounds (VOCs) as well as an aque-

ous component – exhaled breath aerosols (EBAs) – that

can include non-volatiles, proteins, nucleotides, and

pathogens [1–3]. An extensive range of techniques and

technologies have been developed to enable the cap-

ture and analysis of breath components, each with their

own benefits and drawbacks [4,5]. Notably, breath

sampling can be completely noninvasive, making it

well-suited for public screening programs and other

early-stage investigations. Studies have also shown

associations between breath and clinically-relevant

processes. Increasingly, these studies have sought to

associate breath biomarkers with clinically-relevant dis-

ease processes with a view to advance early detection

and precision medicine (Figure 1). However, to date,

breath is rarely used in clinical tests and few breath bio-

markers have been approved for use in diagnostics.

Many clinical diagnostics are built around biological

samples, most commonly tissues, biological fluids

(blood, urine, or sputum), or feces. Tests in these matri-

ces are an essential part of detecting, diagnosing, and

treating almost all illnesses, yet these approaches have

limitations in patient experience, accessibility, usability,

and cost. These factors limit test utility and can make

them less well suited for health screening applications.

The development of breath as a novel diagnostic

modality could overcome these limitations and help to

address outstanding global healthcare challenges.

For many major illnesses, the chance of survival

increases drastically, with a concomitant decrease in

treatment costs, if patients are diagnosed early [6,7].

This is widely recognized in cancers, where the stage of

diagnosis and morbidity both vary significantly by can-

cer type. However, there are other examples. Chronic

liver diseases (CLDs) are estimated to affect over 1.5 bil-

lion people, with more than 50% of cases detected at

late stages, when liver damage is typically irreversible

[8–10]. Given the self-regenerative ability of the liver, if

disease could be detected earlier, progression might be

halted or even reversed through targeted therapy or

dietary and lifestyle alterations, reducing the burden on

healthcare [11]. Breath collection does not face the

same hesitancy as more invasive samples for broad

early-stage screening, where it could be deployed

through regular screening programs and even be used

for at-home testing in some contexts.

In certain settings, breath is already being used for

precision medicine. Breath biomarkers associated with

specific metabolic processes can offer direct readouts

of disease activity and treatment response [12]. For

example, breath tests based on the detection of hydro-

gen and methane as biomarkers of bacterial fermenta-

tion are already in use for the diagnosis and treatment

of gastrointestinal (GI) conditions, which can be difficult

to classify based on symptoms [13]. While GI illness is

rarely fatal, it can be chronic, long lasting, and pro-

foundly impacts quality of life. Patients often wait years
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Figure 1. The opportunities for breath biomarkers to impact early detection and precision medicine in the clinical context.
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for a clear diagnosis, and the consequent economic

impact is significant [14]. Over one billion people are

affected and the annual cost to the US alone exceeds

$20 billion [15,16].

Similarly, the detection of nitric oxide (NO) is widely

assessed in diagnosis of respiratory diseases. A growing

body of research evidence also supports the use of

other breath biomarkers to guide precision treatment

of chronic inflammatory airway diseases such as

asthma, chronic obstructive pulmonary disease (COPD),

and idiopathic pulmonary fibrosis (IPF), where inflam-

matory mechanisms have the potential to inform treat-

ment choice [17,18]. Since COPD is the world’s third

leading cause of death, this too represents a critical

clinical need [19].

In this review, we provide an overview of breath col-

lection and analysis, with a focus on areas currently

showing the greatest potential for clinical implementa-

tion. We will then discuss outlooks for breath tests in

clinical diagnostics and the likely forms that such tests

might take.

Biomarkers and breath

The origin of modern breath research is widely attrib-

uted to Linus Pauling and colleagues in the early 1970s

[20], although the history of breath and disease dates

to the Ancient Greeks, who described fetor hepaticus –

a distinct malodourous breath associated with liver dis-

ease [21]. In Eastern medicine, the smell of breath has

been used for disease diagnosis for over 3000 years

[22]. Similarly, high levels of acetone on breath can be

the result of ketoacidosis, which may be an indicator of

diabetes [23]. Despite these examples, challenges

related to reproducibility and standardization of

sampling and analysis have limited clinical use of

breath in many contexts.

Disease processes can modify underlying metabolic

pathways, generating biomarkers that can report on

aspects of disease development, progression, or treat-

ment. Many VOCs on breath are products of endogen-

ous biochemistry, making them relevant reporters of

metabolic activity that may be altered by disease proc-

esses (Figure 2) [24]. Metabolic biomarkers offer many

advantages, including responsiveness to endogenous

(e.g. genetic) and exogenous (e.g. Western diet) stimuli.

As such, metabolic biomarkers provide a more direct

readout of current disease state, while genetics, for

example, is often only suitable for predicting the risk of

disease. This distinction is particularly beneficial in

treatment monitoring, where biomarkers may detect

signs of response or changing severity before there are

notable changes in symptoms.

While breath has been most widely investigated in

relation to respiratory diseases, the volatile nature of

VOCs means that they readily exchange from the blood

into the lung alveoli and, as such, they have the poten-

tial to report on diseases present in most parts of the

body [24,25]. In contrast, EBA biomarkers typically arise

in the lung airways as respiratory droplets. Biomarkers

from EBAs can typically be analyzed using established

approaches such as PCR or ELISA assays. In particular,

EBAs have recently attracted attention for PCR-based

SARS-CoV-2 detection [26–28].

Since they currently present a wider range of pro-

spective clinical applications and require more special-

ized analysis methods relative to EBAs, VOCs are the

primary focus of this review. Research into VOC bio-

markers from breath, and other biological samples, has

demonstrated their relevance for the detection,
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Figure 2. The endogenous and exogenous origins of VOCs on breath.
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treatment, and monitoring of a wide range of condi-

tions including respiratory, hepatic, and GI illnesses, as

well as cancer, infections, and inflammatory diseases.

This potential is also highlighted by the successes of

breath tests measuring urea for Helicobacter pylori infec-

tions, hydrogen and methane for GI conditions, and NO

in respiratory medicine.

Breath sample collection and analysis tools

Breath has a great potential to be a valuable sample

type for clinical tests. Breath sampling is noninvasive,

painless, easy, and it can minimize stress for patients,

particularly those with a fear of needles. Beath sampling

can also be used with a wide range of patient groups,

including children, the elderly, and even those with

shortness of breath [29]. The noninvasive nature of

breath can facilitate collection in a wider range of con-

texts since it requires no clinical setting or specialist

training, and it could enable patients to collect their

own samples at home. Furthermore, a typical human

produces around eight liters of breath per minute, mak-

ing it an endlessly renewing source of information. This

makes breath well-suited for regular or ongoing sam-

pling to assess changes over time and means that it is

easy to collect larger samples simply by collecting for a

longer time.

Online breath analysis

Online breath analysis methods offer real-time or near-

real-time analysis of samples with immediate output of

results. Although the readout of results is rapid, many

online methods depend on recognition of breath fin-

gerprints, or “breathprints,” rather than exact mass- or

structure-based identification of analytes, which may

limit their practicality for many clinical test applications.

Online breath analysis encompasses eNoses, which, like

the alcohol breathalyzer, use specific detection sensors

to identify particular compounds in breath [30].

Naturally, this limits the range of compounds that can

be measured, and additional sensors are required for

each new set of compounds that need to be detected.

Examples of eNoses include the Aeonose (The Enose

Company, NL) and Cyranose (Sensigent, US) devices,

which have been tested in various breath contexts.

The strength of eNoses is in their portability and

ease of use, as well as in their ability to give an immedi-

ate result. The resulting breathprint reflects the

strength of signal detected by each of the sensors in

the device. While breathprints differ between individu-

als and have been shown to be affected by various

illnesses, the breathprint itself cannot be directly

related to biological changes associated with disease

onset or development. As such, several eNose studies

have also used parallel offline approaches to identify

biomarker changes between groups of test sub-

jects [31,32].

The availability and affordability of relevant sensors

can also be a limitation. While hydrogen sensors, for

example, are cheap and readily available, sensors that

respond consistently and sensitively to other com-

pounds on breath are often prohibitively expensive, if

they are available at all. Calibrating sensors to ensure

consistency across all devices is also a recognized chal-

lenge with this approach.

In recent years, there have also been developments

in tools for more in-depth online analysis. Approaches

such as selected ion flow tube mass spectrometry (SIFT-

MS) and proton transfer reaction mass spectrometry

(PTR-MS) have both been applied to directly collect and

analyze breath samples [33,34]. These offer broader

detection capability and greater sensitivity than many

other online methods, while still providing relative ease

of use and a higher level of sensitivity.

While these approaches allow the contents of a

breath sample to be more comprehensively examined

and analyzed, the quality of the results is still not com-

parable to more established offline approaches.

Compared to offline approaches, the analysis pipeline is

much harder to standardize, and results are typically of

lower quality as a result. In addition, the lack of a pre-

separation stage prevents the unambiguous identifica-

tion of individual VOCs within a sample. As with

eNoses, this limitation poses an issue for clinical transla-

tion where biomarker identities are necessary for regu-

latory approval.

Offline breath analysis

Offline methods typically rely on gas chromatography

(GC) coupled to a backend detector – often a mass

spectrometer – and require breath sample collection

and transport to a central laboratory for analysis. While

collecting breath in bags, balloons, or tubes presents

unique challenges in terms of sample storage and

transportation for analysis, offline analysis has notable

benefits in terms of the opportunity to detect and iden-

tify compounds with greater sensitivity. The practical

opportunity to provide high-quality, high-capacity, cen-

tralized breath analysis services that are optimized for

compound detection and reproducible biomarker dis-

covery has been further improved by the development
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of next-generation collection technologies that capture

samples in formats more suitable for storage.

As the gold standard for breath sample analysis, gas

chromatography mass spectrometry (GC-MS) offers the

opportunity to separate and identify a wide range of

compounds from breath and to perform detailed ana-

lysis and quantifications of each of those compounds.

GC has been the leading choice to separate compounds

since the era of modern breath research was ushered in

by Pauling and colleagues [20]. Advances in mass spec-

trometry technologies have further increased our ability

to distinguish and identify molecules on breath, first

with two-dimensional chromatography methods such

as GCxGC-MS and more recently with high resolution

accurate mass (HRAM) GC-MS. GC-MS offers the ability

to identify compounds by matching to reference stand-

ards or existing compound libraries, and the confidence

in naming compounds allows potential biomarkers to

be associated with specific biological pathways and dis-

ease processes. Demonstrating the metabolic origin for

biomarkers helps demonstrate their disease relevance,

establish their clinical validity, and inform further devel-

opment of targeted sampling and analysis methods

that are more suitable in clinical contexts. GC-MS

approaches also show the highest sensitivity for low

abundance biomarkers, as low as parts per trillion (ppt),

and have a dynamic range of up to six orders of magni-

tude, which is necessary to reliably cover the various

VOC abundances seen on breath.

Clinical breath analysis

The following sections consider breath analysis across

various diseases and the future forms that clinical

breath tests might take. While handheld devices have

captured the popular expectation for breath analysis,

the additional complexity required for reliable disease

diagnostics would suggest that centralized, offline test-

ing is likely to become the prevalent mode of breath

testing, at least in the shorter term.

Breath tests in clinical gastroenterology

Breath testing to diagnose small intestinal bacterial

overgrowth (SIBO), intestinal methanogen overgrowth

(IMO), and carbohydrate malabsorption through detec-

tion of hydrogen and methane are established clinical

applications of breath analysis. These GI conditions are

characterized by excessive fermentation by the small

intestinal and colonic microbiota, respectively, and can

cause a range of GI symptoms such as bloating, abdom-

inal pain, and diarrhea [35]. Fermentation of

carbohydrates by the gut microbiota leads to produc-

tion of gases, short chain fatty acids (SCFAs), and other

metabolites. Specifically, hydrogen and methane gases

are produced exclusively by microorganisms and not by

our own cells. Thus, hydrogen and methane in breath

serve as distinctive biomarkers of bacterial

fermentation.

Hydrogen and methane breath tests (HMBTs) are

widely used for the diagnosis of SIBO. The development

of SIBO is associated with motility disorders, after

effects of surgery, structural disease, and stomach acid-

suppression (i.e. achlorhydria or use of proton pump

inhibitor drugs) [36]. There is no established gold stand-

ard investigation for SIBO [37]. Microbial culture of a

jejunal aspirate has been used but is invasive, expen-

sive, and not widely performed in clinical practice. In

addition, aspirate cultures pose high risks of both false

positives, through contamination by oral bacteria or sal-

iva, and false negatives, through irregular distribution

of bacteria through the bowel causing aspiration of a

non-representative sample or of cultivation-resistant

species [38]. Consequently, the use of HMBT for the

assessment of SIBO has been widely adopted in clinical

practice as a safe and noninvasive alternative.

HMBT for SIBO involves administering an exogenous

substrate, typically either glucose or lactulose, to stimu-

late bacterial fermentation (Figure 3). The pattern of

excreted breath hydrogen and methane is measured

over time to reflect bacterial fermentation in response

to oral carbohydrate load. Once collected using special-

ized bags or collection tubes, breath gases can be

measured using portable handheld or desktop devices

that measure gases using electrochemical sensors and

lasers that can measure hydrogen and methane as low

as 500 parts per million (ppm). These devices also

assess O2 levels as a measure of sample validity with

the O2 concentration of alveolar air estimated at 14%

[39]. The preferred approach for consistent clinical ana-

lysis is GC systems that enable a higher throughput of

breath test analysis and also reduce the requirement

for clinic appointments as breath samples can be pro-

vided using patient-friendly portable test-tube-based

kits. GC systems equipped with a flame ionization

detector and thermal conductor detector can reliably

measure hydrogen and methane as well as CO2, which

can serve as a correction factor to assess breath sample

quality based on a CO2 concentration of an end-tidal

breath as 5% [39].

A positive result for SIBO is defined as a rise in

hydrogen >20 ppm from the pretest baseline within

90min after carbohydrate administration whereas

methane levels of >10 ppm at any interval during the
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breath test are used to determine IMO (Figure 4). IMO is

a separate indication from SIBO since methane is pro-

duced by methanogens, which are archaea, not bac-

teria, that may overgrow in the small or large bowel

[40]. Similarly, an elevation in hydrogen gas >20 ppm

from baseline can detect carbohydrate malabsorption.

Lactose malabsorption affects over half of the global

population, with prevalence much higher in the Middle

East compared to Europe (70% versus 28%) [41].

Lactose absorption depends on its hydrolysis by the
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enzyme lactase, which diminishes in most populations

during childhood. Lactase deficiency may be primary

(genetic) or secondary (acquired), such as through

gastroenteritis, inflammatory bowel disease (IBD), celiac

disease, and systemic sclerosis [42]. Genetic tests can

identify polymorphisms for primary lactase deficiency

but are typically not recommended for clinical pur-

poses [42].

More importantly, genetic tests do not detect sec-

ondary lactase deficiency or assess symptoms. As a

provocation test, tracking patient symptoms concur-

rently with hydrogen breath tests provides a measure

of true intolerance (i.e. symptomatic response to lactose

ingestion). However, a rise in hydrogen may also be

consequent to SIBO, which means that it is important

to establish whether a patient has SIBO before testing

for malabsorption. When lactose is administered to a

patient with SIBO, the substrate could be fermented

by microbes in the small intestine leading to a false

positive result for lactose malabsorption [13,43].

Alternatively, a false-negative result for lactose malab-

sorption can be obtained in people with a non-hydro-

gen producing-microbiota capable of metabolizing

lactose. Methanogens, such as Methanobrevibacter smi-

thii, can convert hydrogen into methane. The extent of

breath methane production is also associated with the

severity of constipation as a symptom [44]. HMBT is,

therefore, favorable to traditional hydrogen breath test-

ing to identify a cohort of patients with excessive

methane production.

The sensitivity and the specificity of HMBT, includ-

ing glucose and lactulose breath tests, have been

reported to be widely variable [45]. This can largely

be attributed to methodological issues, differences in

substrate and dose used, restrictions applied before

and during the test, and interpretation of the results.

The North American Consensus on HMBT in GI disor-

ders was published in 2017 to develop standardized

guidelines, including indications for testing, prepar-

ation, performance, interpretation of results, and iden-

tifying remaining gaps in knowledge to be targeted

with further study in order to minimize the impact of

these variables [13].

Confounding factors in establishing clinical

breath tests

Despite attempts to standardize HMBT, there is still

some debate around their clinical utility relating to vari-

able transit times and, specifically, the potential for false

positives due to early arrival in the cecum, for example,

caused by altered GI anatomy (i.e. following small

bowel or bariatric surgery) [46]. In addition, digestibility

of substrate can affect results in SIBO since glucose is

absorbed specifically in the proximal small bowel

whereas lactulose is an indigestible sugar that traverses

the entire small bowel.

Pre-study preparation is also a paramount consider-

ation for standardization, including a controlled diet, to

reduce baseline fermentation levels, and stopping med-

ications that can influence transit time i.e. laxatives and

prokinetics. Careful patient selection in addition to the

consideration of individual patient factors by trained

clinical staff is vital for reliable translation of raw HMBT

data to an accurate diagnosis and beneficial clinical

outcome for patients. All of these factors ought to be

considered prior to undertaking breath VOC analysis for

GI conditions.

Investigating breath biomarkers for other

GI conditions

While HMBT has become a valuable tool for specific

applications, there are other needs in GI medicine,

especially in differentiating between irritable bowel

syndrome (IBS), IBD, celiac disease, and gastric cancer,

which all present with similar symptoms but have vastly

different treatments and consequences. To this end, a

number of studies have been undertaken to investigate

VOC biomarkers on breath, and in other samples, that

could be developed to help detect, diagnose, and treat

digestive disorders [47].

IBS is one of the most prevalent GI disorders

affecting around 5–10% of the global population [48].

The current understanding of IBS is multifactorial and

related to diet, malabsorption, visceral hypersensitiv-

ity, immune response, the gut microbiome, and psy-

chological factors. IBS is considered a disorder of

gut–brain interaction and a positive diagnosis of IBS

is based on a strict set of criteria [49], which can be

difficult to assess due to the heterogeneity of disease

and the unreliability of biomarkers. Thus, diagnosis

and targeted treatment of the various IBS subtypes is

a significant clinical challenge, where new breath bio-

markers could make a notable contribution to estab-

lishing personalized therapies [50].

Given its prevalence, it is unsurprising that some of

the larger studies in the area have focused on IBS, iden-

tifying a range of VOCs and correlating VOC abundan-

ces to symptoms [51,52]. The largest of these to date

was by Baranska et al., who identified 16 VOCs that dif-

ferentiated subjects with IBS from healthy controls and

CRITICAL REVIEWS IN CLINICAL LABORATORY SCIENCES 359



correlated with symptoms (Table 1). Other studies have

also demonstrated the potential of VOCs using other

sampling matrices, which could be translated into

breath [53,54,55].

IBD is another focus for research, with the particular

goal of differentiating IBD from IBS. Both conditions

manifest with similar GI symptoms and may even over-

lap, but IBD is associated with increased risk of compli-

cations, such as malnutrition and colorectal cancer

[56,57], and the underlying biology differs significantly.

Despite this, there are currently no easy diagnostic

methods for differentiating IBS from the two forms of

IBD; Crohn’s disease (IBD-CD) and ulcerative colitis (IBD-

UC). The current gold standard investigations for IBD

are highly invasive and require biopsies taken from the

intestinal mucosa. Less invasive laboratory biomarkers,

such as fecal calprotectin and C-reactive protein, have

been explored and are shown to be sensitive to active

IBD but do not detect the disease in its quiescent state

and struggle to differentiate IBD from other causes of

inflammation, such as infections, neoplasia, and

stress [58].

Van Malderen et al. [59] provided the most up-to-

date review of studies looking at volatomics in IBD and

IBS. Ten compounds unique to IBD were described in

multiple studies and several breath markers have been

proposed to distinguish IBD inactivity, such as a

decrease of breath pentane in Crohn’s disease and

ulcerative colitis patients in remission compared to

active disease, which has been seen in three separate

studies. A decrease in breath and fecal propan-1-ol fol-

lowing treatment for IBD was also described in four

studies. Furthermore, propan-1-ol has been proposed

to discriminate Crohn’s disease from irritable bowel syn-

drome with diarrhea (IBS-D).

Growing associations between VOCs and

microbiota in GI conditions

As HMBT demonstrates, the gut microbiome is a

uniquely valuable source of distinctive compounds rele-

vant to GI health, with metabolic processes that are

exclusive to bacteria-producing VOCs not found else-

where in the human body. Smolinska et al.’s [55] exam-

ination of microbiome-related VOCs demonstrates the

potential of this resource, finding VOCs associated with

several bacterial taxa, including SCFAs such as acetic,

pentanoic, and propionic acid, which were lower in

active Crohn’s disease states. Bifidobacteria, Blautia, and

members of the Firmicutes phylum all decreased during

active disease and correlated with the reduction in

SCFAs. SCFAs are known to influence host physiology

and detecting them on breath is of great interest for

future diagnostics. The microbiome is also a key focus

for GI health intervention, and VOC biomarkers linked

to bacteria could help to identify suitable interventions

for each patient.

Though not associated with disease per se, diet,

nutrition, and prebiotics/probiotics have a nascent

body of literature associated with breath testing. While

our aim is not to fully review this field, a few brief

examples are offered below.

Ajibola et al. stated in their 2013 review that

“relatively little work on the dietary factors that may

influence [volatile breath metabolites]” has been done

and outlined the key metabolic pathways leading to

nutrient-derived VOCs (Table 2) [60]. In many respects,

the understanding of the connections between nutri-

tion and VOCs has not changed much but there has

been astronomical growth in interest and knowledge of

the gut microbiome. As the authors note, host

Table 1. A summary of relevant studies using breath and other sources of VOCs to identify differences between gastrointestinal
conditions, mainly IBD and IBS.

Patient populations Sampling matrix Analysis technology Key results References

170 IBS, 153
healthy controls

Breath GC-MS 16 VOCs correlated with IBS and symptom
severity, including pain, bloating, and
flatulence. They produced an AUC ¼
0.83 for detecting IBS

Baranska
et al. [51]

28 IBS, 24 IBD-CD, 19 IBD-
UC, 20 health controls

Breath, urine, feces GC-MS Multivariate analysis of fecal VOCs
differentiated Crohn’s disease
from controls

Cauchi
et al. [52]

20 IBS-D, 27 celiac Urine Ion mobility
spectrometry

Differentiated celiac and IBS-D with
sensitivity 85% and specificity 85%

Arasaradnam
et al. [54]

30 IBS-D, 62 IBD-CD, 48
IBD-UC, 109
healthy controls

Feces GC-MS Pairwise models differentiate IBS-D from
the three other groups with sensitivity
90–96% and specificity 80–82%

Ahmed
et al. [53]

92 active IBD-CD, 92
quiescent IBD-CD

Breath GC-MS 18 VOCs correlated with 19 bacterial taxa
in active Crohn’s disease and 17 VOCs
correlated with 17 bacterial taxa
in remission

Smolinska
et al. [55]
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metabolism contributes to NO, ammonia, pentane, eth-

ane, ethylene, acetone, and isoprene, while various

members of the gut microbiota produce methane,

hydrogen, SCFAs, branched chain fatty acids (BCFAs),

phenolics, and hydrogen sulfide. While VOCs are often

produced by many bacteria, the prevalence of individ-

ual VOCs varies by species and some, such as trimethyl-

amine, are produced exclusively by bacteria without

any contribution by the host metabolism [61]. Gut

microbiota transform dietary nutrients into compounds

that are used by members of the microbiome and

absorbed by the host. Some of the volatile compounds

generated by microbial metabolism, such as SCFAs [62],

are signaling molecules and can be used for host

energy metabolism, whereas others, such as trimethyl-

amine derived from metabolism of dietary choline and

carnitine, can be further metabolized to metabolites

that have long-term toxic effects on the host [63].

Breath VOC analysis applied to volatile metabolism in

pediatric epileptic populations placed on ketogenic

diets (KDs) for seizure control versus similar patients on

non-KDs showed that acetaldehyde, acetone, 2-methyl-

furan, methyl-vinyl-ketone, and 2-pentanone were sig-

nificantly elevated in the breath of children consuming

the KD relative to the control diet group [64]. The pro-

duction of volatile ketones by increased beta-oxidation

in the KD group is an expected outcome of consuming

a modified Atkins diet high in triacylglycerols and low

in carbohydrates, and the increased level of ketones on

breath shows the potential of using breath VOC analysis

to monitor nutrition-based therapies.

As with KDs, prebiotics are being used to treat or

modify disease and have been similarly shown to alter

breath VOCs. De Preter et al. [65] assessed breath VOCs

in a randomized, placebo-controlled study looking at

prebiotics in patients with IBD. They found that 10 g/

day of oligofructose-enriched inulin increased the abun-

dance of Bifidobacterium longis in Crohn’s disease

patients, which was positively correlated with a reduc-

tion in disease activity (R¼ 0.894; p¼ 0.02). Specifically,

they identified a significant increase in the VOCs acetal-

dehyde and butyrate in the oligofructose-enriched inu-

lin group. Clearly, VOCs could help to predict response

to treatment, but current studies are highly limited and

their role in ground-breaking therapies, such as fecal

microbiota transplant, has yet to be explored [66].

The most researched application for VOCs as bio-

markers of GI illness is in cancer detection. Xiang et al.

performed a systematic review and meta-analysis of 14

studies that utilized breath VOCs for GI cancer diagnosis

[67], including gastric, gastroesophageal, and colon

cancers. The review noted an elevation of phenol com-

pounds linked to cancer, which was proposed to be the

result of amino acid degradation in cancer cells.

Ultimately, the clinical use of breath VOCs has the

capability to discriminate between GI diseases, as well

as monitor disease activity and response to treatment.

Breath VOCs could help to shift beyond the current lim-

itations of HMBT owing to metabolic and microbial vari-

ation, such as providing information on the metabolite

profile of bacteria in SIBO. Although the application of

breath VOC analysis in clinical practice faces challenges

due to the heterogeneity of patient populations as well

as inconsistencies in analysis methods and result inter-

pretation, combined with a lack of rigorous large-scale

trials in GI disease. Future work should seek to reprodu-

cibly detect and validate consistent breath biomarkers

in patient populations with specific GI disorders and

validation cohorts.

Biomarkers of chronic liver diseases

The main factors leading to the development of CLDs

worldwide are hepatitis B and C viruses, alcoholic liver

disease, and nonalcoholic steatohepatitis (NASH), each

showing different impact across countries and demo-

graphic groups, with NASH expected to overtake hepa-

titis B and C as the leading cause of CLD worldwide in

the near future [68]. The pathologic mechanisms under-

lying chronic liver injury for each of these indications

are different but the end-stage outcome is the same:

accumulation of fibrotic tissue referred to as cirrhosis

[8]. Independent of etiology, CLD progression is often

slow and asymptomatic until liver fibrosis has become

prominent. Therefore, �50% of the cases are detected

at advanced stages in patients affected by episodes of

Table 2. Nutrient classes and examples of their derivative VOCs.

Nutrient class Pathway or reaction VOCs

Unabsorbed carbohydrate GI bacterial fermentation Methane, hydrogen, ethanol, SCFAs (butyrate, propionate, acetate)
Absorbed/digested carbohydrate Glycolysis and acetyl-CoA production Acetone
Proteins GI bacterial fermentation Ammonia, BCFAs (isovalerate, isobutyrate), phenolics,

hydrogen sulfide
Amino acids Arginine metabolism and urea cycle Nitric oxide, ammonia
Fat Peroxidation Pentane, ethane, ethylene
Multiple Acetyl-CoA production and cholesterol synthesis Isoprene
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liver decompensation [8,9,69]. Inadequate early detec-

tion makes cirrhosis the 14th most common cause of

death globally and 4th in central Europe [8], despite the

availability of therapeutic interventions, which if imple-

mented at early stages prevent disease progres-

sion [70].

The CLD diagnostic pathway frequently begins when

the patient shows overt symptoms or alterations of

blood biomarkers such as elevated bilirubin or

decreased albumin. Noninvasive diagnosis through

imaging modalities and indirect serum fibrosis tests

offers excellent performance mainly at advanced stages

[8,71]. Nevertheless, liver biopsy remains the gold

standard diagnostic method despite its invasiveness

and associated risk of complications [72].

Accuracy of CLD diagnosis, etiology, and staging is

crucial to establish treatment options, which include

management of presented symptoms and correction of

underlying factors, aiming to delay or stop disease pro-

gression [70]. Almost all therapeutic interventions (i.e.

viral suppression/eradication, alcohol abstinence, life-

style corrections) administered at early stages have the

potential to stop disease progression when liver func-

tion is still well preserved. However, efficient screening

approaches, aiming at early detection, must be imple-

mented to identify cases that remain undetected under

current strategies [73].

Metabolic alterations, associated with CLD, modify

the profile of circulating metabolites [74] as a result of

changes in hepatic gene expression [75–78], enzyme

activity [79–84], and liver extraction capacity due to

portosystemic shunting and sinusoidal capillarization

[85,86]. Routes of excretion for a subset of these metab-

olites include exhaled breath [87]. Therefore, breath

metabolomic analysis represents an attractive means

for the identification of biomarkers associated with CLD

that are suitable for a noninvasive test. The principle of

breath testing was understood by Hippocrates

(460–370 BC), who described fetor hepaticus, mentioned

previously [88]. More recently, GC techniques have

been used to identify dimethyl sulfide as the main

breath compound responsible for fetor hepati-

cus [21,89–91].

Perhaps due to the historical significance of liver dis-

eases in breath research, a number of studies have

been performed exploring VOCs on breath in associ-

ation with CLDs, particularly cirrhosis (Table 3). The

most consistent output of these studies, despite their

variation in methodologies, has been the identification

of elevated limonene on breath as a prospective bio-

marker associated with the development of cirrhosis

[92–96]. Unlike the classical approach of using

endogenous biomarkers produced within the body, lim-

onene on breath is thought to originate solely from

exogenous dietary sources. Limonene is a terpene

abundant in citrus fruit and is widely used in the food

industry as flavoring agent. Dietary limonene is proc-

essed by CYP liver enzymes and, as such, it is plausible

to expect that reduced liver function would slow or

arrest the metabolic conversion of limonene [97].

Table 3. A summary of relevant studies using breath sources of VOCs to identify chronic liver disease.

Patient populations
Chemical analysis

Method Key results References

24 CLD, 24 healthy controls GC-MS Increased hydrogen sulfate and limonene Freidman et al. [92]
52 cirrhosis, 50 healthy controls GC-MS 12 compounds, including increased dimethyl sulfide,

acetone, 2-butanone, and 2-pentanone as well as
reduced indole and dimethyl selenide

Van den Velde et al. [100]

35 cirrhosis, 49 healthy controls GC-MS 28 compounds including limonene differ significantly
between populations

Dadamio et al. [90]

87 pre-cirrhotic CLD, 34 cirrhosis, 31
healthy controls

GC-MS Models based on 23 and 19 compounds differentiate
CLD from healthy controls, of which 11 differentiate
pre-cirrhotic from cirrhotic

Pijls et al. [91]

12 cirrhosis, 14 healthy controls PTR-MS 51 compounds with significant differences. C8-ketone
elevated in late-stage cirrhosis cases. A monoterpene
showed high performance in classification (AUC
¼ 0.87)

Morisco et al. [99]

31 advanced CLD, 20
healthy controls

PTR-MS Seven compounds significantly elevated in CLD
including methanol, 2-pentanone, and limonene

Fernandez Del Rio et al. [94]

Post-transplant follow-up
from above

PTR-MS Levels of five of the seven compounds from above fall
post-transplant. For example, limonene falls in the
weeks after transplant showing a direct link to
liver function

Fernandez Del Rio et al. [94]

44 cirrhosis, 40 healthy controls GC-MS A targeted study of limonene showed a discriminatory
capability of AUC ¼ 0.78 and noted associations to
other biomarkers and disease progression measures

Ferrandino et al. [93]

15 CP class A (NAFLD-cirrhosis), 14
non-cirrhotic NAFLD, 14
healthy controls

GC-MS Limonene, dimethyl sulfide, and terpinene showed the
highest predictive accuracy. Limonene and dimethyl
sulfide discriminated cirrhotic from healthy and pre-
cirrhotic from healthy with AUCs > 0.90

Sinha et al. [95]
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Limonene is valuable as a biomarker because its

interaction with liver metabolism is well characterized

and its exogenous origins mean it can be methodo-

logically controlled and standardized, as recently

reported [98]. Perhaps the most striking association

between limonene and cirrhosis comes from Fernandez

del Rio et al. [94], who not only demonstrated that it is

elevated in cirrhosis patients compared to healthy con-

trols but also showed that limonene levels decrease on

breath following liver transplantation. A more recent

study showed that limonene can help to distinguish

pre-cirrhotic patients, and there is a lot of interest in

examining whether limonene, either alone or in com-

bination with other biomarkers, could help to detect

early-stage liver diseases [95]. Ferrandino et al. [93]

went further and showed that limonene could be posi-

tively correlated with measures of disease severity and

blood biomarkers of liver function, including bilirubin

and prothrombin time expressed as international nor-

malized ratio, and negatively correlated with albumin.

Morisco et al. [99] also reported an unidentified mono-

terpene as the most effective single compound for clas-

sifying cirrhosis versus healthy control samples.

In addition to limonene, several studies have

reported increased ketones on breath as markers of cir-

rhosis [94,99,100], of which two reported significant ele-

vations of 2-pentanone. The origins of this compound

are less clear but may be linked to chronic

inflammation.

In addition to discovery studies, hypothesis-based

approaches have been tested to detect CLD through

breath. The most striking example is represented by the

methacetin breath test (MBT), which relies on the

administration of 13C-labeled methacetin. In the liver,

this drug is O-dealkylated by CYP1A2 to form paraceta-

mol and 13C-formaldehyde, which is readily converted

to 13CO2 and exhaled. The production of 13CO2 over

baseline levels correlates with general liver function

[80,101]. The latest evolution of this approach is the

LiMAx test, which assesses maximum liver function cap-

acity and consists of intravenous administration of 13C-

methacetin followed by online sampling and analysis of

the 13CO2/
12CO2 ratio in the breath with a time reso-

lution of 25 s and up to 40min. This test has demon-

strated an area under the curve (AUC) of 0.82 in a

classification performance between patients with cir-

rhosis against healthy controls [9] and is currently used

to predict post-operative hepatic dysfunction in sub-

jects undergoing hepatectomy [102].

The examples of both limonene and methacetin

serve to highlight the potential of administered com-

pounds to stimulate metabolic responses associated

with disease [103], which has potential as a high-con-

trast approach to disease detection akin to the use of

tracers or contrast agents in medical imaging.

Other applications for breath biomarkers

The examples covered in the previous sections illustrate

just some selected examples of how breath biomarkers

have been investigated to support early diagnosis and

precision medicine. Other notable areas of investigation

include respiratory diseases, inflammatory and infec-

tious diseases, metabolic conditions, and of course,

cancer (Figure 5).

Respiratory diseases

The most obvious applications, and the most exten-

sively studied, are in respiratory diseases. Here, breath

tests are already in use for detecting NO. Additionally,

breath biomarkers could be used to report not only on

systemic factors but also local biomarkers originating

within the airways. Asthma and COPD are among the

most common research topics, and IPF, interstitial lung

disease (ILD), cystic fibrosis (CF), lung cancers, and

mesothelioma have also been explored [17,104–111].

Breath tests for asthma and COPD have largely focused

on improving differential diagnosis and treatment.

As inflammatory conditions, both asthma and COPD

encompass various phenotypes that impact treatment

[112–115]. The ability to differentiate between cases

dominated by eosinophils versus neutrophils could

guide treatment decisions, improving symptom control

for more patients sooner and dramatically reducing

costs. Around half (46%) of asthma cases are eosino-

philic, while neutrophilic inflammation is seen in 18%

[116]. While eosinophilic cases respond well to steroid

treatments, other asthma phenotypes do not. A large

study by Schleich et al. reported four VOCs capable of

differentiating phenotypes [18] and used VOCs to

detect eosinophilic asthma (AUC ¼ 0.72) with similar

accuracy to FENO (AUC ¼ 0.70) and blood eosinophil

counts (AUC ¼ 0.71). A systematic review of studies in

adult asthma was performed by Azim et al. [17].

Unlike many existing methods, breath testing has

shown to be suitable and even well tolerated for use

with children. Since asthma is common in young chil-

dren, this represents a critical benefit for early-age diag-

nosis. Smolinska et al. identified 17 VOCs, including

ones linked to inflammation and oxidative stress, that

correctly differentiated asthma from wheezers in 80%

of cases [117]. Neerincx et al. provide a thorough review

of breath research for pediatric asthma [118].
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Exacerbations are a shared feature of respiratory inflam-

matory diseases. Since breath is well suited to regular

sample collection, it can be effectively used for moni-

toring and exacerbation prediction. This too has been

notably studied in childhood asthma, where studies in

2013 and 2017 found that VOCs have potential to pre-

dict exacerbations in a way that FENO and lung function

tests do not [119,120].

Breath VOCs have also been more widely explored

to detect respiratory infections in CF. Infections in CF

can take hold quickly and have a severe impact on

health. Infections that have been investigated include

Staphylococcus, Pseudomonas, Stenotrophomonas, and

Burkholderia species [109,121,122]. Of course, various

recent studies have also examined breath tests for

COVID-19, although largely these have focused on EBAs

and not VOCs [123].

Cancer

The aim of creating a breath test for cancer has been

widely promoted. The potential for cancer breath tests

lies in early detection. During the early stages of cancer,

while the mutagenic load on cancer cells is often less

extensive, there may still be significant metabolic shifts.

For example, cancer cells often have a much higher

glycolytic flux due to the Warburg effect, and this is a

property that is already used for cancer detection in

positron emission tomography (PET) through the use of

fluorodeoxyglucose (FDG) as a tracer agent. As such,
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Figure 5. A summary of other conditions that have been investigated for detection using breath biomarkers.
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metabolic biomarkers can be expected to be better

suited to early detection of cancer than genetic or even

proteomic markers. In addition to changes within can-

cer cells, VOCs may also detect immunological

responses to cancer, as we have already seen in other

contexts. The use of FDG in PET scans for cancer also

serves to demonstrate how an exogenous VOC (EVOC)

probe approach – detecting disease using an adminis-

tered probe that can be monitored on breath – could

be applied in cancer, with selected compounds being

administered to measure metabolic flux through path-

ways affected by cancer.

The noninvasive and continuously renewing nature

of VOCs on breath means that breath testing could

become a valuable method for ongoing treatment

monitoring and relapse detection. Taking a regular

breath test could provide early warning when cancer

starts to become resistant. A number of reviews and

meta-analyses have already been published on breath

VOCs for cancer [110,124–128]. Largely, these have con-

cluded that the field needs to focus on progressing to

larger, multi-center studies and standardization in col-

lection, storage, analysis, and result reporting. These

challenges were specifically examined by Hanna et al.

in 2019 [129].

Other diseases

The ability to reliably detect VOC biomarkers on breath,

and use them to probe metabolism throughout the

body, is still relatively novel and numerous opportuni-

ties remain to be explored. Figure 5 shows a selection

of the conditions that have been examined using

breath research.

We discussed previously how unique VOCs produced

by the gut microbiome make breath tests an effective

approach for monitoring gut dysbiosis. For similar rea-

sons, breath research has also had success in detecting

other infectious diseases [61]. Tuberculosis [130,131],

invasive aspergillosis [132,133] and Clostridium difficile

infections are just some examples of this [134]. Studies

have also examined the use of breath to detect malaria

parasites [135–137].

VOCs on breath have also been investigated for arth-

ritis [138], diabetes [139], Alzheimer’s [140], Parkinson’s

[141], and multiple sclerosis [142]. As things stand,

breath tests appear to have vast potential to improve

our ability to detect, diagnose, treat, and monitor many

different illnesses. In particular, breath could become a

common pre-selection approach, helping to reduce the

number of patients requiring specialist consultation,

invasive testing, or exploratory surgery.

Progressing breath research toward clinical

application

In this review, we have presented an overview of the

current progress in developing breath tests for clinical

applications using VOC biomarkers. We have placed

particular focus on fields where tests are already in use

or have demonstrated promising progress toward clin-

ical implementation. We have also highlighted some of

the other disease areas where breath has been investi-

gated and could be deployed for early detection, drug

development, or precision medicine.

As a whole, the field is entering the analytical valid-

ation stage (Figure 6). A large number of initial studies

have been carried out across a wide range of disease

areas and, through a diverse range of experimental
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Figure 6. An overview of the biomarker development pipeline and the potential for small-scale point of care tools to be
deployed for clinical application on the basis of robust biomarker discovery and validation.
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approaches, have consistently demonstrated that

breath tests have the potential to address critical clin-

ical needs. In many cases, promising biomarkers have

been proposed, some of which have been backed up

by biological rationale or research studies using in vitro

and animal models. Yet, to date, few breath biomarkers

have been clinically validated.

As we have seen, lack of consistency and standard-

ization has become a key limitation for the field as

numerous approaches to study design, breath collec-

tion, analysis, and reporting have been developed and

tested. Recent progress has seen improvements in the

quality of studies and technologies with an increasing

focus on consistency, reproducibility, and validation.

Notably, various tools and services for breath collection

and analysis are now commercially available, which is

driving significant advances in quality and consistency

of results both within and between studies.

Over the coming years, we expect to see the publica-

tion of a growing number of validation studies seeking

to reproduce and expand on the existing body of pub-

lished research. From this, more validated breath bio-

markers will likely emerge, which can then become the

focus of targeted clinical test development. We also

expect to see growth in the availability of biological evi-

dence supporting the association of certain VOCs with

disease processes. At present, this knowledge is only

available for a relatively small number of VOCs, for

example, the production of certain alkanes as a result

of lipid peroxidation [143] or the release of hydrogen

and methane by the microbiome [144]. Such insights

will provide vital support to justify the use of bio-

markers for medical testing and decision-making.

There is also a growing desire to standardize the

reporting of results from breath studies to aid the shar-

ing and reproduction of findings, this would be a sig-

nificant collaborative undertaking that has the potential

to drastically advance the field [145]. Similarly, efforts

such as the Peppermint consortium serve to highlight

the desire for a deeper understanding of healthy vari-

ation within breath [146]. Akin to the HapMap project

in genomics [147], this would give greater clarity over

the extent of variation in breath VOCs across the

human population, providing a vital resource for com-

parison to various research results and disease pheno-

types. The need for this in breath research is even more

dramatic than in genetics, since unlike genetics, VOCs

on breath vary over time and are influenced by a wide

range of external factors, making the frequency and

extent of variation much greater and harder to predict.

The breath tests that have so far made the most pro-

gress toward clinical implementation are those based

on administered substrates that lead to the production

of well-characterized biomarkers. This use of a priori

biological knowledge has enabled rapid test develop-

ment by guiding both the method and approaches

used. As with the carbohydrate substrates for gut

health or limonene for liver disease, novel EVOC probes

could be developed to assess the activity of other meta-

bolic pathways through the production of biomarkers

that can be measured on breath [87]. A greater under-

standing of the biological origins of VOCs is essential to

identifying more potential EVOC probes with relevance

to other disease areas.

How breath could look in the clinic

One of the benefits of the diverse approaches that have

been developed to collect and analyze breath samples

is that it gives some insight into how breath tests may

appear in the clinical context (Figure 6). The key div-

ision is likely to be between online tests that provide

immediate results and offline tests where sample collec-

tion and analysis are separated. In the long term, it

seems likely that both approaches could be seen in

clinical use and that the distinction between them will

be guided by clinical utility.

As with current clinical tests, on blood or urine for

example, offline solutions will most likely be sufficient

for most applications across both early detection and

precision medicine. Offline tests offer much greater

scope for more wide-ranging and in-depth sample ana-

lysis, which simply is not possible for online point of

care devices that need to be accessible and provide

easy to interpret results. Similarly, offline testing meth-

ods could enable simultaneous testing of a greater

number of disease markers associated with various rele-

vant pathologies, expanding the potential value of each

breath test.

In principle, offline breath tests could adapt or make

use of existing technologies available within clinical lab-

oratories, which may help to reduce the costs of imple-

menting new tests and could take advantage of

existing expertise. Alternatively, specialist services are

becoming available to provide centralized, optimized

support for breath testing, ensuring high consistency of

results across sites.

Unlike other sampling matrices, the challenge for

breath tests is in collecting and stabilizing a large

enough sample of breath VOCs in a compact form that

is suitable for easy storage, transportation, and analysis.

Next-generation collection devices, such as ReCIVAVR

Breath Sampler [148], are some of the first to provide

this capability by collecting VOCs directly into
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cartridges of sorbent tubes, which trap and stabilize a

wide range of VOCs without also collecting atmospheric

gases. Even in the context of primary care testing or at-

home breath tests, it seems likely that offline analysis

will continue to have advantages for the foresee-

able future.

Of course, online analysis avoids the need for sample

storage but is much more challenging in terms of the

requirements for creating a suitable testing device that

provides accurate, consistent results. Building on the

concept of alcohol breathalyzers, eNose devices [149]

and tools such as the FoodMarble Aire [150] address

the need for convenience but currently encounter

issues with sensitivity and consistency. As discussed,

the challenge with these sensor-based devices is that

the patterns of responses they provide are not directly

linked to specific molecules or disease processes. If we

consider existing online tests in clinical use, they show

clear connection between the purpose of the test (e.g.

blood glucose, pregnancy, blood alcohol) and the bio-

marker being assayed. While eNoses have shown prom-

ise in early-stage clinical trials, more work is needed to

show how the results they provide reflect underlying

disease biology and whether these devices can provide

robust results across many clinical sites.

At least in the early stages, it seems more likely that

more analytical devices such as PTR-MS or SIFT-MS will

be deployed where online testing is needed in the clin-

ical setting. The limitations of the adoption of these

devices are likely cost and clarity of results. If such tools

are being used by clinical staff, it is likely that interface

developments will be needed to make them easy for

use by non-specialists.

The space where it seems most likely that we will

see breath tests in a more portable online form is in the

ongoing monitoring of rapidly changeable disease

symptoms. As we have seen, breath has great potential

to be used as a predictor for respiratory disease exacer-

bations and to assess changing symptom severity. This

could become akin to glucose testing for diabetes, and

of course a breath test for blood glucose could also be

envisaged. Such approaches may also be relevant for

treatment monitoring, particularly in cases where cor-

rect dosage is highly variable between patients or

needs to be closely regulated over time.
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