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Abstract

On-line analysis of exhaled breath offers insight into a person’s metabolism without the need for sample
preparation or sample collection. Due to its non-invasive nature and the possibility to sample continuously, the
analysis of breath has great clinical potential. The unique features of this technology make it an attractive
candidate for applications in medicine, beyond the task of diagnosis. We review the current methodologies for
on-line breath analysis, discuss current and future applications, and critically evaluate challenges and pitfalls
such as the need for standardization. Special emphasis is given to use of the technology in diagnosing
respiratory diseases, potential niche applications, and the promise of breath analysis for personalized
medicine. The analytical methodologies used range from very small and low-cost chemical sensors, which are
ideal for continuous monitoring of disease status, to optical spectroscopy and state-of-the-art, high-resolution
mass spectrometry. The latter can be utilized for untargeted analysis of exhaled breath, with the capability to
identify hitherto unknown molecules. The interpretation of the resulting big data sets is complex and often
constrained due to a limited number of participants. Even larger data sets will be needed for assessing
reproducibility and for validation of biomarker candidates. In addition, molecular structures and quantification
of compounds are generally not easily available from on-line measurements and require complementary
measurements, for example, a separation method coupled to mass spectrometry. Furthermore, lack of
standardization still hampers using the technique for screening larger cohorts of patients. The present review
summarizes the present status and continuous improvements of the main on-line breath analysis methods, and
evaluates obstacles for its wider application.
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1. Introduction

On-line analysis of exhaled breath, sometimes called
"real-time" or "direct” breath analysis, has gained a
lot of momentum in recent years, and could in the
future become the method of choice for some
applications in medical diagnosis and personalized
medicine. Getting insight into a person’s metabolic
status via on-line analysis of exhaled breath is
significant and advantageous, because a wide range
of compounds can be detected, because sampling is
easy and completely non-invasive, and, as opposed
to sending samples to a lab, the results are available
on the spot. Breath is available in nearly unlimited
quantities, its analysis presents no burden to the
subject being measured, and its on-line analysis
allows continuous monitoring of metabolic health,
disease progression, and medication in short time
intervals. Moreover, this approach might become
indispensable in certain critical situations, e.g., in the
emergency room, for correct treatment of a
dangerous infection such as pneumonia, when
consumption of potentially dangerous party drugs
must be ascertained, in doping control, or in other
situations where immediate action is necessary.
On-line analysis of exhaled breath could potentially
reveal novel biomarkers for diseases, allow disease
phenotyping, might become an inexpensive
replacement for established tests, permit bedside or
even home monitoring, and allow cost-effective and
frequent checks of disease progression, effectiveness
of a therapy, and adherence to medication. It could
also open up completely new applications, e.g.,
diagnosis of asthma in young children or
chronobiology where continuous sampling is
required (e.g. sleep studies). There are, of course,
challenges as well. Exhaled breath analysis if far
from being established and standardized, and is
currently only routinely used in clinical application
for a select few applications (chapter 1.1).
Biomarkers candidates that have been found in case-
control studies await validation with statistically
significant sample numbers, to avoid problems with
overfitting due to limited sample sizes. The lack of
standardization and reporting also extends to the
level of data treatment, in particular for data
processing and compound identification. There are
several analytical methods that could be employed,
but all of these still have issues with repeatability,
batch effects, time drifts, and confounding factors.
Requirements for low cost and portability of
instrumentation are at odds with those for very high
sensitivity, large dynamic range to detect metabolites
with widely different concentrations, and chemical
selectivity to analyze the complex mixture of
compounds found in exhaled breath.

This review therefore focuses on sensitive, state-of-
the-art analytical methods that have the required
chemical selectivity to differentiate molecules that
occur in exhaled breath, and on their applications.
We emphasize methods that allow to identify panels
of molecules as opposed to established, single-
compound methods, e.g., an ethanol test (which will

be mentioned in passing). The focus of the review is
on on-line measurements, which automatically
excludes off-line approaches that involve a twostep
process of sample collection and storage, for
example, using bags or Tenax tubes followed by
sample analysis. In fact, due to complications with
chemical stability (catalytic reactions on surfaces of
collection devices; photochemical or thermal
degradation; adsorption losses; etc.), on-line analysis
is often the method of choice for analysis of exhaled
breath. We use the term "on-line" breath analysis
throughout the manuscript compared to "real-time"
or "direct" breath analysis which are often used in
the literature. The term "real-time" is not sufficiently
defined without a given, debatable timescale. The
term "direct" can be attributed to many things while
"on-line" stands in clear contrast to "off-line"
approaches. For certain applications only few on-line
studies have been completed so far. Therefore, in
these cases we included selected important off-line
studies as a reference point (mostly GC-MS). These
references have clearly been introduced as "off-line"
studies throughout the manuscript. Some aspects of
breath analysis have been recently covered in other
reviews. Most notably, Wallace, and Pleil reviewed
methods and instrumentation for analyzing exhaled
gas-phase, condensate, and aerosols for use in
clinical and environmental health applications. *
Direct, i.e.,, non-separative mass spectrometry
methods for non-invasive diagnostics based on
volatile organic compounds (VOCs) were reviewed
by Casas-Ferreira et al. % Giannoukos et al.
summarized  applications  for  security and
biodiagnostics * and Ahmed et al. covered the
analysis of exhaled volatile organics that play a role
in infection. *

1.1 A brief historical perspective

Breath analysis has been known since a long time.
One of the first applications mentioned in writing
was probably from Chinese medicine where diseases
are characterized based on different smells.> The
famous physician Socrates mentioned characteristic
smells for different types of imbalances/diseases
such as a sweet smell (diabetes), a fishy smell (liver
problems), a urine-like smell (kidney problems) or a
putrid smell (lung abscess).” One of the first
instrumental approaches in a laboratory setting was
developed by Lavoisier during the time of the French
revolution when he described breath as a chemical
reaction of respirable air (O,) producing acid
forming fixed air (CO,).” In 1971 Linus Pauling
analyzed frozen breath with gas chromatography and
could differentiate more than 250 volatile features.®
Today he is considered the father of modern breath
analysis. Gas chromatography coupled to mass
spectrometry in turn allowed much higher selectivity
and compound identification. It is currently the most
frequently used breath analysis method. Although it
is limited because it is an off-line method, which can



INHALATION EXHALATION
Varyi 100% relative
r;g:cg humidity, 37°C
humidity and

temperature Oral cavity &
jastrointestinal
tract

mmgmmmmmm—--

] Systemic molecule
passing the blood
air barrier

LUNG | LUNG

ALVEOLI /
e

Blood-air barrier

LY

MOLECULES IN
THE ORGANISM

Figure 1: Pathway of exhaled molecules in the human body. A
small proportion of exhaled molecules origins from the airways,
gastrointestinal tract and the organism (i.e. systemic molecules
passing the blood-air-barrier in the lungs). The majority of
molecules in exhaled air is of environmental origin. Due to the
maximal relative humidity and body temperature of 37°C the MS-
analysis of exhaled breath may only be compared to a limited
extend.

lead to sample loss and degradation during storage
and transport. °

The three main mass spectrometry methods for on-
line analysis of volatile organic compounds and later
breath analysis are SIFT-MS and PTR-MS and more
recently SESI-MS (chapter 2). The coupling with
state-of-the-art high-resolution mass spectrometers
opened up new possibilities with a much higher
number of several thousand detected features and the
capability for unknown identification. *°

Portable breath analyzers are also considered
important; this challenge has mainly been addressed
by chemical sensors. However, sensors can currently
only detect a very limited number of compounds in
simple gas mixtures (chapter 4.5).

Only a limited number of breath analysis tests are
currently used in patients and recognized by
international guidelines. These include the ethanol
breath test'!, the nitric oxide breath test developed by
Gustafsson et al.** for the monitoring of asthma®?, the
hydrogen breath test to diagnose small intestinal
bacterial overgrowth® and the urea breath test for
helicobacter pylori infection,** At present, there is
not a single exhaled breath test that is capable of
diagnosing a disease as a stand-alone test.

1.2 Volatile organic compounds and
the respiratory system

The human respiratory system emits a vast number
of volatile organic compounds (VOCs) of different
origin (see Figure 1). VOCs can either be
endogenous, i.e., they arise from the respiratory tract
or they are of systemic origin after passing the blood-
air-barrier, or VOCs can be of exogenous origin, in
which case they originate from the environment and
are inhaled and exhaled without alteration. Whether
VOCs from the gastrointestinal tract (e.g. limonene),
which often origin from symbiotic bacteria, are
considered exogeneous or endogenous are currently
a matter of debate. The exogenous VOCs from the

environment in exhaled breath outnumber the
endogenous ones by far'®, however, the small
number of endogenous VOCs including the one from
the gastrointestinal tract are of high interest in the
field of medicine.

The pulmonary alveolus represents the smallest unit
of the respiratory tract where molecules pass the
blood-air barrier (35 to 200 nm thick) via diffusion.*®
Estimations of the total area of alveoli range from
75-150 m?. Currently, on-line breath analysis is
capable of detecting >500 VOCs in exhaled breath,
which have different origins.*

The identification and quantification of airway and
systemic biomarkers have been of particular interest
recently, to gain insight into airway physiology and
human metabolism in a non-invasive fashion'’.
Therefore, in most studies exclusively the end-tidal
phase of an exhalation was analyzed, when the flow
reaches a plateau with VOCs at high concentration
and contaminants at their lowest concentration level.
® While VOCs from the airways are constantly
emitted, a wide range of factors contribute to the
ability of a VOC to reach a phase equilibrium on
both sides of the blood-air barrier: polarity, solubility
in fat, Henry’s partition constant and volatility, to list
the important ones. It is therefore understandable that
different classes of molecules in the blood (e.g.
hydrophilic molecules) display a unique diffusion
pattern when it comes to crossing the blood-air
barrier.® Furthermore, the concentrations of
exhaled VOCs must be diminished by an amount
equal to their concentrations in the environment (i.e.
ambient air). Under ideal conditions, the
concentration of certain VOCs (e.g. acetone,
acetonitrile or plasma free amino acids) is directly
proportional to their respective concentration in
blood or urine. ® ** 2 Smoking behavior, age, body-
mass-index and biological sex can affect the
concentration of certain exhaled breath components
by a cumulative factor of up to 10. 2 ?* While there
is a guideline from the American Thoracic
Society/European Respiratory Society Task Force on
methodological issues regarding exhaled breath
condensate collection proposing to account for basic
factors », there are no recommendations or
guidelines for exhaled breath analysis yet. However
the standardisation focus group chaired by J.
Beauchamp and W. Miekisch of the International
Association for Breath Research (IABR) is working
on developing guidelines for this purpose.

1.3  Reported volatile organic
compounds by on-line breath analysis

In 2014, de Lacy Costello et al. reviewed volatiles
detected in exhaled breath."® They reported 872
VOCs in breath, amongst them alkanes, alkenes,
alkynes, benzyl and phenyl hydrocarbons, alcohols,
ethers, aldehydes, acids, esters, ketones, nitrogen
containing volatiles, sulfur-containing volatiles, and
halogen-containing volatiles. However, only a small
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subgroup of them has also been monitored in on-line.
Most of the reported compounds were detected off-
line, by GC-MS, and often sample pre-concentration
steps like Tenax tubes or SPME were required. ° In
this review, we focus on on-line monitoring of
molecules in exhaled breath. We have compiled a
table of the compounds and compound classes which
have been reported in breath by on-line analysis of
exhaled breath. The analytical methods, level of
identification certainty, and literature references are
given for each reported compound (Supplemental
table 1). A wide range of compounds have been
reported from 17 compound classes: small volatiles
(e.g. NO), alcohols, aldehydes,
alkanes/alkenes/alkynes, amino acids, benzenoids,
benzothiazoles, carboxylic acids, esters, fatty acids,

furans, indoles, Kketones, sulphur containing
compounds, terpenes, inorganic compounds and
"others".

Up to now, the majority of the compound classes can
only be detected by mass spectrometric methods (13
out of 17 compound classes); much fewer are
accessible using the optical methods and chemical
sensors discussed in this review. Until 2014, on-line
measurements were mainly carried out by PTR-MS
and SIFT-MS. Since then, the list of identified
compounds got longer. Here, SESI coupled to high
resolution mass spectrometry contributed. % One
has to keep in mind that volatiles detected in exhaled
breath are not exclusively endogenous, there are also
quite some exogenous compounds such as
acetonitrile®® and trimethyl-silyl acetonitrile® in
smoker’s breath or methyl- tertiary butyl ether.*?

1.4 Workflow from breath sampling
to molecular markers

A typical workflow for on-line breath analysis in a
clinical setting is shown in Figure 2. The workflow is
conceptually related to the previously published
workflow from Boots et al.*® However it includes
now two additional steps, the selection of the
appropriate analytical platform and the final goal to
develop a quantitative assay for a clinical
environment and has been re-designed. The starting
point is a well- defined research question or set of

Research
Question

Analytical

Platform study

Exploratory

questions addressing an unmet diagnostic need. The
selection of an appropriate instrumental platform
amongst the different options for on-line breath
analysis is important. The main differences are
compound  coverage, sensitivity,  selectivity,
robustness, portability and costs (chapter 2.7).

In most cases the first step in a clinical context will
be an exploratory study (e.g. a cross-sectional or
longitudinal study) with an appropriate study design.
During the phase of data acquisition continuous
quality control is essential. Data processing converts,
filters and normalizes the data, resulting in a breath
feature matrix e.g. molecular weight and intensity
per subject (chapter 4.3). This matrix is the basis for
further statistical analysis, which allow to extract
biomarker candidates (chapter 4.3). The molecular
identity of the structure of the resulting features need
to be carefully elucidated until unequivocal
compound identification is achieved (chapter 4.4).
Once the molecules are identified and depending on
the research questions at hand, the next step is often
a metabolomics analysis of the identified panel of
molecules. An exploratory study, which has been
carefully evaluated in such a manner resulting in a
panel of putative biomarkers should be followed by a
validation study to generate clinically meaningful
biomarkers. If this step is passed successfully as
well, a quantitative assay (chapter 4.2) can be
developed for implementation into daily clinical
practice.
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Figure 2: Workflow from breath sampling to molecular markers.



2. Analytical methods

2.1 SIFT-MS

SIFT-MS is a well-established method for breath
analysis and there are several review and perspective
articles available describing the technique and its
applications in trace gas analysis.>** It has been
applied extensively for studying the exhaled breath
of healthy individuals®***®!, but also in a number of
clinical studies.’**"® Most studies make use of the
strength of SIFT-MS for targeted analysis such as
quantification of acetic acid in patients with gastro-
esophageal reflux disease® or quantification of
acetone in breath of type 2 diabetes patients. °

The principle of SIFT-MS is shown schematically in
Figure 3A. It is based on chemical ionization.
Briefly, reagent ions (H;O', NO and O,") are
generated in a microwave plasma and the desired
species is selected subsequently in a quadrupole
filter. The analyte is then introduced into a helium-
buffered drift-tube, where it reacts with the reagent
ions. The generated ions are detected by a
quadrupole mass spectrometer.®”"*

The ion chemistry in the drift tube is quite well
understood and for many analytes kinetic constants
are available. This knowledge allows for the direct
translation of intensities into absolute analyte
concentrations. However, for the analysis of exhaled
breath, humidity has to be taken account.” Hydrated
reagent and analyte ions can occur as well as other
adducts, making calculations more difficult. LOQs
reported for SIFT-MS are in the range of low ppbv to
high pptv’®, the m/z range up to m/z =300*" and mass
resolution is limited by the quadrupole mass
analyzer. Hence, isomeric and isobaric compounds
cannot be separated and untargeted metabolomics is
difficult if not impossible. The only strategy of
handling isobaric compounds is the use of several
reagent ions in order to achieve selective
ionization.”* Aldehydes and ketones, for example,
can be separated due to the different chemistry of
H;O0* and NO*.

In conclusion, SIFT-MS is mostly suited for targeted
analysis. There, ion chemistry can be studied and
accurate concentrations can be measured reliably.
The most limiting factor remains the low mass
resolution. However, recent developments include
the implementation of time of flight mass analyzers
(SIFT-TOF-MS)* and the use of electric fields in the
drift tube (SIFDT-MS)™ in order to combine the
selectivity of SIFT and sensitivity of PTR .

2.2 PTR-MS

Originally, PTR-MS had been established in the field
of environmental research and was mainly used with
off-line sampling bags.””"® However, the advantages
of this fast method have also been recognized for on-

Microwave Quadrupole Drift tube
plasma mass filter

Quadrupole mass
spectrometer

0 Analyte
Air
I |

. Carrier gas
(He)

B
Hollow Drift tube Time of flight
cathode with electrical field mass spectrometer
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l vapor l
Concentric dynode rings
— —
€

lonization Orbitrap mass spectrometer
chamber with MSMS capabilities

o Analyte

Collision cell

©

Nanoelectrospray

(water + additive) l Exhaust

Figure 3: Schematic representation of different techniques used
for breath analysis. a) SIFT-MS: In a microwave plasma reagent
ions are generated from air and the desired species is selected
subsequently in quadrupole mass filter. In a helium buffered drift
tube, the analyte is ionized by reaction with the reagent ions. To
date, ions are detected most commonly with a quadrupole mass
spectrometer. b) PTR-MS: In a hollow cathode H3;O" ions are
generated from water vapor as reactive species. They are
transferred into a drift tube with an electric field, where the analyte
is introduced. PTR is mostly coupled to TOF-MS. c¢) SESI-MS:
The analyte is introduced into a nanoelectrospray consisting of
water and an additive. SESI can be coupled to high resolution
mass spectrometers such as Orbitrap-MS or QTOF-MS.

line analysis of exhaled breath, ¥ 8! 8 sych that is
increasingly used in this field.

Like SIFT-MS, PTR-MS relies on chemical
ionization. Based on proton transfer from a reagent
ion, the analyte sample is ionized and analyzed by
mass spectrometry. However, in contrast to SIFT-
MS, mainly H;O" is used as proton source.

Early reviews have already described PTR-MS and
its variations in detail, and have extensively covered
the wide range of PTR-MS applications.®*® As
shown in a simplified schematic in Figure 3B, a
plume of mostly H;O" ions is generated by H,O in a
hollow cathode discharge. In a following source drift
tube, the ion plume is further purified by reactive
collisions with H,O. W.ithout an additional
quadrupole mass filter as applied in SIFT-MS (see
Figure 3A), the resulting pure reagent ions plume is
directly introduced into a drift tube where the
ionization of the gaseous analyte sample takes place.
Subsequently, sample ions are analyzed by a mass
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spectrometer. Due to the fixed drift tube length, the
reaction time for proton transfer from the reagent
ions to the sample is fixed as well and hence allows
for quantitative analysis. Within the drift tube,
however, fragmentation of VOCs as for terpenes is
known to occur that substantially complicates
spectral analysis as well as absolute quantitation.
Compared to SIFT-MS, superior sensitivity is
obtained with PTR-MS since the sample air itself is
acting as buffer gas in the drift tube and hence
evades sample dilution.

The limit in detectability is set by the principle of
PTR-MS itself. Only VOCs that feature a higher
proton affinity (PA) than that of H,O can be ionized
by proton transfer and hence be detected with this
method. Recent research is bypassing this limitation
by introducing further reagent ions into the hollow
cathode such as NO* and O,".%” Thereby, the range of
detectable VOCs is not only enlarged by compounds
with lower PA than H,O but also isomeric
compounds can be separated similarly to SIFT-MS.
While ion pre-selection is not required for traditional
PTR-MS using H;O" reagent ions, quadrupole mass
filter became valuable again with this extension of
reagent species allowing for fast switching between
the species. This instrumental combination is
realized in the selective, initially switchable, reagent
ionization MS (SRI-MS). 8 More recently, also a
setup using Kr* or Xe® reagent ions has been
described. %

Mass accuracy of PTR-MS has greatly been
improved by technical progress such as the
introduction of TOF mass analyzers (PTR-TOF MS)
and even more recently the hyphenation of a
quadrupole to a TOF (PTR-QiTOF MS). "%, New
PTR-TOF instruments are capable of mass resolving
power higher than m/Am 10,000 ** which is
fundamental for compound identification as
described in a subsequent chapter.

2.3 SESI-MS

In 1986 and 1994 the group of Fenn and the group
of Hill discovered that electrosporay ionization (ESI)
not only ionizes molecules dissolved in the spray
solvent, but also compounds present in the
environment of the ionization region. % % % They
realized that the primary ions formed by ESI can
induce a secondary ionization of gas-phase
molecules that are brought into contact with the
electrospray plume. This was eventually described as
a separate technique by Hill and co-workers in 2000
and dubbed Secondary Electrospray lonization-Mass
Spectrometry (SESI-MS).%

A schematic drawing of SESI-MS is depicted in
figure 3c. A clean solvent containing an additive to
increase conductivity is electrosprayed to generate
primary ions. The analyte vapors are then guided to
the electrospray plume, leading to ionization via
proton-transfer reactions. This process is very soft,
yielding predominantly the molecular ion for most
chemical classes.®*” However, the mechanism is not

fully understood to date. While it was initially
believed that gas-droplet interactions play a key role
in the process, most data nowadays suggest ion-
molecule reactions in the gas-phase, with charged
water clusters as the primary ionizing species.*®
Several factors can influence the ionization process,
including sample humidity and the type of ESI
solvent being used %% SESI-MS has been found
to be most sensitive for polar compounds, with
sensitivities reaching sub-ppqv values.™ Besides the
outstanding efficiency and softness of the ionization
process, the biggest strength of SESI is its
modularity. Since it operates at ambient pressure it
can be coupled to any pre-existing ambient inlet
mass spectrometer, which allows for the usage of
state-of-the-art high-resolution mass spectrometers
with MS/MS capabilities. This resulted in the highest
mass resolutions (>140,000) and mass ranges (m/z >
600) being reported for on-line breath analysis to
date.®® Furthermore, the similarity to ESI makes it
possible to perform unambiguous compound
identification by wusing high-performance liquid
chromatography-MS (HPLC-MS) measurements of
exhaled breath condensate (EBC) as a
complementary technique.?® The main drawback of
SESI is that absolute quantification in the gas phase
is not yet possible.

Despite SESI being a rather recent technique, a
variety of applications have been published,
including the detection of illicit drugs™, warfare
agents'™, and explosives'®?'%, as well as the analysis
of food and skin'®*%" bacterial cultures'®, and most
prominently exhaled breath, 299109113

2.4 Optical Methods

There are several excellent reviews on optical
spectroscopic methods for breath analysis, some of
them quite recent *****’. Predominantly, absorption
spectroscopy in the mid or near infrared is employed,
while there are hardly any applications of Raman
spectroscopy and UV/VIS spectroscopy related to
exhaled breath analysis *®'°. An established method
that relies on optical detection, although
chemiluminescence rather than spectroscopy, is the
measurement of fractional exhaled nitric oxide
(FeNO), a marker for bronchial inflammation that is
determined in clinical practice when dealing with
asthma. %

Normal, single pass absorption spectroscopy does
not have sufficient sensitivity, and non-dispersive
infrared (NDIR) spectroscopy can only be applied in
special situations. However, narrow bandwidth IR /
NIR laser spectroscopy (tunable diode lasers =
TDLAS, quantum cascade lasers, optical frequency
combs) perform quite well, due to their excellent
spectral resolution characteristics. To increase
sensitivity, multi-pass absorption cells are often
employed, for example using cavity ring-down
spectroscopy (CRDS), which increases the effective
optical path length by 10,000 times or more. There
are variants of CRDS, integrated cavity output
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spectroscopy (ICOS), cavity leak-out spectroscopy
(CALOS), cavity-enhanced absorption spectroscopy
(CEAS), off-axis cavity-enhanced absorption
spectroscopy (OA-CEAS), which are essentially
identical but are named differently in the literature.
For example, NO, a well-established biomarker, was
measured with a CALOS method using a CO
sideband laser near 5 um wavelength and an optical
cavity with two high-reflectivity mirrors (R =
99.98%). This allowed simultaneous on-line
detection of ®NO and “NO in nasal air, with a
record LOD of 7 ppt, using a 70-s integration time
21 An alternative is photoacoustic spectroscopy
(PAS), a background-free method where a modulated
laser generates sound waves in an absorption cell
containing the gaseous (breath) sample, which are
then detected with a microphone. LODs lie between
1 ppm and 1 ppb, depending on laser power and cell
design.

Generally, only small molecules (2-5 atoms) with
well-defined, narrow absorption lines can be
measured by optical methods, for example CO, NO,
NO,, H,O, HCN, NHj; CH,O, CH, etc. Some
characteristic absorption bands are shown in Figure 4
(middle panel). Larger molecules (> 6 atoms) have
broader, more complicated absorption features,
which often cannot be covered by scanning a single
narrowband laser and/or show spectral congestion.
The largest molecule detected by optical
spectroscopy, specifically CRDS, was acetone, (m/z
= 58) with a limit of detection (LOD) of 57 ppb *#,
close to that of sensor systems, with LODs in the low
ppb range *°. These LODs are sufficient for practical
applications, because acetone concentrations in
breath are usually between 0.2 - 1.4 ppm. A general
problem associated with optical spectroscopy is the
strong absorption by water vapor in exhaled breath
and by other small molecules that are present in air
(Figure 4, top panel).

Ideally, spectroscopic measurements of trace
compounds in air are thus made in the “infrared
atmospheric windows” between 8 and 14 um, and in
the visible to mid-infrared region between 0.2 and
5.5 um. Narrow bandwidth TDLAS can sometimes
be used even outside of the IR atmospheric window
(Figure 4, bottom panel). Another shortcoming of
optical spectroscopy is compound identification. For
example, in a study on laser-based spectroscopy, 24
different compounds were listed that distinguished
children with asthma from healthy controls, and 12
different compounds for differentiating CF **.
However, this "identification" was merely based on
finding molecules in a database on IR spectroscopy
that had significant absorption in wavelength areas of
the vibrational spectra that differed between asthma
patients and controls, the groups and had previously
been reported to occur in human breath.
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Figure 4: (Top panel) Transmission of the atmosphere. A
significant fraction is obscured by strong absorption of water vapor
(gray shaded area). Other compounds responsible for strong
absorptions are marked also indicated (Adapted with permission
from reference **2 under CC PD 1.0 license). (Middle panel)
Infrared absorption of common constituents and trace gases
occurring in the atmosphere. Compounds and their spectral lines are
color coded. From nanoplus.com. (Bottom panel) High-resolution
quantum cascade laser infrared absorption measurement of 49 ppb
of NO; in ambient air (red line) and NO, scrubbed ambient air (grey
line). The dark blue and light blue bars represent the theoretical line
strengths of NO, and H,O bands, which lie in a tiny fraction,
6.2477 - 6.2508 um, of the IR spectrum. Despite being in the range
of strong water absorption, the very high spectral resolution allows
identification of NO (Adapted with permission from Reference **
under CC BY 3.0 license).

2.5 Chemical sensors

Chemical sensors hold the promise of small, portable
devices at low costs for breath analysis. ¥’ The
strengths of chemical sensors are mainly their
compact nature and low production costs per unit.
There a three principal types of sensors: metal-oxide
sensors'?®®,  polymer-based sensors**® ' and
electrochemical sensors ™. The use of carbon
nanotube for chemical sensors has recently be
reviewed. '*. Figure 5 shows a size comparison from
the nano-materials, to a single sensor element, up to
the whole sampling device.

The most used chemical sensors for clinical
applications are hydrogen sensors*** together with
methane sensors ** to detect bacterial overgrowth
and fructose malabsorption and nitric oxide sensors
135 1% o detect fractional nitric oxide (FeNO) for
asthma.’’ Acetone sensors *** are used in the
context of diabetes diagnosis. **° However, the claim
of some acetone sensor developers of acetone
sensors as a single biomarker assay for early diabetes
diagnosis is pure speculation.*** The relationship
between diabetes, type | or type Il and acetone is
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more complex and additional markers will be needed
to taken into consideration to develop a reliable
diabetes breath assay. '** Hydrogen sulfide sensors
are routinely used to assess halitosis (notably in
Japan). 2 Sensors for carbon dioxide are
established as a marker to determine end-tidal
breathing. 1

Current chemical sensors developments focus on
ammonia®®  isoprene %% ammonia,
formaldehyde'*® and even aldehydes **°. Most of
these sensors can detect concentrations in the lower
ppb range. However only few of them have been
tested with real breath samples. The detected
compounds were mostly reported in well defined
synthetic gas mixtures, e.g. mixtures of acetone,
isoprene, ammonia and carbon dioxide often as a dry
gas and not at breath relevant humidity levels which
often affect sensor regeneration and stability.>**,
formaldehyde and even aldehydes . Most of these
sensors can detect concentrations in the lower ppb
range. However only few of them have been tested
with real breath samples. The detected compounds
were mostly reported in well-defined synthetic gas
mixtures, e.g. mixtures of acetone, isoprene,
ammonia and carbon dioxide often as a dry gas and
not at breath relevant humidity levels which often
affect sensor regeneration and stability.>'*,
formaldehyde and even aldehydes . Most of these
sensors can detect concentrations in the lower ppb
range. However only few of them have been tested
with real breath samples. The detected compounds
were mostly reported in well defined synthetic gas
mixtures, e.g. mixtures of acetone, isoprene,
ammonia and carbon dioxide often as a dry gas and
not at breath relevant humidity levels which often
affect sensor regeneration and stability.'*,
formaldehyde and even aldehydes. Most of these
sensors can detect concentrations in the lower ppb
range. However only few of them have been tested
with real breath samples. The detected compounds
were mostly reported in well-defined synthetic gas
mixtures, e.g. mixtures of acetone, isoprene,
ammonia and carbon dioxide often as a dry gas and
not at breath relevant humidity levels which often
affect sensor regeneration and stability.

The main technical challenges are sufficient
selectivity in complex breath mixtures, sensor
regeneration and long-term stability.*84%*  An
important step for increased selectivity was the use
of additional filter layers such as zeolite membranes
Y7 or activated alumina filters **® and the use of
sensor arrays'>. Furthermore, true sensor portability
will only be achieved if the whole setup is
miniaturized.  Although individual sensors are
compact in size, they can only work in combination
with e.g. a heated sampling line for breath analysis.
The development of a compact power supply for
heating will pose a challenge.

It is also important to be aware of physiological
constraints, e.g. for the ammonia sensor, that
ammonia in breath is mainly produced orally from
bacteria by urea and a such not in equilibrium with

blood plasma which has been correctly stated by a

recent sensor publication**® but often gets ignored in
129

published works™~.
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Figure 5: Schematic of a state-of-the art sensor array. A)
Scanning electron microscopy picture of an example Ti-doped
ZnO sensor, B) Photo of a single sensor, C) A sensor array
example with three chemoresistive sensors for ammonia (Si-
doped Mo03), acetone (Si-doped WO3), and isoprene (Ti-doped
ZnO) and a commercial humidity (RH) and CO2 sensor, D)
Sampling setup with mouthpiece and heated sampling tube
(power supply is not shown) (Figures A-C: Adapted with
permission from reference '°. Copyright 2018 American
Chemical Society. Figure D: Adapated with permission from
reference **’. Copyright 2018 Elsevier).

2.6 Synopsis of analytical methods and
a comparison of their figures-of-merit

Mass spectrometric methods are undoubtedly the
most sensitive and information rich for on-line
analysis of exhaled breath. For biomarker discovery
and compound identification, high mass resolution is
of key importance (m/Am > 30,000 is desirable).
This performance is offered only by high-end,
commercial mass analyzers, e.g. Orbitraps, which are
normally large, expensive, lab-based instruments.
They offer attractive options such as MS/MS, but
require trained personnel for operation and are
poorly suited for being deployed in a clinic or in the
field. To take advantage of such an instrument, a
modular, ambient pressure ionizer is required.
Commercial options now exist, for example SESI
(Super SESI, FIT, Spain; LF-SESI, SEADM, Spain)
or plasma-based (SICRIT, Plasmion, Germany) ion
sources. The classes of compounds that ionize well
can differ depending on the ionization principle used,
and quantitative measurements are not usually
performed in campaigns where SESI or plasma
ionization sources are utilized. Some of the
analytical figures of merit (e.g. mass range) merely
depend on the kind of mass spectrometer that is
coupled to a particular ionization source.
Traditionally, SIFT-MS and PTR-MS instruments
have been operated with quadrupole mass analyzers
that have limited mass range (typically < 300) and
mass resolution (typically only unit mass resolution),
although commercial PTR-MS instruments are now
also available with higher mass resolution (Vocus
PTR-TOF, TOFWERK, Switzerland; PTR-TOF
6000, lonicon, Austria; see section 2.2). Especially
PTR-MS  instruments  profit from  rugged
engineering, because of they are often designed for
environmental applications that sometimes demand
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nearly unsupervised operation. They are therefore
well suited for field applications. A common
advantage of PTR-MS and SIFT-MS is also that
quantitative results can be obtained, which is of great
interest when comparing on-line MS measurements
of exhaled metabolites with blood levels. Especially
for SIFT-MS, quantitation based on known reaction
kinetics is possible for selected compounds. In
practice, calibration gas mixtures are required to
obtain  quantitative results from MS-based
measurements, which is not trivial because of the
very low concentrations of interesting metabolites in
exhaled breath. The scan speed of mass
spectrometers is typically about 1 scan/sec., such that
a very high time resolution is possible for breath
analysis.

Instruments based on optical spectroscopy — offer
more compact packaging and are less expensive than
MS. However, the analytical performance is also
compromised. LODs are in the low ppt range only
for a few selected compounds *** *** normally ppb or
even ppm detection limits are reached. The ability to
identify compounds based on optical methods is also
limited, as is the peak capacity, which is clearly
lower than that of MS. The analysis of multi-
component mixtures or trace metabolites in a
background of other compounds is difficult with
optical spectroscopy. On the other hand, especially
vibrational spectroscopy allows in principle the
identification of small volatiles (supplemental table
1), even unknowns, because vibrational band
structures are intimately linked to the molecular
structure, and for small molecules can be fully
understood and calculated. This also means that
quantitation is in principle possibly based on first
principles, although in practice, calibrants are
required for quantitative measurements. The scan
speed, dictated by the time required to average
spectra, is typically in the range of a few seconds for
optical spectroscopy, and sometimes even in the
millisecond range™*, i.e. comparable to mass
spectrometry.

Generally, the smaller and simpler the
instrumentation, the lower the performance. The
ultimate in simplicity and size are chemical sensors.
However, the sensitivity of chemical sensors is only
in the low ppb range '*, some 3 orders of magnitude
worse than that of mass spectrometry, and chemical
identification is not possible. Also, there are issues
with cross-sensitivity for other compounds than the
ones a sensor is designed for. This problem can be
partially alleviated by the use of filter layers, sensor
arrays and smart, on-board algorithms that rapidly
evaluate the response of such multi-sensor "chemical
noses" or “electronic olfaction" ! Typical
response times of sensor-based detection systems are
in the range of a few minutes, given by the recovery
of the sensor surface. This time response is approx.
two orders of magnitude slower than for MS and
optical systems, but in many instances still fast
enough for on-line monitoring of compounds in
exhaled breath. The most attractive feature of

chemical sensors is that they are are small, practical,
and above all low cost. Thus, for selected
compounds where the required LODs are not too
low, sensors are presently the only option for mass
production, for use as "wearables" or in combination
with personal electronics such as smartphones.

3. Applications
3.1 Physiology

The understanding of physiologic breath composition
is just as important as diagnostic applications for
diseases. For example, modern on-line SESI-HRMS
detectors can trace VOCs from the tricarboxylic acid
cycle, which is one of the most important metabolic
pathways for cellular respiration in aerobic
organisms.’ With such systems, compounds like
fumaric, succinic, malic, keto-glutaric, oxaloacetic,
and aconitic acids can be conveniently monitored in
the human exhaled breath.

But also, the understanding of individual variabilities
contributes to the progress in this field. Important on-
line population studies in healthy volunteers
established  distribution  reference ranges of
concentrations of specific breath metabolites. The
first on-line population-based study defined the
physiologic concentration of seven metabolites,
which is an essential requirement for recognizing
abnormally high levels that are associated with
particular diseases. ** Later on-line population-based
studies investigated the influence of age, sex, body
mass index and dietary intake. *®

However, the biggest advantage of on-line breath
analysis comes into play when sudden changes occur
in human physiology. On-line studies have identified
changes in exhaled breath composition during
exercise and are even capable to monitor changes
during sleep.®® ** 35 Al these studies contribute
another layer to the understanding of human
physiology and consequently the interpretation of
abnormal patterns in exhaled breath.

3.2 Respiratory diseases

3.2.1 Asthma

Asthma is the most common chronic airway disease
in children with a global estimated prevalence of
asthma symptoms of 11.6% to 13.7%.'° Early
diagnosis is associated with improved symptom
control, function in everyday life and decrease of risk
of exacerbations.™’ International guidelines exist for
asthma diagnosis, treatment and monitoring with
lung function as standard for asthma diagnosis.**®
However, lung function is largely impossible in
children younger than four years old. Thus, diagnosis
of asthma in this age group still is challenging
depending mainly on patient history and assessment
of risk factors.

The identification of disease-specific molecules in
exhaled breath would greatly improve the
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management of asthma in young children and reduce
long-term sequelae and health care cost.
Additionally, such biomarkers might reveal more
insight into the molecular pathophysiology of the
different phenotypes of wheezing and other airway
disorders.

So far, the only biomarker of breath that is currently
used in clinical routine in Asthma is FeNO. It has
been shown that NOS2 expression on airway
epithelial cells is the most important contributor to
FeNO. **° Increased levels of nitric oxide are linked
to eosinophilic inflammation of the airways 2 *®
and therefore, associated with allergic asthma. FeNO
is usually measured on-line using chemiluminescent
analyser or electrochemical sensors. Several studies
showed that increased FeNO concentration in
preschool children is associated with persistence of
wheeze in atopic children and predictive of the
development of asthma in later life. 6% 162 163 A
recent review including 175 studies evaluated the
diagnostic value and the clinical utility of FeNO for
the management of asthma in adults and children.
The diagnostic value is influenced by atopy, asthma-
therapy, age and smoking habits. Depending on the
cutoffs used sensitivity ranges between 0.41 to 0.79
and specificities between 0.72 to 0.94. Levels of
FeNO are predictive for asthma worsening and acute
exacerbations and show a weak association with
asthma control. Randomized controlled studies
showed that asthma therapy guided by FeNO
resulted in fewer exacerbations but did not affect
rates of asthma related quality of life or
hospitalizations. *¥ The available literature was
recently reviewed describing the results of 12 studies
with off-line analysis, mostly using GC-MS.***
Compiling the data from the above-mentioned off-
line studies a total of 111 VOCs were so far reported
to be altered in children with wheezing or asthma
compared to controls. ¢  However, these
compounds were not found consistently in the
different studies as only 13 of the VOCs were found
in more than one study.'®* This very limited overlap
between studies even from the same research centers
emphasizes the necessity for validation studies. The
heterogeneous study populations (age ranges,
phenotypes), the lack of standardization and different
MS methodologies may explain the limited overlap
to some extent.

Data from adult studies regarding Asthma is scarce
with only three published off-line studies with either
GC-MS or the pattern based electronic nose
teChnO'Ogy.168 169 170

3.2.2 Chronic obstructive pulmonary disease

Chronic obstructive pulmonary disease (COPD) is a
chronic and progressive airway disease characterized
by shortness of breath as well as cough, which is
primarily caused by tobacco smoking. Long-term
exposure to irritants causes chronic bronchitis,
bronchiolitis, and irreversible emphysema in affected
patients. In rare cases, nonsmokers who lack the
alpha-1 antitrypsin protein can develop emphysema.

1 Therapy for COPD is symptomatic, as there is
currently no cure for COPD. The highly prevalent
lung-disease is the 4™ leading cause of death, and is
expected to increase to the third leading cause of
death in the world by 2030.

The diagnostic "gold standard” for COPD is based
on spirometry and subjective symptom assessments,
similar to asthma with respective COPD guidelines.
2 As it is primarily a disease of the lungs, a high
number of breath-analysis studies are available in
COPD, however only a minority of studies used on-
line breath analysis techniques.*”® Most studies use a
case-control design with an untargeted approach in
order to identify discriminative biomarkers for the
disease or disease severity. Three on-line studies
used MCC/IMS to identify COPD-specific
biomarkers in a cohort of 119, 130 patients and 96
patients, respectively.’’**® While two studies
reported a 70-79% accuracy in the diagnosis of
COPD (based on 6-10 VOCs) the other study
reported 10 biomarkers, most of which were
unidentified.'’® None of the identified substances
overlapped between the two studies or could be
validated in an external cohort.

Two studies reported a similar approach with the
electronic nose technology.”"*"® Finally, two on-line
untargeted studies compared the breath print of
COPD patients against healthy controls using SESI-
MS. Both studies yielded a receiver-operating-
characteristic-curve with an area under the curve of
0.88 to 0.91. However, in this case, with the aid of
additional off-line methods some of the discriminate
biomarkers could be identified and attributed to be
metabolites of oxidative stress processes, such as
fatty acids, aldehydes and amino acids.*"**®

Most studies tried to control for the effects of
smoking and there was evidence that lung capacity,
body mass index, and certain inflammatory blood
markers seem to play a role in the discrepancies
observed between groups.'™*'®! In conclusion,
studies on this topic are extremely heterogeneous and
statistical methods for compound identification are
not standardized. As a result, none of the reported
biomarkers overlap between the studies and none of
the biomarkers have been validated in an external
cohort yet.

3.2.3 Cystic fibrosis

Cystic fibrosis (CF) is the most common autosomal
recessive disorder among Caucasians, caused by
mutations (>2000 identified to date) in the CF
transmembrane conductance regulator (CFTR) gene
on chromosome 7qg31.2 resulting in severely reduced
mucus clearance.® Cystic fibrosis diagnosis is
confirmed by elevated sweat chloride and identified
with newborn screening. *** '8 Although normal at
birth, the lungs of CF patients are rapidly colonized
by pathogens including Staphylococcus aureus
and/or Haemophilus influenzae followed by
predomination of gram-negative bacilli such as
Pseudomonas aeruginosa.'® Moreover, there is good
evidence that in CF lungs there is an exaggerated
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inflammatory response to viral infections®®,
increased activity of neutrophils, and elevated levels
of pro-inflammatory cytokines.’® The result is a
vicious cycle of perpetuating infection, inflammation
and airway destruction creating niches for bacterial
growth and microbial treatment evasion alongside
deteriorating lung function.

Early detection of airway infection is crucial not only
to start antimicrobial therapy but also to reduce
cross-infections. A recent systematic review
summarized the known VOCs of infection.'®®
Another recent review summarized the VOCs
released from bacteria and detected with mass
spectrometric techniques.'®

Despite the high potential of the analysis of exhaled
volatile organic compounds and whole breath only a
handful of studies applying different mass-
spectrometry methods have been published so far. In
all but one studies breath was collected off-line in
tedlar or naphilone bags and then measured either by
SIFT-MS or via up-concentration in sorption tubes,
thermal desorption and analysis and with GC-MS.
Solid-phase  microextraction, SPME and gas
chromatography/mass  spectrometric ~ (GC/MS)
analyses of VOC were used in two small pilot studies
showing distinct patterns of a range of features in
patients with CF.***** By using 22 VOCs out of
1099 VOCs assessed by GC-MS with a prevalence
of at least 7% children with CF could be correctly
distinguished from healthy controls with very good
short time reproducibility over a 1h interval.™*? In
addition, acetic acid vapour concentration measured
by SIFT-MS was elevated in children with CF
compared to healthy control.'®® Due to different
methodologies these off-line studies show nearly no
agreement amongst each other regarding the detected
molecules.

A first study with secondary electrospray ionization-
high resolution mass spectrometry (SESI-HMS
compared healthy controls and CF patients. A total
of 49 compounds were found to be significantly
different between the two groups and the two most
discriminating compounds showed a specificity of
80.0% and a sensitivity of 63.3% with a prediction
area under the receiver operating curve (AUROC) of
77.1% (95% CI 62.2%-87.8%). Significant features
included markers of oxidative stress.'**

3.2.4 Lung cancer

Lung cancer is the most common cause of cancer-
related death in men (second in women). The current
“gold standard” tests to screen and diagnose lung
cancer are computerized tomography (CT) scan. '
19 While CT scans are a useful tool for detecting
suspicious pulmonary nodules, they cannot be used
alone to diagnose lung cancer. Rather, if a
suspicious nodule is identified in a CT Scan, an
invasive and costly biopsy must then be performed to
determine whether the nodule is “malignant”
(cancerous) or “benign” (non-cancerous). One
central diagnostic dilemma in medicine is the lack of
symptoms in the early stages of disease on the one

hand, and the limited treatment options in the usually
symptomatic end-stage on the other hand. Hence,
there is clearly an unmet need for noninvasive
screening test to detect asymptomatic patients at an
early stage of disease.

Five untargeted on-line studies using PT and
IMS?°2% reported VOCs for diagnostic purposes in
early stage lung cancer. One study reported lowered
concentrations of isoprene acetone and methanol in
patients with lung cancer.’®” The biggest study (187
individuals) reported two unidentified peaks to be
sufficiently discriminative for lung cancer.'®® The
two studies using IMS reported the VOC n-dodecane
as a potentially useful biomarker or the combination
of 23 different peak regions as 100% accurate in a
cohort of 32 patients.??*?** Recently, one team using
the Cyranose 320 (eNose) tried to identify patients
with lung cancer in a cohort of 475 patients
(sensitivity 95.8%, specificity 92.3% in smokers)®®.
When results from off-line-methods are also taken
into account, a total of 193 VOCs are reported in
association with lung cancer, with a significant
amount of VOCs overlapping between studies (e.g.
nonanal etc.).?® On this basis, one group
systematically investigated the 125 most reliable
candidate-VOCs®™ out of a database™ as potential
cancer-associated VOC markers. These VOCs were
selected because they could be identified across
studies and bodily fluids and they were also present
in transformed human cells in vitro.”® The authors
concluded that currently there is no single tumor-
specific VOC for which clinical relevance could be
proved.? Currently only one clinical phase-Il
biomarker study for VOCs associated with lung
cancer has been reported. %®

197-199
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3.2.5 Pneumonia

Community-acquired pneumonia is a common and
potentially serious childhood infection and is still
one of the most important causes of mortality in
children. Almost 2 million children died from acute
respiratory infections in the year 2000, most from
pneumonia.’®®?”” Pneumonia is a clinical diagnosis,
therefore no "gold standard” method applies.
However, guidelines are available. *® Current
diagnostic tests lack accuracy and are still discussed
amongst clinicians.
A rapid, non-invasive test at bedside would be highly
attractive. In particular to follow the strategy as
proposed by the BreathDXConsortium®: (1) to
exclude pneumonia infection to avoid unnecessary
treatment with antibiotics, (2) to identify present
pathogen for specific treatment and (3) to monitor
the response of the treatment. When investigating the
detected volatiles, it is important to keep in mind
their origin from either the microbial pathogen, a
host immune response or from the host respective
patient.
A recent systematic review summarized the current
breath analysis approaches in the context of
pneumonia 2. Three GC-MS studies reported
distinct volatile patterns related to pneumonia.?%%*
11



However, they showed nearly no agreement amongst
each other. Most metabolites were unique to one of
the three studies and there was even disagreement
with regard to change in concentration of heptane
and ethanol. Here clearly an agreement upon the
applied analytical workflow as well as subsequent
validation studies are needed.

On-line measurements were so far only done with
mice and SESI-MS analysis by Hill et al.?*?,
Distinct panels of metabolites could distinguish
infected from not infected mice. In addition,
characteristic panels for a range of pathogens were
reported. Furthermore, the origin of metabolites from
either host or host response could be
differentiated.?'

The studies mentioned in the systematic review
which investigated multiple compounds®® were all
proof of concept studies and clearly validation
studies are needed.

3.2.6 Sleep apnea and related diseases

Obstructive sleep apnea (OSA), a sleep-related
breathing disorder, is caused by complete or partial
obstruction of the wupper airway, leading to
obstructive apneas and hypopneas, which are
associated with oxygen desaturations and arousals
from sleep. This highly prevalent disease is an
important public health issue, because patients suffer
from excessive sleepiness, impaired quality of life,
high blood pressure and an increased rate of
accidents. The current "gold standard” for sleep
apnea diagnosis are polysomnography and subjective
symptom assessments with respective guidelines ?*'.
Currently, the diagnosis is established in a hospital
sleep-study, which is expensive, time-consuming,
and provides no information on the disease-specific
metabolomics changes.

An on-line randomized-controlled-trial assessed the
daytime metabolic consequences in patients with
OSA. In an untargeted approach (SESI-MS), the
application of on-line breath analysis allowed to
compute a disease specific breath-print, by which
OSA can be diagnosed within minutes and each
individual’s metabolic response to OSA can be
tracked.™" Cross-sectional studies using an electronic
nose describe the evening-morning patterns in
patients with OSA?® and to which extent obesity
might contribute to the breath-profile in patients with
OSA.*® Three studies using a targeted approach
(electronic nose) also assessed the performance of
on-line breath analysis in children and adults.?****
When attempting to diagnose OSA against the gold-
standard (sleep laboratory test), AUROCs ranged
from 0.84 (no 95% CI provided)®, 0.85 (95% ClI
0.75-0.96)%' and 0.87 (95% ClI 0.61-1.00)%%,
suggesting a potential role in future diagnostic
applicability.

On-line breath analysis with PTR-MS has also
proven to be applicable within the sleep laboratory
environment. In an explorative study, researchers
were able to track the exhaled breath for the whole
sleep cycle and document metabolic changes, which

corresponded to sleep events.*® For example, two
biomarkers, acetone and isoprene, were highly
specific for leg movements or the rapid eye
movement sleep.**

In summary, on-line breath analysis by untargeted
mass spectrometry and by chemical sensors have
several important applications in the field and might
one day facilitate diagnosis and therapy monitoring
in patients.?? However, currently only few of the
reported biomarkers overlap between the studies and
statistical issues may have led to an overestimation
of accuracy.

3.3 Drug pharmacokinetics

Besides diagnostic applications, a strong potential of
on-line breath analysis has also been recognized for
pharmacokinetics. To define optimal drug dosage
and administration time, levels of administered drugs
and its metabolized products in blood or plasma are
commonly monitored over time. Despite well-
established standard procedures, drug concentration
in plasma can be strongly affected by variations such
as in the Cytochrome P450 activity and/ or in the
adsorption, distribution, metabolism and excretion
(ADME) processes of the drug. Thereby,
theoretically calculated drug concentrations might
differ strongly from the actual concentration in
blood. Further, commonly applied methods such as
immunoassays  or  high-performance liquid
chromatography (HPLC) for blood testing and
exhaled breath condensate (EBC) for breath analysis
are intense in sample preparation time and comprise
Off'l | ne223-226

In this context, on-line breath analysis strongly
increases the time resolution for drug monitoring.
Instantaneously, metabolism and clearance of
administered drugs can be followed non-invasively
and at any given time point.?*"**® This would allow
to define the therapeutic window more precisely.
Due to the low efforts, cost- as well as timewise, and
based on the individual metabolic drug uptake that
can be detected by on-line methods, individualized
therapy with respect to personalized drug dosage and
dosing time becomes even more realistic.??"??
Several studies have been performed on propofol
using e.g. PTR-MS? to evaluate the reliability of
these on-line methods for pharmacokinetics in direct
comparison with standard serum-based off-line
methods. Similarly, feasibility studies on valproic
acid using PTR-MS?® and SESI-MS#%%?
eucalyptol using PTR-MS,? salbutamol with SESI-
MS™ and more recently on ketamine and its
metabolites using SESI-MS?“#*  have been
successfully performed. Moreover, on-line PTR-MS
breath analysis in single mice and rats revealed that
upon dietary intervention VOC levels were altered
which are potentially linked to metabolic pathways.
285 236 237 110172 Applying such on-line studies on
mammalian model system for drug pharmacokinetic
studies would greatly allow to reduce the number of
animals used, thus also commonly observed inter-
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231,238 circumvent

sedation is

individual variations and to
anaesthetics-induced bias (if no

needed).?’

While the before mentioned studies mirror quite well
to what extend on-line breath analysis could improve
and revolutionize pharmacokinetics, their
implementation in this field of research is facing
crucial issues. As outlined in detail by Beauchamp et
al., the comparability of results from independent
studies is not yet given for on-line breath analysis?*-
20 Besides standardizing breath  sampling
procedures, the classification of endogenous and
exogenous breath compounds turned out to be non-
trivial. Breath composition and compound
concentrations can strongly be affected by external
factors such as recent activities, dietary intake,
medication as well as environmental exposure. These
factors not only complicate indicating breath markers
to a specific health state. They demonstrate
additional necessary parameters for suitable matched
control groups in clinical studies to avoid data
misinterpretation.

3.4 Breath and body fluids

As already discussed, on-line breath analysis may be
not just able to detect biomarkers of lung diseases
(e.g. COPD, pneumonia, etc.) originating from the
respiratory tract, but also identify VOCs that are
systemic, i.e., reflecting concentrations in the blood
stream. Therefore, the underlying mechanism for the
application of on-line breath analysis in systemic
and/or metabolic diseases is the assumption that a
sound correlation between blood and breath levels of
VOCs of interest exists. In some cases (e.g. ethanol),
the analysis of exhaled breath has already proven to
be equally reliable when compared to blood
sampling.?** Other classes of biomarkers (e.g. long
chain amino acids) have physical or chemical
properties that simply does not allow them to pass
the blood-air-barrier, or they are diluted in exhaled
breath below the limit of detection. Reported studies
of each bodily fluid report similarities between them,
however every fluid seems to have some distinct
properties and <1% of VOCs are ubiquitous across
all bodily fluids (incl. breath, saliva, blood, breast
milk, skin, urine, faeces).”> Unfortunately, a major
limitation in the field of breath-analysis is the
currently unknown origin and metabolic context of
VOCs of interest.”

In a direct comparison, off-line studies suggested
that mainly hydrocarbons, ketones, terpenes,
heterocyclic compounds and aromatic compounds
are present in comparable concentrations (linear
relationship) on both sides of the blood-air-barrier
and are not just a byproduct of room-air.?*
Additionally, there is robust evidence that VOCs like
acetone®, isoprene®*?*® (originating from muscle
cells®’) and pentane®® but also anesthetics like
propofol®® are equilibrated at the blood-air-barrier
and their breath-concentration reflects sudden
fluctuations in the blood compartment.

Only few on-line breath analysis studies assessed the
correlation of VOCs in exhaled air and other bodily
fluids. One exploratory study using SIFT-MS
reported a moderate correlation (r’=0.5) between
blood, urine and exhaled breath for acetonitrile, a
VOC which is distributed throughout the body
fluids.”* Another exploratory study using SESI-MS
reported a correlation of eight slightly volatile amino
acids between exhaled breath and blood. Notably in
this study the results could be confirmed in a
prospective validation cohort study and the
coefficients of variation were comparably low to the
current gold-standard method in blood (high-
performance liquid chromatography).?” The reported
amino acids are of clinical interest, since they are
routinely measured in hospital laboratories for
metabolic disorders.

Current evidence suggests that although some VOCs
are ubiquitous in the bodily fluids, there are some
challenges to face when it comes to exhaled breath:
first, only a fraction of VOCs reported in exhaled
breath in the literature are also detectable in human
blood (approx. 10:1), therefore their significance
regarding the human metabolism is often limited.'
In the future, the use of cell lines and cultures of
microorganisms will play an essential role in
understanding the origin of VOCs.?*** Second, breath
concentrations of VOCs are diluted, by a factor of
approximately 100-100°000 (depending on the
VOC)*5?%  which requires extremely sensitive
instruments. Third, unlike blood, breath analysis is
susceptible to minor changes in ventilation/perfusion
ratios of the lung and requires a standardized setup,
which is not yet implemented in all studies.?*2%*%
Fourth, depending on chemical and physical
properties of the VOCs (e.g. Henry constant,
lipophilic behavior), the changes in the blood
compartment might occur in exhaled breath with a
significant delay.®™ On the other hand, there is
considerable evidence for a linear relationship
between VOC breath/blood concentrations?”24224
and there is evidence that for some extremely
volatile VOCs (e.g. acetone or certain amino acids)
on-line breath-analysis might provide a better and
more reproducible signal when compared to
blood.?"**

3.5 Others

On-line analysis of VOCs is also in demand for
security applications, as has been illustrated in
previous reviews.>?* To name only one out of
several ongoing studies, a recently started European-
wide project, the TOXI-Triage project, funded by the
European Union’s Horizon 2020 research, focuses on
secure risk management of chemical, biological,
radiological and nuclear incidences. One study has
evaluated the applicability of GC-IMS to study
VOCs in breath for early detection of intoxication
and exposure to toxic industrial chemicals. Although
we did not include GC-IMS in this review, the
method has potential based on its portability and
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robustness for field studies. However, the main
challenges for this technology are compound
coverage, selectivity and analysis time. With respect
to these three aspects other MS based methods are
superior. Therefore, it will need to be proven how to
overcome these obstacles and detect intoxications at
relevant trace levels for proper warning systems.
Another research field aims for detecting human-
derived VOCs that create a human chemical
signature and could serve as markers for the presence
of human life. ®° Such a VOC-based chemical
signature for humans could be of tremendous help
for scenting and rescuing humans after catastrophes
such as earthquakes. For this purpose, potential
VOCs for human biomarkers have already been
summarized.® In the context of fighting smuggling
of humans, portable devices with high sensitivity and
fast analysis time will become essential, since the
most common procedure using search-and-rescue
dogs is time-consuming. These projects illustrate
well the variety of applications for breath analysis in
the security sector.

4 Perspectives

4.1 Promise and impact

4.1.1 Promise for the medical field

Preliminary data from the field of on-line breath

analysis suggest a broad range of applications

beyond the task of predicting a diagnosis'":
1) The ability of (theoretically) unlimited
sequential sampling allows to closely monitor
changes in the human metabolism down to a time
resolution of 20 — 100 ms (e.g. to monitor sudden
metabolic changes during exercise or the REM-
phase in sleep™'%%).
2) Phenotyping of patients as a step towards
individualized medicine, particularly for complex
diseases (e.g. nitric oxide measurements in asthma
patients'?).
3) The ability of breath analysis to track the
circadian rhythm®**? may play a major role in
chronopharmacology — a field where treatment is
delivered according to the circadian rhythm in
order to maximize its effectiveness.
4) Drug identification and quantification in breath
is a highly attractive tool to study
pharmacokinetics, drug monitoring and therapeutic
effects of biologicals.”®® Besides the well-known
breath alcohol test, this technology has potential to
accurately track concentrations of administered
drugs and monitor its pharmacokinetics. 230240245,
5) A cornerstone in the management of chronic
diseases is monitoring of disease activity. For
example, sequential sampling via breath analysis
may help patients with amino acid diseases (e.g.
phenylketonuria) to get instantaneous feedback and
adequately adjust their therapy (i.e. diet)*’ or
patients with diabetes to adjust their insulin-
regime.

6) Independent of other metabolomic sampling
methods, on-line breath analysis has proven to
advance our understanding of pathophysiology and
disease-mechanisms  (e.g. the  tryptophan-
pathway).*
Currently, most of these domains constitute rather a
proof-of-principle than a sound diagnostic
application and we are far from fully exploiting the
entire potential of on-line exhaled breath analysis.
Once panels of promising biomarkers with sufficient
selectivity have been identified and externally
validated, the development of selective nanosensors
as a point of care testing can be implemented in
clinics.?

4.1.2 Promise for infants and children

Many chronic diseases start early in life and progress
over childhood potentially leading to irreversible
pathologies. Often there is a window of opportunity
for early treatment interventions aiming at the
reduction of disease progression. In contrast to older
children and adults, diseases in infants and young
children may have very heterogeneous phenotypes
and atypical symptoms. Unambiguous diagnosis may
be very difficult or even impossible due to the
difficulties in obtaining objective physiological
measures. An example is the measurement of lung
function, which is technically very complex and
demanding in young children as they lack active
cooperation. In particular, breath analysis is of
interest for the following applications for infants and
young children:

1) Disease detection when a diagnostic test is not

available (e.g. asthma diagnosis which is currently

not feasible below the ages 4-5).

2) Rapid phenotyping when clear diagnostic

markers are lacking (e.g. for different types of

infections).

3) Monitoring of disease progression for effective

treatment (e.g. lower airway infections).
Many diseases in childhood not only present a
heterogeneous clinical picture but also vary largely
in severity over time. For example, viral lower
airway infections are very frequent in young
children®® and typically lead to exacerbations of
chronic airway diseases. Timely and proper disease
monitoring is therefore a critical issue. However,
with a lack of objective measures one has often to
rely solely on reports by the respective caregivers.
The analysis of exhaled breath has clear advantages
due to its non-invasive character, safety and speed,
making it especially interesting and attractive in
young children. However, the analysis of panels of
breath molecules is still in its infancy and limited to
discovery phase research, 6627262
Beside the measurement of FeNO some work has
been done in healthy children using sSIFT-MS.
Several metabolites could be measured in a study of
200 healhy children. For some levels were lower
than previously found in adults including aceton,
ammonia, methanol and isoprene. lsoprene was
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found to increase with age in the paediatric
population. > “®

4.1.3 Promise for sports and doping control

A simple, rapid, non-invasive test which allows
repeated respective continuous measurements during
exercise evaluation would be highly attractive.?*
Currently very limited work has been done in this
field with regard to breath analysis. Changes in
isoprene and acetone®® as well as methane
concentrations have been detected during exercise.
Furthermore, a change in a panel of 44 VOCs has
been reported *°. Such studies need to be especially
carefully with the development of appropriate
sampling devices for stationary training (e.g.
facemasks) or portables (e.g. body sensors).

On-line breath analysis is also attractive for doping
control. In particular as on-site sampling device
which less prone to cheating such as with urine
sampling. Some dopant drugs have been reported in
breath by off-line analysis such as fentanyl, propofol
and tetrahydrocannabionol®. There has been some
preliminary work for on-line identification with
SESI-MS for cocaine and atenolol® but these
compounds have not yet been investigated in breath.
Doping control with on-line breath analysis is
promising but also challenging mainly with regard to
obtain sufficient sensitivity and selectivity which
might focus on panels of the more volatile drug
induced metabolites.

4.1.4 Promise for recreational drugs

Breath analysis would allow direct on-site sampling
and is as such attractive for identification and
quantification of recreational drugs, e.g., as an
alternative for blood and urine sampling to test for
drugged driving. So far only the alcohol breath test is
established™. There have been several studies with
focus on smoking. In particular the recent
legalization of marihuana in Canada, several states of
the US and Europe resulted in the development of
mobile prototypes for tetrahydrocannabinol (THC?®
270 253) “Most recreational drugs are larger and less
volatile molecules and are as such often analyzed as
EBCs. Several compounds could be detected by
trapping on cartridges or in EBCs such as:
amphetamine  and  metamphetamine?*  or
methadone.?’? Their detection required a continuous
10 min sampling on a cartridge followed by solvent
extraction and subsequent LC-MS/MS analysis.
Morphine, codeine, cocaine, diazepam, oxazepam
could be detected as EBCs with micro-particle
sampling.?” Relatively recent on-line methods have
shown the capability to detect semi-volatile
compounds such as amino acids *’ or larger chain
fatty acids®. They might be applicable as an
alternative to EBC for the identification and
quantification of recreational drugs.

4.2 Challenges and pitfalls

4.2.1 Deploying on-line breath analysis in a
clinical environment

Because of its generality, we envision on-line breath
analysis based on mass spectrometry as a potential
first-tier diagnostic for a range of diseases in a
hospital setting. This approach would allow triage of
patients, followed by more specific analyses and, if
deemded necessary, more invasive and costly
methods. On-line methods are rapid and deliver near
immediate results, which can be important in certain
situations (e.g. emergency room situation or drug
monitoring). However, they are not yet on par with
off-line systems in clinical laboratories that operate
high-throughput analyses, for example by running
large batches of samples overnight.

One requirement for the current rather bulky mass
spectrometers is a laboratory that is accessible for
patients, preferably in a central location at a clinic or
hospital. Furthermore, on-line breath analysis will
require external validation studies to be accepted as a
clinical quantitative assay. External validation will
be more challenging than with off-line methods that
allow samples collected at various sites and sample
analysis in a central analytical laboratory. On-line
studies will require the same instrumentation at each
site with highly standardized procedures and trained
operators. Although the efforts are considerable,
such multi-center studies with on-line breath analysis
methods have been launched at several research
sites.

4.2.2 Contaminations and confounders

The speed of on-line analyses implies several
drawbacks that need to be addressed. The lack of
sample preparation leads to a highly complex matrix
that can disturb the results via isobaric overlaps and
matrix effects.?’* Therefore, a high instrument
specificity is required to obtain reliable signals. In
sensor-based techniques, this is a major issue since
developing appropriate materials is challenging. In
mass spectrometric technigues, this can be addressed
by using high-resolution instruments to separate
isobaric compounds.®* However isomeric compounds
cannot be resolved without an additional separation
technique. Additionally, ion suppression effects by
contaminants can drastically reduce sensitivity.

While on-line analysis overcomes most of the issues
regarding sample preparation and storage, the
sampling itself is still a crucial variable to control.
Especially in cases where strong matrix effects are
present, absolute concentrations can be difficult to
obtain, as the proper addition of an internal standard
is non-trivial. This becomes especially crucial in
untargeted-research  (biomarker discovery, etc.)
where in some cases technical noise can exceed
biological variability respectively it is difficult to
differentiate one from the other. It is therefore of
utmost importance to standardize the protocol to the
highest extent. Several factors have been found to
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influence breath composition. This includes body

position®,  daytime?>, oral/nasal  breathing®”®,
exhalation strength?”’, upper-airway restrictions’®
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Figure 6: Scheme of a typical processing workflow for exhaled breath data obtained with mass spectrometry for on-line breath analysis. a)
Conversion of the raw data into an open file format (e.g. mzXML or mzML). b) Alignment of the spectra using reference peaks. c) Peak-
picking using the average spectrum of all measurements. d) Generation of time-traces and detection of timepoints of interest (green). e)
Feature reduction to compounds of interest. f) Generation of the final intensity matrix by averaging the intensities during the exhalations. g)

Subjection of the final matrix to the downstream statistical analysis

and even menstrual cycles?”®. Even when the
sampling protocol is perfectly uniform, technical
variability over time can add noise to the data or lead
to false discoveries when the measurements are not
randomly assigned. This is usually addressed during
post-processing of the data. A key-point point is data
normalization, where a variety of approaches has
been proposed in literature, including normalizing to
an internal standard®®, the total ion current (or a
certain fraction of it), or peaks that are known to
have very low variability in the measured
system/matrix.

Batch effects can oftentimes not be corrected
sufficiently using normalization only. Several
supervised and unsupervised algorithms have been
developed to correct for these during data analysis.?**
However, when untargeted research is performed and
the groups are not randomly distributed over batches,
these effects can only be corrected accurately by
implementing quality control samples. In the case of
a lack thereof, the measurement time and/or batches
should to be included as covariants.”> When using
supervised methods to corrects batches while
retaining group differences, careful validation
approaches should be taken since these may lead to
overoptimistic results in the downstream analysis.?*

4.2.3 The issue of reproducibility and the
importance of external validation

A literature search reveals a profound imbalance
between the number of pilot and validation studies
(see section 4.3). Overoptimistic results from
discovery phases that cannot be validated externally
can often be attributed to biases. The most common
ones have been categorized into selection,
performance, detection, attrition and reporting

is not possible in discovery phase biomarker studies.
Due to the vast choice of emerging data processing
methods, researchers might be tempted to “try which
one gives the best results”. Oftentimes, this is even
unavoidable if new experimental parameters have
been applied and no unbiased measure of appropriate
data-processing is available. However, simply
comparing different model parameters or sets of
biomarkers and consequently picking the best one
while looking at the targeted output can yield
strongly overoptimistic results, even when cross-
validations are performed. This issue has been
dubbed “p-hacking” and affects all fields of high-
dimensional data analysis and is commonly
underestimated by researchers.?®* One should
therefore ideally define the data analysis procedure
beforehand.?® In cases where this is not possible, a
certain subset of samples needs to be kept as a blind
validation set until the very end,

and the results of the first un-blinded analysis thereof
has to be reported.

Additionally,  the lack of  experimental
standardization makes it difficult for researchers to
compare their results across studies. Different
ionization techniques result in distinct ionization
efficiencies for different compound classes as well as
varying influence of matrix effects. If a compound is
sufficiently volatile to generate robust reference gas-
phase concentrations, reliable, validated, absolute
concentrations could theoretically be obtained.
However, most workflows to date rely on theoretical
assumptions, especially in untargeted research.
Therefore, future work should put strong focus on
the standardization of experimental parameters as
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well as data processing workflows in order to enable
large-scale multicenter validation studies.
Furthermore, cross-platform validation of on-line
methods such as PTR-MS or SESI-MS with
established off-line methods such as GC-MS should
be pursued *® to shed more light from a method
point of view on the often low reported overlap
between compounds of interest for e.g. a specific
disease".

4.2.4 Towards standardization

Standardization is particularly important for
untargeted breath analysis studies. Recently there
were recommendations proposed by Hanna et al. 2%,
Based these recommendations, our own experience
and the workflow presented in Figure 2 we
recommend to take particular care of the following
aspects. First, the instrument needs to be operating
according to defined quality criteria (i.e. reference
standards). Variability in the background due to
contaminations or other environmental factors can
impact sensitivity or confound specificity for certain
methods (i.e. ion suppression for mass spectrometry-
based methods) and should be monitored. Breath
sampling at defined conditions (e.g. posture,
breathing pattern) are important and need to be
controlled.

Most clinical breath analysis studies take more than a
year and batch effects can occur. Regular reference
gas measurements for the compounds respective
compound classes of interest and in the case of
untargeted  studies  regular  breath  control
measurements of the operator is currently advised.
This is mainly due to the lack of a suitable breath
reference material capable to cover the potentially
different behavior of the wide range of detected
compound classes detected with some of the current
on-line breath analysis methods.

If intensive testing has been performed with the goal
to obtain the largest differences in a cross-sectional
study then it should be followed by a validation
study without changing the applied processing
parameters. For this it is important that the exact
parameters and thresholds used for data processing
are fully described in published work. However, this
is often not the case. Furthermore, the level of
identification certainty for reported breath markers
needs to be clearly specified to avoid data
misinterpretation. Further recommendations can be
found in the other parts of this section.

4.2.5 Quantification

Standardization and the capability of absolute
quantification of metabolites in breath are crucial for
robust results and therefore essential for the
application of breath analysis as a diagnostic tool in
clinical routine. The extent to which quantification is
possible varies for different breath analysis
techniques.

For SIFT-MS, the ion chemistry is understood and
kinetic constants are tabulated Thus, absolute

concentrations can be determined. If the ion
chemistry is not fully understood, one can calibrate
with standard mixtures.®”?* For accurate results,
standard concentrations have to be in the same range
as analyte concentrations.®® However, in complex
mixtures like exhaled breath, isobaric or even
isomeric interferences with other analytes are the
rule rather than the exception. This can compromise
accurate quantitative results.

Due to additional electric fields, ion chemistry of
PTR-MS is more complicated than in SIFT-MS.
However, if the ion chemistry is understood and rate
constants are known, absolute concentrations can be
calculated. In practice, mostly calibration is carried
out with a reference gas mixture. #22% However,
this calibration does not account for different
response factors for different species. In addition,
fragmentation is an issue in PTR-MS and in order to
obtain accurate quantitative results product ion
geisltzrsibutions have to be considered for each analyte.
SESI-MS, the youngest MS technique for breath
analysis still lacks of possibility for absolute
quantification. Since the ion chemistry is not yet
understood, calibration is needed. However, many
compounds that have been detected in breath using
SESI-MS have very low vapor pressures (e.g. amino
acids)”’. For them it is very challenging to get
gaseous reference standards for calibration.

Optical methods allow for quantification since,
corresponding to the Beer-Lambert law, the amount
of absorbed light is proportional to the analyte
concentration. However, optical methods are limited
to very small molecules.™*’

For quantitative measurements in complex matrices
such as breath, specificity is the major challenge for
gas sensors. Sensors are often calibrated with pure
gas standards and tested for cross-selectivity using
gas mixtures, which contain the main components of
exhaled breath. However, they have been rarely
“calibrated” in real breath. Recently, Guntner et al.
performed acetone measurements in breath using Si-
doped WO3-sensing nanoparticles and
simultaneously with PTR-TOF-MS, which was
calibrated beforehand with a pure acetone gas
standard. Both measurements were in good
agreement for this highly abundant molecule and
sensor responses could be translated into
concentrations using the results of PTR-TOF-MS.**

4.3 Data analysis

4.3.1 Data processing workflows

The starting point for any statistical analysis is
usually an intensity matrix for all compounds of
interest per subject. To obtain this from the raw data,
several data-processing steps are necessary. A typical
processing workflow for mass spectrometric breath
data is illustrated in Figure 6. After raw data
acquisition, the spectra need to be aligned. This is
can be done using known reference peaks (i.e.
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omnipresent plasticizers?”* ) and recalibrating the

m/z-axis accordingly. Afterwards, an initial peak-list
needs to be generated, which is usually done by
using a composite-spectrum from all measurements
in untargeted studies or given externally for targeted
approaches. Then, the centroided time-traces are
calculated for all peaks and the target regions (i.e.
exhalations, end-tidal fractions) are detected by using
a known indicator for the timepoints of interest. This
can be the output of an external CO, sensor, the total
ion chromatogram, or a compound that is known to
be consistently present in breath, together with an
appropriate algorithm. The last step is to filter only
for those compounds that are higher in breath
compared to background. Averaging of the selected
signal intensities then vyields the final intensity
matrix, which can be further normalized and
transformed, and subsequently subjected to statistical
analysis. Different normalization approaches are
available and must be chosen with caution by
considering the validity of the underlying
assumptions. While in PTR and SIFT, the signal
intensities are often translated into absolute gas-
phase concentrations using theoretical models and
information from different reagent ions, SESI usually
corrects for wvarying ion source current by
normalizing to the sum of signals, often after
discarding the most intense ones (see also section
4.2).

The computational and instrumental developments
during the last decades made it possible to analyze
vast amounts of data simultaneously, leading to very
high-dimensional data.?® A vast array of techniques
to analyze -omics data has emerged during the last
decade, which is beyond the scope of this review.
The reader is therefore referred to existing literature
on this topic.?"3%

4.3.2 Statistical considerations

A number of important statistical problems hamper
the progress of breath analysis in the medical field.
While in some studies the lack of standardization and
control for confounding factors primarily limit the
reproducibility of data, the problem of false positive
results (i.e. type-l-errors) has prominently emerged
in the field. The focus in breath-analysis based
research has shifted from a comparison of single
biomarkers (e.g. nitric oxide in asthma) towards the
analysis of panels of biomarkers because for most
diseases the concentration of single molecules is only
of limited significance. A panel of biomarkers
mathematically improves predictive performance
over individual markers and usually results in a more
sophisticated understanding of the disease.

As a consequence, in untargeted exploratory studies
the  high-throughput data from the MS
(approximately 1’000 - 4’000 peaks) is subject to
massive statistical testing (i.e. hypothesis driven
research) and the number of hypotheses tested
usually outnumber the subjects included by a factor
of >100."*+17%1% This circumstance is paired with the
experience that most of the peaks measured (>99%)

are usually not discriminatory for the disease of
interest, i.e., the number of false hypotheses
outnumber the true hypothesis in this setting by a
factor of >100.11147918019 This Jow yield is primarily
due to the fact that most signals or peaks do not
correspond to a VOC or the VOCs identified are
mostly of environmental origin.**® Due to the nature
of the applied statistics, this mismatch produces by
design a high number of type-l-errors. In other
words, these are positive results which occurred just
by chance (random error of data), however, they are
not reproducible and possibly not generalizable to
the condition tested.

One way to deal with this mismatch is to increase
sample size and introduce replicate measurements
(i.e. on different days) to allow estimation of the
magnitude of the remaining random error and the use
of formal statistical models to benchmark putative
hits relative to what is expected by chance.®
However, these two approaches are often limited by
available resources. Due to this, researchers often use
statistical models  with  adjusted p-values.
Simulations have shown that the false discovery rate
controlling method, summarized in g-values,
designed to produce the mathematically expected
proportion of real biomarkers in a more balanced
way compared to more conservative adjustments®®,
is the appropriate method. There are other methods
dealing with the problem of multiple hypothesis
testing (including an external validation of the initial
findings), these are rarely applied in the field of
breath analysis. For example, a systematic review in
2016 on exhaled-breath markers in COPD concluded
that only one in 12 studies (off-line and on-line)
adequately corrected for multiple hypothesis
testing.’”® Although all 12 studies from this review
reported a successful prediction of the disease, less
than 1% of the identified biomarkers candidates
overlapped between the studies.”® However, the
overlap might be somewhat higher when including
the formation of different adducts and losses of the
target molecules which can vary from instrument
(e.g. commonly observed losses for PTR-MS,
fragments for GC-MS or also adducts for SESI-MS).
Another example is the striking imbalance between
the results from all breath analysis studies on cancer
(n=63, pooled area under the receiver operating
characteristic curve 0.94, standard error 0.01) and
missing successful external validation studies?® with
only one recent phase-11 biomarker trials. 2*°

It has been argued that given the circumstances in
which the field of breath analysis operates (i.e. small
sample sizes, small effect sizes, high number of
tested relationships (especially GC-MS and SESI-
MS), low ratio of “true” hypotheses, high inter-group
flexibility in designs and processing of data) one can
mathematically predict that most results in this field
will be false positives.*®® The problem might thus be
solved by implementing the following suggestions in
future studies: first, there is a need for
standardization of data collection (e.g. adherence to
the 1SO-11843 guidelines®®), data normalization and
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statistical analysis in order to compare and validate
results from different research groups directly.
Second, sample size should be adequate in relation to
tested peaks (up to 10:1) and replicate measurements
on different days should be done to account for
random error effects. Third, besides pure untargeted
hypothesis driven research, established VOCs from
other bodily fluids (e.g. blood) could promote
plausibility, help identifying biomarkers of interest
and serve as a proof-of-principle.

Although some of the statistical issues in this field
mimic the ones from genetic associations in the early
20005, they can be managed reasonably and most
new discoveries in this field will continue to arise
from hypothesis generating research.*®® The result of
the statistical analysis is a set of features of interest.
If these features are not carefully identified with the
corresponding molecular structures a further source
for reproducibility issues is created.

4.4 Compound identification and
metabolic pathways

The identification of unknown compounds remains
one of the main bottlenecks in the field of untargeted
metabolomics. Out of the three types of on-line
methods described in this review only mass
spectrometry has the capability for identifying

unknowns. High-resolution mass spectrometry
methods with fragmentation capabilities
(HRMS/MS) are particularly suited for this

purpose’®. Other methodologies rely on a matching
of the patterns of breath and standards or
complementary methods (e.g., chemical sensors and
PTR-MS™).

The steps for metabolite identification with
HRMS/MS have been summarized by Schymanski et
al. *®. We have re-defined these five levels for on-
line breath analysis with high-resolution mass
spectrometry and complementary pre-separation
mass spectrometric methods (see Figure 7).

The exact mass (level 5) of the mass feature of
interest is the starting point for the identification
workflow and the lowest level of identification
certainty. The assignment of an unambiguous
molecular formula (level 4) requires a mass
spectrometer with sufficient resolving power for the
mass range of interest and the selection of suitable

important to check for the formation of different
adducts and losses, e.g., various adducts can be
formed with SESI-MS and losses in PTR-MS can
lead to data misinterpretation. The tentative structure
(level 3) is based on interpretation of the fragment
pattern or similarities with a database entry or the
literature. The step from an unambigious formula
(level 4) to a tentative structure (level 3) is the most
challenging one. It is the "detective work" of figuring
out the puzzle of the fragments and link them to
probable molecular structures. The probable
structure (level 2) based on either matching
fragments or retention times with a standard, e.g.
NIST matching scores higher than 800 can be
considered a good spectral match®®. Unequivocal
compound identification respective the confirmed
structure (level 1) requires a complementary pre-
separation method (e.g. gas chromatography or ion
mobilitly for breath or liquid chromatography for
breath condensates) with a sufficient high match in
both dimensions. If different isomers are possible but
standards not available, it is important to properly
annotate them, e.g., n-pyrroline instead of 2-
pyrroline. This is of particular importance if the
isomers are of biological relevance which will
require a more thorough investigation. In some cases
for molecules with very low masses (< 100 u), the
use of multiple reagent ions can be used to
distinguish certain compounds *°. Today, structure
elucidation remains to a large extent a careful
manual investigation of the obtained patterns
followed by confirmation measurements of pure
reference standards.

A major bottleneck in the identification of breath
markers is the lack of a dedicated database. Some of
the most useful databases in day-to-day structure
elucidation in breath analysis are the general-purpose
human metabolome database (HMDB) 3 32 the
largest metabolite mass spectral database Metlin ***
314" the commercial NIST mass spectral libraries®
and mzCloud (HighChem LLC, Slovakia)*® for
Orbitrap spectra. In the context of breath analysis, it
is often worthwhile to also check the EPA's
chemistry dashboard (Environmental Protection
Agency, United States) and the microbial volatile
database *’. The two principal chemical databases
Chemspider®® and PubChem® are very extensive
but often result in too many possibilities to be of

elements and their numbers. It is particularly much use. A recent review has summarized the
Level 3 Level 1
Level 5: Exact mass (C,H,,0F (CH,0. Breath*
e.g. 172.0741 -G o o I I } . |
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Figure 7: Levels of compound identification based on the approach by Schymanski et al. **®® modified for breath analysis (*the data shown
here was from exhaled breath condensate analysis with UHPLC-HRMS/MS®.



available mass spectral databases.*”® Databases are
useful in narrowing down likely compounds but it is
important to always keep in mind the prior bias
especially when working with a limited database
such as HMDB compared to PubChem®?. In-silica
fragment MS/MS prediction can be of some use.
However in many cases, there are obvious
mismatches between the in-silica prediction and
measured spectra, e.g., in the Metlin database. 32 ¥
The search in the databases is useful to identify
known compounds and at the same time to gain
insight into metabolic pathways. A more thorough
investigation of known metabolic pathways can be
done by searches in the Kyoto Encyclopedia of
Genes and Genomes (KEGG) database.**

4.5 Miniaturization, portability and
costs reduction

For the application of breath analysis in clinical
routine, challenges of miniaturization, portability and
cost reduction need to be tackled. Chemical sensors
are already miniaturized. However, as described in
section 2.5, the size of the whole sampling device is
still not portable, i.e., it is often the sampling setup
and the read-out electronics that dictate the overall
size of the device (see Figure 5D). A setup where,
for example, a sensor array is plugged into the port
of a smart phone onto which a patient would breath,
is thus prone to large sampling error and, at this
point, science fiction.

On the other end, it is necessary that large and costly,
laboratory-based  instruments such as mass
spectrometers are miniaturized and be made portable
for breath analysis. Several portable mass
spectrometers exist and have been used for field
applications ***, albeit very rarely for breath analysis
%25 Neither the mass resolving power (usually only
unit mass resolution up to several 100 Da) nor the
sensitivity (far above ppb) of miniature, fieldable
mass spectrometers currently fulfill the needs of on-
line exhaled breath analysis. The best way forward,
in our opinion, is to reduce the size (and cost) of
high-performance standard instruments to desktop
size, and program the instrument to detect (i)
accurate masses and (ii) specific MS/MS fragments
of several known biomarkers for specific diseases.
This “multiple reaction monitoring” (MRM)
approach is well established in other fields, e.g.,
environmental analysis, and will provide the required
chemical specificity and sensitivity of detection.

5 Conclusions and Outlook

Breath analysis is is attractive because it is available
in nearly unlimited quantities, its analysis is non-
invasive and presents no burden to the subject being
measured. On-line breath analysis allows continuous
monitoring of metabolic health, disease progression,
and medication in short time intervals. Results are
obtained immediatly which is of importance in
situations were immediate action is necessary
(chapter 1). There are now several research centers

working in this area, dedicating a significant amount
of personnel and resources, using a range of
technologies, and increasingly applying them to
clinical questions. Of particular promise are areas
such as monitoring of disease and medications,
disease phenotyping, diagnosis of inflammation and
infections, novel applications, e.g. asthma diagnosis
in young children, and chronobiology where
continuous sampling is needed (e.g. sleep studies).
Due to the wide range of detected metabolites and
the sensitivity and selectivity to distinguish specific
compounds in exhaled breath, the methods are
expected to open a new window into the metabolism
and provide additional diagnostic insight.
Technologies have developed tremendously in recent
years. The most sensitive ones are mass spectrometry
based, the simplest (but lower performance) ones
based on chemical sensors or sensor arrays. In
between in terms of cost and size are technologies
such as laser spectroscopy. While technologies
continue to be improved, they are still several years
away of becoming mainstream for diagnosing
diseases. Most applications today are proof-of-
principle and case/control studies with a limited
number of patients. There are a number of hurdles:
(i) lack of standardization; (ii) determination of
reliable data processing parameters, (iii) compound
identification which is currently laborious and time
consuming, (iv) many promising breath biomarkers
that have been discovered in case-control studies still
await clinical validation with large patient cohorts;
and (v) the most sensitive and versatile method —
mass spectrometry — is not yet available as a rugged,
affordable, and compact commercial instrument for
clinical use. As a result of these hurdles, there is, for
example, there are currently very few clinical phase-
I1 biomarker studies for VOCs in the field of exhaled
breath analysis.

In the short term we predict that exhaled breath
analysis will become the method of choice for
diagnosis in a small number of niche applications.
An example would be diagnosing asthma in very
young children and infants, who cannot perform lung
function tests. It is also probable that breath analysis
will play a significant role in longitudinal monitoring
of disease progression, effectiveness of therapy, and
adherence to medication. In the longer term, if
validation studies with sufficient sample size are
successful and major industries and the diagnostics
sectors adopt breath-based technologies, it can easily
be imagined that breath-based diagnostics will
replace established tests relying on urine or blood
samples, due to the ease and convenience of
obtaining breath samples, and because results are
available immediately.
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reported volatile organic compounds detected by on-
line breath analysis methods based on a literature
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classes with the references for each compound and
annotated by detection method and identification
confidence.
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