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Significance “take-home message”

Human breath holds the potential for accurate disease diagnosis but human breath is
a complexsmixture, reducing diagnostic efficacy. This work reviews and analyses
published outcomes, revealing promising new approaches for future studies.
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Abstract

Volatile compounds contained in human breath reflect the inner workings of the 'body.
A large number of studies have been published that link individual components of
breath to disease, but diagnostic applications remain limited, in part due to inconsistent
and conflicting identification of breath biomarkers. New approaches are therefore
required to identify effective biomarker targets. Here, volatile organic campounds.have
been identified in the literature from four metabolically and physiologically distinct
diseases and grouped into chemical functional groups (e.g. = methylated
hydrocarbons or aldehydes; based on known metabolic and enzymatic,pathways) to
support biomarker discovery and provide new insight on existing=data. Using this
functional grouping approach, principal component analysis doubled, explanatory
capacity from 19.1% to 38% relative to single individual compound/approaches.
Random forest and linear discriminant analysis reveal 93% classification accuracy for
cancer. This review and meta-analysis provides insight for future research design by
identifying volatile functional groups associated with disease. By-incorporating our
understanding of the complexities of the human body, along<with accounting for
variability in methodological and analytical approaches, this.work demonstrates that a
suite of targeted, functional volatile biomarkers, rather than individual biomarker
compounds, will improve accuracy and success in diagnostic research and
application.

Introduction

Human breath analysis offers a diagnostic tool thatis non-invasive, rich in information,
and low cost. Identification of thespresence and abundance of gaseous biomarkers
offers the potential for sensitive ‘and accurate clinical diagnosis and long-term
monitoring [1-3]. Our ability to ‘translate’ these signals into usable diagnostics
currently lags behind the body of published research on captured breath compounds.
Despite challenges faced in ‘human breath research, quantification of individual
compounds is already used to identify (mal)function of bodily processes in limited
contexts. A major challenge of this developing field is aligning volatile compounds
captured from breath with underlying (patho)physiologies. In particular, human breath-
based clinical trials data is currently insufficiently integrated with our understanding of
functional and mechanistic, physiology. The focus here is on human breath, but
gaseous biomarkers can be detected from skin, urine, blood, saliva and faeces [4,5].

The majority of breath-linked diagnostic research has targeted respiratory diseases.
Attempts to identifyavolatile organic compound (VOC) biomarkers of lung cancer, both
in vitro and in“vivo [6=8] are represented by a large body of work. Non-cancerous
pulmonary diseases such as asthma [9,10], chronic obstructive pulmonary disease
(COPD) [11,12],.¢eystic fibrosis [13,14] and tuberculosis [15,16] are also targets of
research, but to a lesser extent.

In addition to pulmonary disease, VOC biomarkers from other cancers [17], cardiac
disease [18], liver [19], gastrointestinal [20], and neurological conditions [21,22] have
been:studied and reported. The breadth of these studies offers an opportunity to
compare how variable cellular states and pathophysiology correlate and/or differ in
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VOC profile. For example, diabetically linked VOCs [23] give insight into metabolic
functions that may have implications for other disease-correlating phenotypes.

The diagnosis of infection is a promising field for breath research, in part because
microorganisms often generate distinct VOCs, which can be discerned within human
breath profiles [24,25]. For example; tuberculosis [16,26] and Pseudomonas
aeruginosa [27,28], both infections of the lung, are metabolically distinct. Viral
infections, separate from microbial infections, may also be detectable due to'viral.VOC
production, or modification of the human host metabolism. Canine detection by scent
of COVID-19 has been demonstrated [29,30] and several studies have reported on
the potential for COVID-19 breath-based diagnosis [31-37], with varying accuracies
[38].

Differences between disease states can increase the power of diaghostic'tests. Bayes’
Theorem links probability of disease to prevalence within a population as well as the
presence or absence of clinical markers [39]. This paper aimsto highlight the need for
diagnostic research frameworks that include VOC biomarkers which act as
comparative controls to increase diagnostic precision and accuracy.

VOCs - The complex pathway from cell to breath

Human breath contains hundreds of volatile organic compounds. Metabolic processes
within the human body both consume and generate VOCs, also referred to as the
‘volatilome’- which is defined as the volatile 'fraction’of the metabolome [4]. As a
fraction of the metabolome, VOCs are recognized todirectly reflect gene transcription
and protein expression. lliness, which is often linked to altered metabolisms and local
environmental changes, is therefore expected to alter ‘volatiiome’ profiles. The
available human ‘volatilome’ consists ofigaseous, low concentration (<1x104 %), low
molecular weight (<350 amu molecularweight), and high-vapour pressure compounds
extant within the gas phase at human temperatures and ambient pressures.

The primary target of most breath research are endogenous (internally generated)
VOCs however, human breath consists of a mixture of both endogenous and
exogenous VOCs. Exogenous VOCs arise from sources external to the body which
include local air volatiles (€.9.- car exhaust) as well as metabolic by-products from diet
and/or medications. Exogenous compounds that persist continually in the environment
(i.e. the clinic, or urban streets) must be characterised, quantified and separated in
order to clarify which endogenous compounds are produced or metabolised by the
patient. Quantifying metabolism of exogenous VOCs can be a powerful diagnostic tool
in its own right- for example in organ function, where metabolism of limonene (e.g. -
produced by air fresheners and various plants) can be used to assess liver function
[40]. This technology can.be applied to preoperative and postoperative assessment
of liver function, and drug-induced liver damage [41]. Alternatively, through utilisation
of easily detectable, stable isotopically labelled molecules, such as 13-Carbon labelled
hydrocarbons, \specific bodily processes can be monitored and assessed through
breath [42].including measurement of gastric emptying through labelled CO;levels [43]
or labelled Urea in the breath, indicative of H. pylori [44,45]. Similarly, levels of
hydrogen /in the breath can accurately assess malabsorption in the gastric tract
through'bacterial processing of administered fructose [46,47].
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Further to the use of exogenous compounds as molecular probes, some of the most
impactful and fundamental breath research has focused upon the effect of exogenous
VOCs on human health, increasing understanding of volatile dynamics [48]. For
example, the effects of cigarette smoke and carcinogenic VOCs [49] or exposure to
VOC s in firefighters [50]. Some of the VOCs outlined here as biomarkers of disease
have been identified as toxic to human health, such as benzene, 1,3-butadiene,
styrene and isoprene, the most abundant VOC in human breath [51]. Therefore
concentration and context is an important factor when investigating volatile dynamics.

Microbial emissions also produce quasi-exogenous volatiles that may be revealing of
pathological conditions or confound diagnosis. Cells of non-human origin outnumber
the body’s cells by far [52] and their metabolisms form a considerable fraction of the
VOCs released and metabolised by the human body [4,53]. For example, VOCs like
acetone can be produced by anaerobic and aerobic bacteria [54,55]/and residual
levels of ethanol and methanol can be either exogenous or/microbial in origin [56].
Usefulness of volatile biomarkers is therefore defined bywpathophysiology and
comorbidities since altered microbiomes may be a significant and.defining source of
VOCs. This is especially likely in disorders of the bowel [20,57]:

Breath analysis therefore requires systemic approaches for successful diagnostic
application, accounting for both patient variability and environmental effects. Increased
understanding of volatile metabolic processing in the:body will aid in contextualising
the qualitative and quantitative effects of stress;iage, time of day, gender, activity,
disease status, and/or transport of VOCs to the site of detection, all of which affect
VOCs in breath [2,8].

VOCs produced or metabolised by cellulariprocesses, which are not subject to direct
diffusion to exhaled air, must travel around. the body through the bloodstream. They
will i) pass tissues with varying constitutions and affinities to that volatile, ii) be
metabolised through enzymatically independent and dependent pathways (the
majority of these enzymes/are expressed in the liver), and iii) diffuse from the
bloodstream into the lung air space across the alveolar wall (Figure 1). In the lung,
VOCs released from the blood mix with all local metabolites and metabolising agents
prior to exhalation. In the mouth/volatiles from the lung, mouth, nose, upper
gastrointestinal tract and stomach mix prior to sampling.

The primary physicoehemicalsproperties governing VOC movement within the body
are blood:air and lipid:airpartitioning coefficients, representing how likely a volatile is
to solubilize in aqueous solutions (e.g. - blood) or dissolve into fat [58]. These basic
thermodynamic properties are governed in human tissues by a molecule's size and
polarity. For most cells in the body, volatiles initially move between the blood and the
cell rather than directly.diffusing into alveolar airspace (Figure 1). Once a volatile
compound enters the bloodstream it must pass through the organs and tissues of the
body for which'itmay have variable affinities [58,59]. The relative distribution of tissue
types is a major source of variability between individuals. Lipophilic volatiles can
accumulate in fat tissues, while compounds with low affinity for fat drain more
efficiently into the blood, highlighting body mass index effects on VOCs in breath [2].

Further-metabolism of released VOCs within the body can substantively modify the
available volatilome. For instance, altered metabolisms (e.g.- the state of ketosis or
fasting) have been shown to alter breath VOC profile [60]. In diseases such as
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diabetes, changes in acetone can be indicative of diabetic ketoacidosis [61]. This
global change, affecting all cells, contrasts with VOC sinks and/or sources that are site
specific such as tumours, whereby the local microenvironment may present alterations
in pH [62], hypoxia [63] and cellular ion concentrations [64].

It is important to note that individual VOC biomarkers linked to cellular state may.not
be able to differentiate between causative agents or symptoms. For example; cellular
iron overload [65], senescence [66] or cell death [67] may all produce mitochondrial
dysfunction and oxidative stress, producing similar VOC biomarkers. Therefore, VOC
research should aim to identify differences in volatile metabolic outcomes between
these states that may translate to the breath.

Challenges in VOC biomarker comparison and collection

Volatile-focused biomarker research is confounded by varying behaviours and
metabolisms between individuals [2]. Volatile biomarkers may.well be indicative of an
isolated cell, in vitro, but within a body, may be subject tofurther.metabolism (Figure
1). Some VOCs may therefore be a direct readout of enzymatic.activity while others
reflect multiple enzymatic processes. For example, limonene, which is not produced
by human metabolism, can be measured in breath termonitor liver function as a read
out of cytochrome P450 (CYP450) activity [19,40].. Whereas, peroxidation of lipids,
hypothesised to be a source of aldehydes and hydrocarbons in the breath [4,23,68,69],
can be mediated by enzymes, such as lipoxygenase, cyclooxygenases or cytochrome
P450 [70] or non-enzymatic peroxidationthrough oxygen-radical oxidative routes [71].

The direct processing of functional VOC groups, such as aldehydes, makes several
enzymes both sources of VOC biomarkersiand potential confounding elements in the
processing of VOCs produced fromother. cellular mechanisms. Some of these
enzymes should be considered as..confounding factors affecting translation of
research, as they may break down primary targets. Of this wide array of enzymes,
Alcohol Dehydrogenases (ADHs), Aldehyde Dehydrogenases (ALDHs), Aldehyde
Oxidases (AOX), Aldo-keto reductases (AKRfs) and Short-chain
dehydrogenases/reductases (SDRs) are examples of classes that directly influence
commonly detected and targeted VOCs.

Once endogenous metabolism 'and associated differences in form/behaviour have
been addressed there are still methodological approaches which can bias reported
outcomes. The pro’s‘and.con’s of various techniques have been reviewed previously
in the context of human breath [6,72]. Briefly, variability in reported information can
occur through analytical approach (i.e.- the instrument through which the data is
quantified) [72] or innsampling approach. Sampling modifies reported results through
changes in temperature, humidity, phase of breath (alveolar vs whole breath) or
expiratory flow'rate [6].

Analytical and ‘collection methodologies vary across published studies (Table S1). In
studies where'breath samples are taken and concentrated prior to analysis, most
studies collect breath into specialist polymer bags or use chemical traps. Collection
methods should be considered when collecting and interpreting as they can affect the
VOCs which are collected. For example, Tedlar® bags can affect breath VOCs through

compound degradation and interaction with the bag product [73—76]. On the whole,
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most studies use some form of thermal desorption tube (TD) containing a specialized
sorbent or solid phase microextraction (SPME) fibre (Tables S1/S2). Each available
suite of methods results in compound bias. While researchers attempt to counter such
biases, methodological variability inevitably generates inconsistency in publishedVOC
outcomes.

Variation in reported human breath outcomes, and associated biomarkers, therefore
results from;

1. Variability inherent in, and between, sampling methodologies;
2. Inherent human variability;

3. Complex interactions between compounds in breath; and

4. Confounding signals from comorbidities.

Like any diagnostic tool, precise and accurate interpretation of results depends on our
ability to statistically link detectable changes to outcomes. Due'to the complexities that
arise from varying individual metabolisms and variability derived from methodological
approaches, volatile biomarkers have been inconsistently reported, in terms of both
presence/absence and quantity, for a range of diseases: For example, propanol,
isoprene, acetone, pentane, hexanal, benzene, ethylbenzene and toluene have
individually been reported to be lung cancer identifiers in 6 or more studies [6].
However, increases in isoprene (as one example) from lung cancer patient breath
compared to control groups [77-80] conflicts with reports where isoprene decreased
in lung cancer patients [81,82]. To date, published diagnostic compounds from human
breath appear to demonstrate little continuity. within:vitro models [6].

Having outlined the challenges faced by, researchers in identification of volatile
biomarkers in breath, in this paper, we perform a comparative analysis that will allow
researchers to identify and target biemarkers linked to pathophysiology and to
consider their work in the context of a range of human diseases. Through considering
how disease location, VOC ‘interaction, and systemic variability affects end-point
breath profiles, research efforts can.be more clearly focussed and optimised.

Methodological approach and rationale

Breath research is varied and. multiple tools and approaches for research exist. Some
of the most active areas of breath research include; lung cancer, breast cancer,
cancers of the mouthy throat and upper gastrointestinal tract, diabetes, liver disease
and inflammatory bowel disease (IBD). Our collation of this data is based on available
studies, with lung cancer studies outnumbering all other breath research.

Volatile biomapker comparison and data collection

To demonstrate the challenges researchers face in deriving VOC biomarkers from
breath research we collected data from four metabolically and physiologically distinct
diseases for.which there exist a number of available studies (Figure 2, Table S1).
Several systematic and comprehensive reviews; for lung, breast and other cancers
[6,88], irritable bowel studies [84,85], diabetes [23] and liver disease [19] were cross
referenced to widen scope and inclusion of studies (see PRISMA flow chart,
supplementary figure 1). Detailed exclusion criteria, workflow and transparent
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methodology can be seen in supplementary and in the PROSPERO database [86].
Systematic searches of title and abstract were performed for each disease using
boolean operators AND and OR using the Embase and Medline databases through
the OVID platform. Detailed information on systematic search terms and results/are
provided in supplementary methods along with PRISMA flow chart [87]. This research
can also be found on the PROSPERO data base [86] where clear inclusion criteria,
methodology and data extraction are given. Risk of bias and data analysis can also be
found in supplementary materials.

It is important to note that a range of important studies into the breath of patients with
pulmonary disease such as asthma [9,10], COPD [11,12,88], cystic fibrosis {13,14]
and tuberculosis [15] as well as many other diseases, infectious_.or otherwise have
been conducted. However, for these diseases, there do not yet exist sufficient studies
fitting the selection criteria for inclusion here. This is highlighted by a.systematic review
into breath analysis and COPD [88], which identifies 12 papers, many of which use
smokers as a control group, and highlights the lack of clinical‘breath biomarkers [86].
Neurodegenerative disease also shows promise as a breath diagnostic application,
but it is still a developing field and more biomarker research inte breath needs to be
conducted. Infectious diseases also suffer from this same, problem with the added
element of many different types being investigated, making them incompatible for this
meta-analysis. Asthma, COPD and parkinsons disease have also been searched
using our methodology, and the results discussed in the supplementary.

Reviewer T.l. screened outcomes from electronic searches, their inclusion was based
on criteria outlined in supplementary methods. Thisswas double checked by reviewer
K.R.

Separation of studies based on methodology

Pilot studies are often employed when,_investigating VOCs in human breath of
diseases that have not been'investigated before [21,89—-94]. These studies examine
compounds in breath using a more untarged or scanning approach (identified here as
SCAN). Compared to control groups;statistically significant increases in VOCs often
form the basis and rationale for.investigating identified compounds at more depth in
future studies.

Non-targeted (discovery), or-scanning, approaches to gas analyses are useful for
identifying where signhals,are substantially altered when compared to control groups.
However, the largesnumber of compounds in breath (>1000 [4,5,95]) and the (usually)
single temporal sampling approach often means that only compounds that exceed
substantial signal-to=noise ratios, constrained by sampling and analysis methods, and
that overcome complexities associated with individual and population variability are
reported. Informative compounds that exist in smaller quantities or compounds that
are absorbed and metabolised by the body are often missed from these types of
scanning studies and therefore subsequent targeted selective-ion mode (SIM)
analyses:may.be searching in the wrong place.

Of the studies utilised in this meta-analysis, only those studies where compounds were
reported as increased, when compared to control group, have been used. Where
studies have reported VOC uptake, they have not been included due to the rarity of
this approach. This is a significant lapse in the published literature as volatile uptake
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may form a very important avenue for biomarker discovery. When combined with
longitudinal studies in diagnostic applications, this approach may help to overcome
systemic issues affecting cohort variability.

Targeted, or Selected/Selective lon Monitoring (SIM), MS analyses can provide a
more sensitive, targeted approach to quantifying volatiles in breath. By focusing.on
individual compounds, researchers achieve substantially greater methodological
sensitivity in detection and quantification. Monitoring targeted VOCsfcan provide in-
depth information about complex processes, such as the citric acid cycle [96] but'itis
important to focus on correct VOCs for accurate diagnosis.

In the first stage of data collection, papers were considered regardiess of . detection
method (Table S1). For further analysis, studies were reduced to SCAN studies as
well as those studies which searched for a suite of volatiles that were representative
of multiple functional groups (Table S2).

Categorical variables

Of the 84 studies retained after selection criteria, 43 focus,on lung cancer, five breast
cancer, 13 Diabetes, 13 liver disease and eight IBD. Five further studies that focused
on cancers of the stomach, mouth, larynx and upper gastrointestinal region, are
grouped as upper gastrointestinal (UGI) cancers. it is outside the scope of this
research to consider pathological variability within each-group, due to limited study
numbers, therefore diseases have been grouped. Forexample; the liver disease group
includes studies investigating liver cirrh@sis in adults and non-alcoholic fatty acid liver
disease (NAFLD) in children. Variability in pathology has been noted in Table S2.
Furthermore, diagnosis and separation of pathologies may cause inaccuracies when
using breath volatiles, for example; separation of IBD conditions: Crohn’s disease and
Ulcerative colitis from control groups can“be accurate but separating the two
pathological profiles is less accurate [97]:

Studies investigating limited humbers of compounds generate uninformative
outcomes when compared with studies investigating different, targeted compounds or
studies employing a non-targeted approach (Table S1). However, some variability is
likely to be due to the range of instrumental and collection techniques employed. Most
studies listed here utilised Gas Chromatography Mass-Spectrometry (GC/MS) as their
analytical platform, \but other’ methods include Proton-Transfer Reaction Mass-
Spectrometry (PTR-MS), Selected lon Flow-Tube (SIFT-MS), Ion-Mobility-
Spectrometry (IMS)(Table 'S1). There may also be further subdivisions, for example,
standard GC/MS,or GCxGC TOF, all of which will have an impact upon the observation
of compounds [98]. . These methods should be considered when comparing reported
VOCs between studies.

Meta-Analysis‘@amd’Compound nesting

For each study, reviewer Tl extracted data of VOCs which were identified as
increased/enhanced in concentration. Volatiles reported from these studies were
compared\ through Principal Component Analysis (PCA) using a binary function -
present (1) or not (0) in a matrix (Table S2) using R-studio and ggplot2. This data was
then used to train two classification models, random forest (RF) and linear discriminant
analysis (LDA), with predictions and classification accuracy scores obtained through
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leave-one-out cross validation. All classification was performed in R-studio, using the
randomForest package for RF, and the MASS package for LDA. Complete equal
weighting of individual compounds and/or equal consideration of all possible individual
VOCs (i.e when considering each possible compound) led to uninformativej,PCA
outcomes. Compound nesting (combining similar/related compounds under one
heading) was applied to clarify PCA outcomes. As an example of compound nesting;
monomethylated alkanes, such as methylated variants of undecane (of,which 4
isomers exist), have been considered as one VOC biomarker in Figure'2. The nesting
categories can be seen in supplementary tables.

Results

By considering every reported biomarker across a wide variety of studies and
methodologies, including targeted single biomarker studies, no,single.or suite of VOC
compounds show diagnostic potential for lung cancer (Figure 2)..Primary PCA axes
explain very little of the observed variance across all studies (only 19.1% of the
variation within the data can be explained by PCA axes 1 and 2)."IBD, diabetes and
liver disease are inseparable (within the 95% confidencelintervals (Cl) assigned by the
PCA) while lung cancer VOCs overlap all groups with several.outlying studies (Figure
2). The lack of definitive outcomes when comprehensively including all reported data,
as represented in the PCA analysis (Figure 2),.s expected when considering
comorbidities, systemic variability and methodological differences.

Alternative grouping of compounds may/be more informative of processes underlying
production of individual compounds. It'may. be more appropriate to consider, for
example, all five carbon alkanes (e.g. pentane or.methylated butanes), regardless of
methylation or ethylation, as indicative.of a functional process, inclusive of modification
events. These aggregated 5 carbon‘compounds may therefore be more descriptive of
specific metabolisms than individual compounds, reducing the impacts of individual
variability in compound metabolism or derivatization.

We hypothesised that applying a nesting approach (combining compounds with similar
functional grouping) would reveal distinctive trends between pathologies in VOC data.
For example, altered levelstof alcohols in the breath have been reported often in liver
disease, including ethanol{’ methanol and propanol [99]. Similarly, a number of
aldehydes have been reportedfor several cancer types, with hexanal being the most
commonly reported [17]:Assuming that hexanal (in cancer) or ethanol (in liver disease)
are the critical, important breath biomarkers and not aldehyde/alcohol metabolisms
more generally ,may reduce the information that can be gleaned from single
biomarkers. While individual VOC biomarkers may increase specificity, there is a need
to perform further analysis, to identify how they relate to functional chemical groups
and disease/stress-based metabolisms.

Functional groyping of Volatiles

Data_(barring targeted studies) was grouped into chemical functional groups, as
defined in,table 1 [100]. PCA analysis using functional groups was able to explain
substantially more of the data presented (38.0% from axes 1 and 2, Figure 3) and
created a clear separation between lung cancer and all other disease states (Figure
3).Primary functional groups which separate lung cancer from other diseases include
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hydrocarbons (notably six carbon compounds and above, irrespective of saturation or
branching), aldehydes, furans, cyclic hydrocarbons and aromatics (Figure 3). Benzene
derivatives (aromatics) were reported in the breath in every lung cancer study.
Isoprene, a commonly reported biomarker for cancer [83], has not been included in
this analysis due to high variability of published outcomes [101]. Its inclusion however
did not significantly alter PCA outcomes.

Most diabetic studies were defined by the appearance of ketones in the breath, netably
and unsurprisingly acetone, a volatile commonly associated with diabetes[23] as well
as alcohols, including butanol, methanol and ethanol.

IBD was defined by the presence of hydrocarbons (notably, shorter.ecompounds, eight
carbons or less), nitrogen and sulphur compounds. The pathophysiology,of IBD, such
as Crohn's disease is characterized by periodic inflammation (linked:\to oxidative stress
and subsequent hydrocarbon release [102,103]) and an altered microbiome (linked to
alterations in sulphur metabolism and nitrogen compounds [19;99]).

Studies investigating forms of liver disease, including.NAFLD~and cirrhosis, were
strongly defined by the presence of monoterpenes in the breath, notably limonene and
pinene. However, this was slightly skewed in the PCA"analysis as only 4 out of the 10
included studies reported monoterpenes (Table S2). Ketones, nitrogen and sulphur
compounds were also seen in patients suffering fromliver. disease. Interestingly, only
4 studies reported alcohols in the breath of liver disease patients (one focusing on
NAFLD [99], one comparing between NAFLD and cirrhosis [104], and two investigating
cirrhosis only, Table S2) and this was less defining’of liver disease as a group than
other functional groups, despite impaired alcohol processing being a hallmark of liver
disease and therefore purportedly a breath biomarker [19].

Cancer comparisons

To investigate the possibility/that grouped lung cancer breath VOC outcomes (Figure
3a) were the result of proximity toe. pulmonary architecture, facilitating direct diffusion
of VOCs to lung airspace rather than' systemically processed VOCs (Figure 1), we
compared VOCs reported in the breath of breast cancer patients and cancers of the
upper Gl tract and mouth (UGI) tothe groups already presented (Figure 3B). Addition
of breast and UGI cancer studies reveals close correlation of all cancer groups (breast,
lung and UGI) along'similaraxes, while retaining significant separation from diabetes,
liver disease and IBD woutcomes. To clearly demonstrate this separation, these
subgroups were grouped into cancer vs other (supplementary figure 2A). The PCA
biplot is also proyided to show which elements were identified as most discriminatory.
(supplementary figure 2B). This suggests that PCA separation from other diseases is
not due to relative location within the pulmonary architecture, mouth and oesophagus.
Associations, of functional VOCs are more consistent between cancer pathologies
relative to-otherdisease states, suggesting that these signals are disease correlated.

Further Apalyses

To furtheriexpand on the use of PCA and to acknowledge the presence of potential
‘voodoo correlations’ in the data [105] we performed random forest and LDA for
classification of cancerous vs. non-cancerous (other) diseases (figure 4). This
demonstrated that the functionally grouped VOCs can be used in combination to
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classify cancer with high accuracy. Random forest determined 93% accuracy for
cancer and 100% for ‘other’. LDA determined 93% accuracy for cancer and 81% for
‘other’.

Discussion

The difficulties faced by breath researchers exploring released VOCs is highlighted by
multiple reviews investigating lung cancer and pulmonary disorders [6,69,83,106—
109], diabetes, liver disease and IBD [19,23,84,85,110]. Within these reviews; limited
consensus has been reached regarding the efficacy of individual'compounds to
identify specific diseases and/or disease-based metabolisms. These are reviewed in
Table 1. In spite of this ongoing and dedicated research, sufficiently, precise and
accurate breath biomarkers for diagnostic application have centinued to elude
researchers for cancer [6], liver disease [19], IBD [85] or diabetes [110]. We have re-
affirmed the challenges in biomarker identification through ourintroductory discussion
on sources of breath VOC variability and through the lack/of descriptive potential, as
shown in Figure 2.

Functional group analysis, which we show clarifiestexisting, previously disparate,
studies (Figure 3), are not to be taken as recommendations for singular biomarker
approaches even when these single biomarkers exist as components of a larger
functional group. Clearly, singular volatile approaches are not effective (Figure 2) and
this has been recognised by researchers previously [105]. Functional group analysis
does, however, provide a guide for further research,described here as a ‘breath print
and research framework’. We propose that analysis of multiple volatile biomarkers
from a range of functional classes will provide increased discriminatory power.

Functional Groups of Volatile Biomarkers

We have improved disease separation within our PCA analyses (Figure 3a), affirmed
that location of disease does not drive reported outcomes (Figure 3b), and highlighted
trends in volatiles discovered in ‘human breath by using a functional grouping
approach. Successful application of functional groups to biomarker discovery implies
that functional groups are‘more defining of process or disease (Figure 3), than single
volatile markers (Figure'2). A recent review has surveyed volatiles released by
humans and highlighted functional groups [5].

Further to PCA analyses, both random forest and LDA confusion matrices revealed
high accuracy in' recognising cancer and ‘other’ (Figure 4). While it should be
recognised that grouping very distinct diseases together in this way is confounding
within itself, it demonstrates the power of this approach. The classification results
obtained here’ are 'suggestive that VOCs could prove a powerful tool for cancer
diagnosties; withmany providing good discrimination between cancerous and non-
cancerous diseases.

A number of metabolic pathways and key characteristics of functional groups
associated with VOCs in breath have been reviewed [4,23,69] and some of these
pathways, pertinent to diseases investigated here, have been highlighted (Table 1).
Understanding remains limited and further research into targeted cellular metabolisms
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is needed to disentangle common functional outcomes. We present here a brief
analysis of exogenous sources and endogenous metabolisms for several functional
groups with predictive power in our analysis.

Only 4 disease outcomes are included here, due to reasons discussed in the
methodology section. For this reason we have included possible pathophysiological
sources of compounds, for cross reference to other pathologies in table 1. For
example, aldehydes have been linked to inflammatory linked stress and subsequent
lipid peroxidation in a range of diseases, such as COPD [109] and can be seen here
in cancer (table 1). Possible endogenous sources may then be cross referenced to
develop a suite of diagnostic compounds dependent upon disease.

Class Example Compounds Prevalent In Possible Endogenous Source
Lipid peroxidation [69,103,111-114], ethanol
Hydrocarbon Butane, Heptane All Metabolism [115]
Cancer. diabetes. liver Alcohol Metabolism, Ketone Metabolism
Alcohol Ethanol, Propanol . ' ’ [106,116,117], Hydrocarbon Metabolism
Disease
[114,118]
Cancer. diabetes. liver Amino acid metabolism to acetone [17,119—
Ketone Acetone, Butanone Disease’z ’ 121], isopropanol to acetone [17,122], fatty
acid metabolism and oxidation [17,69,123,124]
Lipid Peroxidation [71,103,125,126],
Aldehyde Hexanal, Acetaldehyde Cancer alcohol metabolism [127], enzymatic function

Carboxylic Acids

Ester/Ether

Isoprenoids

Nitrogen

Furan

Sulphur

Aromatic

Cyclic

Propanoic acid

Butyl Acetate, Dimethyl-
Ether

Limonene, Pinene

Trimethylamine, Ammonia

Furan

Dimethyl Sulphide,
Hydrogen Sulphide

Benzene, Xylene

Cyclopentane,

Hydrocarbons/Ketones Cyclohexanone

Cancer (breast)

Cancer

Liver disease

IBD, liver Disease

Cancer

Cancer (lung), IBD, liver
Disease

Cancer

Cancer

[128] [17,122]

Aldehyde oxidation [129],
Lipid peroxidation [103,130,131],
Microbial [132]

Enzymatic action i.e. esterases [69,133]

CYP450 activity [19,40]

Amino acid metabolism [106], Microbial
[134,135]

Unclear, microbial action [136]

Urea cycle [137], Microbial [19,99]

Released from fatty tissue [138], CYP450
[139], unknown endogenous creation

Unclear

Table 1. Functional groups of volatile compounds seen in breath research studies and possible endogenous sources of
variance. The data presented here links studies (presented in figure 3) to prevalent functional groups of volatiles to cancer types,
irritable boweldisease (IBD), diabetes and liver disease.
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Aromatics, furans and cyclic hydrocarbons

Cyclic compounds, such as aromatics, cyclic hydrocarbons, and furans, act as
important compounds in differentiating between lung cancer and other disease states
in our analysis (Figure 3a). Cyclic compounds have, however, generally been
regarded as contaminants in breath research [6,69] and, because of this,_their
diagnostic power has often been dismissed. Due to common exposure as exogenous
compounds, the use of these aromatic compounds as diagnostic tools should be taken
with caution and use as a single compound diagnostic would not be recommended.
They retain diagnostic power however, in part as a negative marker, within our
approach.

Benzene (and derivatives) and furans are present in cigarette smoke and higher in the
breath of smokers [140], a particular consideration for lung cancer breath profiles.
Studies which addressed this by contrasting VOC screens fromssmokers/non-smokers
suffering from lung cancer have found that benzene derivatives.and furans were still
present [141]. Furthermore, studies have shown that cultured, in vivo cancer cells
release a range of benzene derivatives [142—-148]. Human‘fibroblasts [149] and human
mammary epithelial cells [143] also produce aromatics when grown in culture. This
highlights how false positives from exogenous sources canseonfound separation of
functionally useful markers from contamination.

Furans have been associated with smoking and.these compounds are not associated
with endogenous origin [150]. Appearance in' heated food suggests an association
with diet [151]. Furan appears in the breath of healthy, non-smoking individuals in
addition to smoking and non-smoking ‘cancer patients and individuals [141,152].
Furans, have been reported in lung cancer, and one study into laryngeal cancer [153]
(Table S2). As this compound was»not _seen /in breast cancer or other diseases
investigated it suggests that there might be either a) a pulmonary diffusion aspect to
detection, b) a smoking component or c)both.

Cyclic hydrocarbons, such ascyclopentane and cyclohexane, have not been
investigated with respect to metabalic cellular function but their appearance in the
headspace of cell lines such asimesaothelioma [154] and their effective use diagnosing
cancer patients from breath for colorectal [155], lung [92,156] and breast cancer [157]
suggests that they retain diagnostic capacity irrespective of exogenous contaminant
sources. Cyclohexanene and.other cyclic hydrocarbons are by-products of plastic and
fuel combustion [158], and jare unlikely to be contaminants in cellular headspace
analysis. Cyclohexane has been shown to be descriptive of malignant pleural
mesothelioma when contrasted with subjects with similar professional asbestos
exposure [159]" However, oxygenation of cyclohexane produces cyclohexanone,
thought to be‘a result of fatty acid oxidation and weight loss [160].

Throughout, thedata presented here, furans, cyclic hydrocarbons, aromatic
compounds and benzene derivatives have been consistent markers of cancer,
irrespective ofdung cancer, breast cancer or cancers of the mouth and upper Gl tract
(Figure 3 and Table S2) [161]. While these compounds all have exogenous sources,
this work highlights their diagnostic potential. While in many instances, they may be
confounded with smoking related diseases, their absence from IBD, liver disease and
diabetes studies, may allow diagnosticians to remove these diseases from
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consideration, providing a powerful combination of VOC biomarkers and a starting
point for comprehensive ‘breath print’ analyses.

Developing a ‘breath-print’ and research framework

The identification of a single volatile biomarker for diagnosis of complex pathologies,
appears unlikely considering the unsuccessful outcomes of more than three decades
of research on diseases such as lung cancer. It seems more likely that multiple
biomarkers will provide maximum diagnostic accuracy and this has been recognised
by breath researchers [105,162—-164]. For example, acetone has been a target for
diabetic breath research since the 1960s [165], linked to ketoacidosis [110] and
characteristic of the sweet smell on the breath [166] and found in- greater
concentrations in the breath of diabetics. However, as a single/marker it does not
optimise diagnostic potential, due to concentration variability, linked to insulin
resistance, lipolytic activity, exercise, fasting status and gender [23]. Other VOC
markers can therefore be utilised in tandem to build up a ‘breath-print’, increasing
diagnostic power and overcoming systematic variability and.comeorbidities.

In addition to multiple volatile biomarkers increasing diagnostic accuracy, a ‘breath-
print’ may potentially include wider breath dynamicsand pulmonary function such as
flow rate, pressure, and gas transfer. Combined, this can build an accurate picture of
lung function [167] and these tools are used frequently in the clinic for assessing
patients with COPD, asthma or any restriction/to breathing [168,169]. Lung function
impacts testing and collection of volatiles; creating variability between individuals and
so consideration of this will increase the power of'diagnosis by VOCs.

Recommendations for volatile compounds as disease diagnostic markers have not yet
been made for many disease states. Thisiis;in part, due to the variation in approaches
(Table S1) and systemic complications,(Figure 1). In this research we have arranged
reported markers from non-exclusionary’ studies into functional groups and
substantially improved disease separation, generating greater correlation across
primary PCA axes (Figure 3). \We have also shown that cancer studies generate similar
outcomes, irrespective of location, lending credence to the idea that our reported
outcomes are independent of badilydocation and, therefore, due to common metabolic
action. This work agrees with systematic and prospective reviews which have
identified correlations between /disease compounds such as aldehydes for cancer
diagnosis [6,17,83]. We, therefore, recommend that research targets consist of a suite
of markers that encompass a range of functional groups.

Application of functional group analysis is limited as it can remove specificity. For
example, butanone and acetone are both ketones but butanone is highly present in
the lung cancer group but not in the diabetic group (Table S2). Therefore, when
selecting compounds for investigation, a selection of compounds from several
functional’'groups (i.e. 3 ketones, 3 aldehydes, 3 hydrocarbons, 3 sulphur compounds
etc) may optimise descriptive and diagnostic potential.

Accordingly, a suite of VOCs (a ‘breath-print’) can be utilised to account for variability
within individuals. However, an understanding of functional groups and how they relate
to metabolic processes will allow for more effective identification of volatile compounds
to serve as biomarkers within the ‘breath-print’. Based on group separation in figure
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3b, IBD, liver and diabetes are separable from lung, breast and OG cancer, but each
of these sub-groups (cancers versus gut/liver diseases) have a number of overlapping
compounds. A suite of VOCs for targeted cancer diagnosis would include both positive
and negative markers. The following outlines a framework for developing cancer
diagnostic targets for breath where a study might focus on 16 to 20 VOCs.

Positive markers of cancer would include;

I.  Aldehydes, such as; pentanal, hexanal and heptanal,

[I.  Multiple hydrocarbons above 6 carbons such as heptane, octane and decane
(there appears to be no preference for branched chained hydrocarbons in the
data)

[ll.  Aromatic and cyclic compounds, such as ethyl benzene, furan, ¢yclopentane
and cyclohexanone.

The ketone, butanone, was also highly reported for cancer studies. Presence of each
biomarker individually is not confirmation of diagnosis but/acts to-inCrease diagnostic
accuracy.

Negative markers might include;

I.  Monoterpenes, either limonene or pinene.
[I.  Nitrogen-containing compounds such as trimethylamine and methyl nitrate.
lll.  Ketones; specifically acetone
IV.  Alcohols such as ethanol or methanol. (isopropanol and propanol are common
in cancer patients).

For sulphur compounds; dimethyl. sulfide:r was reported by cancer studies while
hydrogen sulfide appears indicative of liver disease.

Interpretation of volatile compounds from human breath is multifaceted and complex.
Likely markers of cellular processes.can be identified through knowledge of dominant
metabolisms and considering systemic alterations and interactions. By considering
markers of contrasting processessand pathophysiologies, the power of diagnosis will
increase. Functional group targeting can help overcome variability within individuals
and cohorts when looking‘for breath biomarkers of particular cellular functions. The
‘breath-print’ approach, takes into account variability of biomarker metabolisms,
conflicting comorbidities and physiological variations within individuals.

Application to COMID-19

A primary goal of this work is to provide contextual VOC targets, so that future research
may target ‘compounds 'with increased likelihood of diagnostic power. We may
speculatesuponthow this work may relate to a critical topic in contemporary breath
research: the diagnosis of viral lung infection, namely COVID-19. At this junction, with
the limited published data available, we consider the underlying processes involved
and/compare this with research into other infections of the lung.

Severalsstudies have explored whether COVID diagnosis via breath, using sensors
and._enose approaches [32,35-37], is plausible. Currently, 5 studies have been
published which a) fit the criteria for inclusion in this article and ii) identify specific
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VOCs as candidates for diagnosis. Substantial variability in COVID status exists within
the studies undertaken, most notably, age of patients and disease severity at the point
of breath collection [31,33,34,75,170]. Severity of disease influences VOCs seen in
the breath (as shown in table 1). Severely ill patients, including those presenting.with
Acute Respiratory Distress syndrome (ARDs), will have impaired VOC diffusion into
the lung space, due to the presence of fluid in the lungs. Furthermore, they may
present with a range of disease complications outside of pulmonary ,ailments
[171,172].

Published reports that fulfil our selection criteria report COVID representative
functional groups as: aldehydes (notably C7 and over), carboxylic acids, oxygenated
species, monoterpenes and halocarbons [31,33,34,75,170]. With anrawareness of the
limitations outlined and the large variability in collection and analysis methodology, we
compared the functional outcomes from these papers against cancer<and all other
studies grouped (supplementary figure 3). COVID-19 revealed clear separation from
cancer studies and sat within ‘other’ grouped studies with explained variance of 34.7%
for PC1 and PC2 combined. One outlier for the COVID-19,group“was identified as
Ruszkiewicz et al 2020 due predominantly to the lack ofshydrocarbons detected.

Pathophysiology of COVID-19 infections includes inflammatory response,
characterised by oxidative stress (table 1) which has been’linked to aldehydes and
hydrocarbons [103]. Aldehydes are present in all'§ COVID-19 breath studies
presented here and hydrocarbons are present in 4 studies. In comparison, studies
investigating Influenza, a virus of the/lung, revealed increased hydrocarbons in
patients' breath following Influenza A vaccination [173] and pigs infected with Influenza
revealed aldehydes in their breath [174].

As the volume of research around viral pathogens and volatile profiles grows, targets
specific to pathogens will increase and.the application of targets for early diagnosis
aside from those targets linked to secondary and tertiary effects of infection will aid
early application. We have demonstrated that researchers can consider targets from
different functional groups and'varying,disease states

Conclusion

In conclusion, while mechanistic studies continue to be reported, and collections of
cellular VOCs compiled [8] and contrasted with human breath databases
[6,95,175,176], we contend that further information can be gained from comparing and
contrasting breath profiles already reported within targeted metabolic and
physiological contexts and that this approach will help inform further research. We
have demonstrated that‘commonality exists in a suite of volatiles present in the breath
of patients across a range of diseases and that these volatiles can also separate
disease groups.
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Figure 2. The journey of volatile compounds: from cell te breath. Compounds detected in the breath can be
traced back to local cellularchanges. Volatiles interact with tissues, organs and other compounds as they move
around the bodyfinfluencing their expression in the breath.1) Local envirenmental changes and stimulating
factors elicit cellular'response which in turn alters volatiles both given out and taken up. 2} Volatile compounds
diffuse in and out &f the blood stream to move around the body. 3) As compounds move around the body they
diffuse in and,out of tissues dependent upon saturation and their affinity for blood, fat or tissue. 4) Volatile
compounds can be metabolised by enzymes such as CYP450s, highly expressed in the liver. 5) Gases diffuse in
and out of the blood in the lung across the alveolar wall. Violatiles from the blood mix with those released by local
lung and immune @gells, the lung microbiome and infectious bodies. 8) Compounds are inhaled and exhaled
breathisa mixtlre of alveolar, lung and mouth air with volatiles from the stomach and upper gastrointestinal tract.
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23 Figure 2. PCA plots of volatiles released by patients for; diabetes (n13), IBD (n9) liver disease (n12) lung
cancer (n41). a, b show same data, axis/compound identifiers shown in"b. Ellipses represent 95% CI.
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Figure 3. PCA plot of volatiles released by patients, arranged by functional group as shown by axis in (A) for;
47 diabetes (n6), IBD (n5), liver disease (n10) and lung cancer (n18). B, as A, with additional groups; breast cancer
48 (n5) and UGI Cancers (n5). All'studies shown are non-exclusionary analytical approaches. Ellipses represent
49 95% CI.
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A. Random forest model B. Linear discriminant analysis
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Figure 4. Confusion matrices to summarise supervised classification predictions for (A) Random/forest model
and (B) Linear discriminant analysis. Classification accuracy scores for each model are also provided.



