
molecules

Article

Pilot Study on Exhaled Breath Analysis for a Healthy Adult
Population in Hawaii

Hunter R. Yamanaka, Cynthia Cheung, Jireh S. Mendoza, Danson J. Oliva, Kealina Elzey-Aberilla
and Katelynn A. Perrault *

����������
�������

Citation: Yamanaka, H.R.; Cheung,

C.; Mendoza, J.S.; Oliva, D.J.;

Elzey-Aberilla, K.; Perrault, K.A. Pilot

Study on Exhaled Breath Analysis for

a Healthy Adult Population in

Hawaii. Molecules 2021, 26, 3726.

https://doi.org/10.3390/

molecules26123726

Academic Editors: Erwin Rosenberg

and Chiara Emilia Cordero

Received: 13 April 2021

Accepted: 14 June 2021

Published: 18 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Laboratory of Forensic and Bioanalytical Chemistry, Forensic Sciences Unit, Chaminade University of Honolulu,
Honolulu, HI 96816, USA; hunter.yamanaka@student.chaminade.edu (H.R.Y.);
cynthia.cheung@chaminade.edu (C.C.); jireh.mendoza@student.chaminade.edu (J.S.M.);
Danson.oliva@student.chaminade.edu (D.J.O.); kealina.elzey-aberilla@student.chaminade.edu (K.E.-A.)
* Correspondence: katelynn.perrault@chaminade.edu

Abstract: Fast diagnostic results using breath analysis are an anticipated possibility for disease
diagnosis or general health screenings. Tests that do not require sending specimens to medical
laboratories possess capabilities to speed patient diagnosis and protect both patient and healthcare
staff from unnecessary prolonged exposure. The objective of this work was to develop testing
procedures on an initial healthy subject cohort in Hawaii to act as a range-finding pilot study for
characterizing the baseline of exhaled breath prior to further research. Using comprehensive two-
dimensional gas chromatography (GC×GC), this study analyzed exhaled breath from a healthy
adult population in Hawaii to profile the range of different volatile organic compounds (VOCs) and
survey Hawaii-specific differences. The most consistently reported compounds in the breath profile
of individuals were acetic acid, dimethoxymethane, benzoic acid methyl ester, and n-hexane. In
comparison to other breathprinting studies, the list of compounds discovered was representative of
control cohorts. This must be considered when implementing proposed breath diagnostics in new
locations with increased interpersonal variation due to diversity. Further studies on larger numbers
of subjects over longer periods of time will provide additional foundational data on baseline breath
VOC profiles of control populations for comparison to disease-positive cohorts.

Keywords: breath profiling; comprehensive two-dimensional gas chromatography; exhaled breath;
metabolites; volatile organic compounds; population in Hawaii; Oahu residents

1. Introduction

Rapid, non-invasive breath screening is an attractive alternative test for diseases that
commonly require lengthy diagnostic procedures, such as lung infections and certain
cancers [1]. In many cases, invasive procedures such as bronchoscopy, bronchoalveolar
lavage or lung biopsy must be performed to obtain tissue samples for information. This is
inherently challenging for certain patients as these procedures are invasive, may require
sedation, are associated with significant morbidity, and in some cases even mortality. These
procedures can also be extremely unpleasant, particularly for children and the elderly
who must provide such samples. Alternatively, the diagnosis and/or monitoring of lung
disease through breath analysis carries numerous benefits to a patient. Patients can produce
breath samples in a simple manner and samples can be collected from children or patients
who are unconscious [1]. Breath collection can potentially be performed quickly and with
minimal equipment for in situ healthcare offices or bedside monitoring. These implications
could allow more frequent monitoring and potentially more rapid response to symptoms.
Breath screening would also reduce the number of patients that must undergo more
invasive procedures, alleviating certain pressures and backlog in the healthcare system [2].
The concept of chemically profiling exhaled breath is not new but has certainly gained
significant momentum [3]. Research has also been performed regarding the application of
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breathomics during the current urgency for COVID-19 diagnosis and in differentiating the
disease from other respiratory infections [4].

The scientific foundation for breathprinting having potential in clinical practices
varies between diseases. In many respiratory diseases, there is a shift in the cell metabolites
associated with the condition that can be exploited to differentiate health and diseases in
individuals, or in the case of pathogenic conditions, there is an exploitable metabolic profile
of the foreign cells. The volatile organic compounds (VOCs) detected in the breath have
been shown to vary between healthy individuals and those affected by conditions such as
chronic obstructive pulmonary disorder (COPD), diabetes, and lung cancer [5,6]. These
conditions represent significant health disparities in Hawaii and effective breathprinting
tools could significantly contribute to the redressing of these discrepancies in health care,
reducing considerable backlog in the medical system, and improving patient care. VOC
targets in exhaled breath are largely comprised of a wide range of compounds such as
hydrocarbons, alcohols, aldehydes, ketones, volatile fatty acids, and sulfur-containing
compounds [7].

While the idea of obtaining a breathprint to diagnose lung disease has been pro-
posed in the past, several obstacles have prevented the rapid development of commercial
biomarker sensors. Commercial sensors are well-developed [8], yet they must be tuned for
specific marker compounds at a known concentration range in order to provide accurate
and reliable results. The analytical identification of disease breath biomarkers for the
purposes of creating such sensors is, however, challenging due to their complex mixture
and wide concentration range. Even in healthy individuals, little is known about the breath
profile, which is often a major inherent obstacle preventing disease biomarker identifica-
tion for low-cost bedside sensor development. Sex has been shown to affect the exhaled
breath profile [9], yet other factors that affect this profile remain largely uninvestigated.
For example, emotional state is known to impact levels of chemicals emitted into the air
from exhaled breath [10]. Understanding the control population used in studies is crucial
for advancing work in the area of exhaled breath analysis. This is even more important
in regions where there is high population diversity, which could introduce variation in
breath profiles within a healthy population. Without a fundamental understanding of
exhaled VOCs across a wide range of populations, there will be challenges with the realistic
implementation of exhaled breath diagnostics on a global scale.

One major ongoing shift in exhaled breath diagnostics is the introduction of compre-
hensive two-dimensional gas chromatography (GC×GC) as an analytical tool for research
studies. The benefit of using GC×GC for exhaled breath diagnosis is that it increases
peak capacity beyond that of traditional one-dimensional gas chromatography (GC) and
therefore allows improved performance in comprehensively characterizing a sample. In
exhaled breath studies, GC×GC has been used to better understand disease biomarkers for
asthma, lung disease, and tuberculosis [11–13] among others. These studies tend to be held
in centralized locations with very different populations than those in Hawaii, and therefore,
a key question is whether these complex VOC profiles and results of breath diagnostic
research can be applied amongst more diverse populations outside of where the control
groups were originally assessed.

The objective of this research was to establish a breathprint sampling method and
conduct a pilot range-finding study to investigate the variance of breath compounds in a
Hawaiian population using gas chromatographic techniques. The number of subjects was
kept intentionally small for this first pilot study in an attempt to look at intra-individual
differences over time, from data collection on three separate visits for each individual. The
population used in the study were healthy adults that met strict criteria for inclusion in
the study, as further elaborated in the methods section. In particular, there was an interest
in examining the variation in the population in Hawaii as a premise for future large-scale
studies. Because of high diversity, immigration, and tourism, the population in Hawaii
may have high variance concerning the exhaled breath profile from healthy individuals.
As GC×GC is currently emerging as a valuable tool for the complexity of exhaled breath
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samples, this was the instrumentation chosen for the analysis. On the instrument used for
this particular study, GC×GC was able to be combined with dual detection using a flame
ionization detector (FID) and quadrupole mass spectrometer (qMS). The dual detection
approach enables molecule discovery and identification using the qMS detector and more
accurate linear quantification using the FID. Prior studies outline the benefits and data
workflows for GC×GC-qMS/FID for VOC analysis [14,15].

2. Results
2.1. Pre-Trial Tube Selection

In order to distinguish between breath samples collected from human subjects in
Hawaii which has not been done before, the most appropriate type of sorbent tube suitable
for breath collection was first determined using gas chromatography – mass spectrometry
(GC-MS). The three types of sorbent tubes analyzed were: Tenax TA, Biomonitoring, and
Odour/Sulfur. The Tenax TA tubes are a general-purpose sorbent tube that covers an
analyte range from C6–C30. The Biomonitoring tubes are Tenax TA tubes with the addition
of graphitized carbon, and cover an analyte range from C4–C20. The graphitized carbon is
meant to extend the range of lighter volatiles detected. Comparing the literature [16–18],
there seem to be minimal differences between the Tenax TA and Biomonitoring sorbent
tubes. The Odour/Sulfur tubes are Tenax TA tubes with the addition of SulfiCarb sorbent,
recommended by the manufacturer for monitoring a wide range of compounds and reactive
sulfur species, and cover an analyte range from C6–C30 [19]. Therefore, the Odour/Sulfur
tubes should ideally improve sulfur compound recovery. These sorbent tubes were initially
chosen in this study because they are comprised of specific sorbents to target breath VOCs,
and likely to perform well on generating breath profiles.

To test the different types of sorbent tubes, a breath volatiles reference mix (VRM) was
injected onto the tubes as the first point of comparison, and samples from human subjects
were collected onto the tubes as the second point of comparison. The VRM injections on the
tubes allowed for assessment that desorption parameters and tube conditioning approaches
were appropriate, while the samples from human subjects helped to better understand
how real samples, impacted by factors such as moisture and breakthrough volume, would
perform. The real breath samples allowed assessment of whether compounds within the
breath were visible and whether differences could be detected using the method, therefore
allowing confidence in the volume of sampling before proceeding. Figure 1 illustrates
comparable overall peak areas of the VRM compounds detected in each type of sorbent
tube. There were no major differences between tubes using the VRM alone. Although not
statistically significant, the Tenax TA tubes showed reduced variability compared to the
Biomonitoring and Odour/Sulfur tubes.
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Figure 1. Sum of relative peak area for all normalized compounds of interest obtained using gas 
chromatography—mass spectrometry (GC-MS) for each sorbent tube type. Comparable total peak 
areas of the VRM compounds detected in each type of sorbent tube tested; no significant difference 
observed. 

In addition to spiking the three different sorbent tubes with a reference mix, breath 
samples from a preliminary cohort of individuals (n = 3) were also utilized to compare 
tubes. The results demonstrated that Odor/sulfur tubes did not recover as many lighter 
volatiles, as highlighted by the green boxes in Figure 2.  

 
Figure 2. Total ion current gas chromatograms of Subject 2 on each tube type. Differences from sorbent to sorbent could 
have been attributed in part to differences in breath samples provided consecutively. Results for Subject 1 and 3 are avail-
able in Supplementary Information. 

Overall, Biomonitoring and Tenax TA tubes performed similarly to one another, as 
can be further noted in Supplementary Figures S1–S3. While the Odour/Sulphur tubes 
should ideally improve sulfur compound recovery [19], the other two sorbent types 
showed an improved coverage of a wider range of analytes. Odour/Sulpur tubes consist-
ently showed a lower recovery of compounds across all three subjects, as noted in Figure 
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Figure 1. Sum of relative peak area for all normalized compounds of interest obtained using gas
chromatography—mass spectrometry (GC-MS) for each sorbent tube type. Comparable total peak
areas of the VRM compounds detected in each type of sorbent tube tested; no significant difference
observed.

In addition to spiking the three different sorbent tubes with a reference mix, breath
samples from a preliminary cohort of individuals (n = 3) were also utilized to compare
tubes. The results demonstrated that Odor/sulfur tubes did not recover as many lighter
volatiles, as highlighted by the green boxes in Figure 2.
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Figure 2. Total ion current gas chromatograms of Subject 2 on each tube type. Differences from sorbent to sorbent could
have been attributed in part to differences in breath samples provided consecutively. Results for Subject 1 and 3 are available
in Supplementary Information.

Overall, Biomonitoring and Tenax TA tubes performed similarly to one another, as can
be further noted in Supplementary Figures S1–S3. While the Odour/Sulphur tubes should
ideally improve sulfur compound recovery [19], the other two sorbent types showed an
improved coverage of a wider range of analytes. Odour/Sulpur tubes consistently showed
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a lower recovery of compounds across all three subjects, as noted in Figures 2 and S1–S3.
The differences between Tenax TA and Biomonitoring tubes were more subtle from subject
to subject (Figures S1–S3), and may have also been attributed to differences in intra-
individual breaths on different sorbent types rather than the sorbent itself. The benefit
of graphitized carbon in the Biomonitoring tubes meant to extend the range of lighter
volatiles detected was not observed, based on the data shown above of the different tube
comparisons. With the results obtained from the VRM standard and the human subject tube
data, Tenax TA was identified as the more compatible sorbent tube for the following human
breath studies conducted. Although not statistically significant due to high variability
in the Biomonitoring tubes, Tenax TA generally appeared to have a higher abundance
of compounds for each individual (Figure 2), as well as the lowest sampling variability
(Figure 1). These independent findings also align with a recent study that investigated six
common types of sorbent tubes. This investigation, which used nearly identical desorption
parameters as the current study, concluded Tenax TA tubes recovered the widest range of
analytes and best reproducibility, among other benefits [20]. It should also be noted that
the range of analytes recovered in the pre-trial tube selection study was comparable with
Section 2.2. Variability of these compounds from the pre-trial tube selection was further
improved upon in the full trial due to the increase in resolution between individual peaks
and the removal of artifacts from compounds of interest.

2.2. Post-Trial Compound Identification

The chromatographic separation obtained in the human subjects trial is demonstrated
with chemical standards in Figure 3. Each human subject had only a subset of these
compounds and therefore the mix of compounds is demonstrated cumulatively with
standards in the depiction below. In this figure, compounds are well resolved from one
another and use the majority of the contour plot space. One must note that from sample
to sample, the use of this space varied due to the different compositions of each sample.
However, an apex plot is shown for all compounds identified across the study, and it can be
seen that the cumulative presence of all potential compounds in breath samples benefited
greatly from the increased peak capacity of GC×GC. All compounds existing in the same
vertical plane would not necessarily be possible to resolve in the 1D GC analysis. The
GC×GC-qMS data were used predominantly for peak identification and the GC×GC-FID
data were used for quantitative information. Previous studies describe the use of this
dual detection technique in combination with GC×GC and the full workflow used for
processing [14,15].
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Figure 3. Plots illustrating comprehensive two-dimensional gas chromatographic separation. (A)
Contour plot of standards generated with quadrupole mass spectrometry detection. (B) Contour plot
of standards generated with FID detection. (C) Apex plot of all breath compounds identified from
human subjects with artifacts removed.

All qMS data from every sample were combined to generate a list of over 100 com-
ponents identified in the trial. The FID data were then processed and the number of
components identified as peaks on average for each subject is shown in Table 1. Based
on the presence of peaks in the FID and the matching MS identification, the total number
of compounds that could be tentatively identified are shown in Table 2. Furthermore,
22 compounds were found to surpass the Fcrit value in their respected sample groups (see
Table 2). This demonstrates that although the breath samples themselves started off as
being quite complex, with a dedicated workflow to eliminate noise and other interferences,
the resulting number of compounds with high variation was relatively low as listed in
Table 1 under total number of compounds different than room air. It is important to note
that if all samples were combined together, the number of peaks physically present in the
combined samples would far surpass the peak capacity of a one-dimensional technique.
However, Table 1 outlines the attempt to focus on compounds based on variance rather
than based on presence within the sample. The list of components actually identified
in Table 1 represents compounds that were (1) not representative of analytical artifacts,
(2) present at levels that were variable (e.g., up- or down-regulated in the samples), and
(3) had compound identifications that were reliable enough to report compound identity
based on standard injection and retention information. Upon collection of samples, breath
samples and control samples were gathered directly after one another to reduce the sample
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composition variability. Longer durations between samples would potentially have been
problematic in terms of room composition shifting due to room air circulation.

Table 1. Total number of components found in breath samples for each subject using comprehensive
two-dimensional gas chromatography–flame ionization detection (GC×GC-FID).

Subject Code
Total Number of

Components Found
(FID)

Total Number of
Compounds

Identified

Total Number of
Compounds Different

than Room Air

02 22 21 4
03 21 19 5
06 18 16 1
08 34 24 6
09 26 21 6
10 137 36 4
11 22 16 4

Although, ultimately, the number of compounds of focus per subject was few, the
compounds of importance were different from subject to subject, demonstrating that an
analytical technique that can theoretically resolve every possible compound of importance
from the potential hundreds of compounds that can appear in a contour plot is benefi-
cial. The compounds of importance identified in the feature reduction process would
not necessarily have been the same compounds highlighted in a one-dimensional GC
approach that does not sufficiently resolve all possible components for further processing
and characterization. Since the variation between days for an individual can be small, and
the variation between subjects can be large, an analytical technique that provides superior
resolution is highly beneficial. Since this type of research is non-targeted, exploring all
possible compounds that can be detected, the high-capacity nature of GC×GC provides the
opportunity to obtain the highest quality return on molecular differences between samples.

In order to highlight common components between the various breath samples, based
on the analytes reported in Table 2 all breath samples were reprocessed to check if some
compounds of a specific individual were present in the other subjects’, potentially improv-
ing specificity. The goal of this stage of the analysis was to incorporate an assessment
of intraindividual variation. All reprocessed data were cross compared to determine the
subject-specific and recurrent analytes. It appeared that there were a select few analytes
present in every healthy breath sample, while some compounds showed to be specific to the
healthy human subject it was acquired from. The compounds identified consistently in the
subject population (100%), including consistently on each day of analysis per subject with
low intraindividual variation (see Table 3) were: acetic acid, dimethoxymethane, n-hexane,
and benzoic acid methyl ester. Compounds found across 6 of 7 subjects (86%) also included
benzene and benzaldehyde. Compounds found across 5 of 7 subjects (71%) also included
benzofuran and acetophenone. It is important to note that the colors in Table 3 represent
an assessment of variation for each subject. The table represents all compounds detected
labelled as significant in the study, however, for some compounds, the intraindividual
variation was high from visit to visit and this is captured by the yellow squares within
the table. The group of components towards the top of the table, with mostly green and
yellow squares, may be interesting markers to monitor in larger-scale studies moving
forward with additional research as their variation appears to be lower from an inter- and
intra-individual perspective. Compounds that fluctuate in terms of their presence and
absence, or appear to have increased variability would be less valuable as biomarkers as
they may not have a stable baseline to refer to within the population.
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Table 2. Compounds identified using comprehensive two-dimensional gas chromatography–quadrupole mass spectrom-
etry/flame ionization detection (GC×GC-qMS/FID). Tentative analyte identifications were made using qMS data and
reported retention times are based on FID data. (Note: 1tR = first dimension retention time and 2tR = second dimension
retention time).

Molecules CAS # 1tR (min) 2tR (s)
Compound Identified

in Subject(s)

iodomethane 74-88-4 6.7292 0.8074 08, 10, 11

2-aziridinylethyl 4025-37-0 6.7618 0.4992 08, 09

(1R,2R)-2-amino-1-phenylpropan-1-ol 492-39-7 6.7693 0.8805 11

carbonyldiamide 57-13-6 7.3336 1.3717 02, 08

3-methyl-2-butanamine 598-74-3 7.4152 1.4788 02, 11

nitrous oxide 10024-97-2 7.4389 1.5156 06, 09

3-methylpentane 107-83-5 9.0882 0.8508 10

2,4-dimethylhexane 589-43-5 10.1532 0.8506 11

n-hexane 110-54-3 10.1837 0.7824 02, 03, 06, 08, 09, 10, 11

dimethoxymethane 109-87-5 10.4252 0.9655 02, 03, 06, 08, 09, 10, 11

tetramethyloxirane 5076-20-0 10.4467 1.2284 10

propanedioic acid 141-82-2 10.4649 1.9485 08, 11

methylcyclopentane 96-37-7 10.4809 0.7724 08, 10, 11

1,2,4-trifluorobenzene 367-23-7 10.5108 0.8571 9

methanesulfonic 75-75-2 10.7328 1.0696 02, 03, 08, 09

(Methylsulfinyl)(methylthio)methane 33577-16-1 10.758 2.222 11

methylene chloride 75-09-2 11.2607 1.2145 08, 10, 11

2-butanol 78-92-2 11.365 2.1428 10

3,3,4,4-tetrafluorohexane 110-54-3 11.5197 1.8566 11

cyclohexane 110-82-7 11.6421 0.7868 10

benzene 71-43-2 12.2093 0.7881 02, 03, 06, 08, 09, 10

3-ethylhexane 619-99-8 12.7841 0.7608 10

3-amino-1-propanol 156-87-6 12.8101 0.3141 3

acetic acid 64-19-7 12.8942 2.3249 02, 03, 06, 08, 09, 10, 11

1-hexanol 111-27-3 14.1359 1.2582 10

4-ethyl-1-octyn-3-ol 3391-86-4 14.754 1.1232 10

chloroiodomethane 75-11-6 16.3185 1.343 08, 10

2-butyl-1-octanol 3913-02-8 16.9823 1.1027 10

dimethyl disulfide 110-81-6 17.3408 1.2392 10

toluene 108-88-3 17.3869 0.9445 02, 09, 10

4-methyl-2-pentanol 108-11-2 19.1816 0.6273 3

3-hexanone 589-38-8 20.0887 0.6816 02, 03, 06, 08,

ethylbenzene 100-41-4 20.3438 0.8728 10

2-hexanone 591-78-6 20.3538 0.7042 02, 03, 06, 08

d5-chlorobenzene (nternal standard) 3114-55-4 20.8198 1.0564 N/A

4-hydroxy-4-methyl-2-pentanone 123-42-2 21.9885 1.1426 10

phenylethyne 536-74-3 22.0986 0.8481 03, 06,
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Table 2. Cont.

Molecules CAS # 1tR (min) 2tR (s)
Compound Identified

in Subject(s)

2-(diethylamino)acetonitrile 926-64-7 22.1427 0.878 02, 08

p-xylene 106-42-3 22.7226 1.0333 10, 11

styrene 100-42-5 22.7794 0.8974 03, 06, 10

2-heptanone 110-43-0 23.3662 1.2113 10

1,2,4-trimethylbenzene 89-05-4 23.8049 0.7724 10, 11

1-ethyl-4-methyl-benzene 40307-11-7 24.0504 1.1884 10

bromobenzene 108-86-1 24.4771 1.127 10

2,5-hexanedione 110-13-4 24.6884 0.9548 02, 08

propyl-benzene 103-65-1 25.2494 1.1007 10

1-ethyl-2-methylbenzene 611-14-3 25.6803 2.253 10

3,4-difluorobenzaldehyde 34036-07-2 25.7777 1.0323 9

α-methylstyrene 98-83-9 25.7793 0.8087 02, 08, 09

benzaldehyde 100-52-7 26.3162 1.3763 02, 03, 06, 08, 09, 10

4-hydroxybutanoic acid 156-54-7 26.3403 1.452 9

1,3,5-trimethylbenzene 108-67-8 27.6137 1.4863 10

benzonitrile 100-47-0 27.6444 1.3251 02, 06, 08, 09

2-ethyl-1-hexanol 104-76-7 27.7621 1.0051 10

benzophenone 119-61-9 27.7682 1.0725 3

benzofuran 271-89-6 27.7718 0.837 02, 03, 06, 08, 09

phenol 108-95-2 28.4681 0.7994 02, 03, 06, 09

2-chlorocyclohexanol 1561-86-0 28.8662 1.3284 10

heptan-2-amine 123-82-0 29.6069 0.9578 8

1-ethyl-2,3-dimethylbenzene 933-98-2 29.9339 1.2202 10

acetophenone 98-86-2 30.2219 1.1558 02, 03, 06, 08, 09

methenamine 100-97-0 30.3213 0.8259 09, 10

benzoic acid methyl ester 99-94-5 30.5664 1.1904 02, 03, 06, 08, 09, 10, 11

α,α-dimethylbenzenemethanol 617-94-7 30.6917 1.4741 9

dibenzofuran 132-64-9 43.4907 1.1875 02, 03
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Table 3. Heat map of variance analysis conducted on the 22 compounds that met the Fcrit value demonstrating variance
testing across all subjects. Compounds that surpassed the Fcrit value are labelled in green (�), compounds detected in
subjects’ breath, but did not surpass the Fcrit value are labelled in yellow (�), and compounds that were not detected in a
subjects’ breath samples are labelled in red (�). Compounds are listed in order from top to bottom based on the rate of
identification across the trial.

Compounds 02 03 06 08 09 10 11
acetic acid

dimethoxymethane
benzoic acid methyl ester

n-hexane
benzaldehyde

benzene
benzofuran

acetophenone
benzonitrile

phenol
2-hexanone
3-hexanone

styrene
iodomethane

methylene chloride
chloroiodomethane

3-methyl-2-butanamine
α,α-dimethylbenzenemethanol

1,2,4-trifluorobenzene
3-ethylhexane

2,4-dimethylhexane

3. Discussion

The compounds that appear lower in Table 3 appear to have higher intraindividual
variation within the subjects monitored within this study. Increasing subject participants
would help to improve the understanding of the extent of this variation. However, these
compounds did not appear to be very stable in abundance in individuals from this small
cohort studied. This would assert that caution should be used if attempting to use these
particular compounds as disease markers when moving a research study conducted in
one locale to another area. It suggests that an evaluation of healthy individuals within
other regions, including Hawaii, may be necessary to understand whether biomarkers of
disease developed in one region of the world can be realistically applied in another area. If
these particular compounds were being monitored for upregulation or downregulation in
disease diagnosis, and that concept is applied in a new region where there is naturally a
higher variability in those compounds within healthy individuals, it could raise the risk
of false positives in disease diagnosis. The data provided in this study allowed a starting
assessment of the variance of a healthy population in Hawaii to be characterized as a pilot
trial. Further data are needed with a larger subject cohort to make conclusions about certain
breath markers being stable for use as disease markers within this population.

Acetic acid was a compound that was identified in every patient within this study
and was found to be significantly different from room air using Fisher Ratio variance
analysis. Acetic acid is a known marker monitored for gastrointestinal reflux disease
(GERD) as well as for monitoring cystic fibrosis patients for potential lung infections [21].
While the increase in this particular breath marker is important in indicating the difference
between a healthy subject, a subject with GERD, and a subject with a lung infection, it
has also been noted that the accurate quantification of this biomarker is essential in order
to ensure that appropriate classification of health status can be achieved. This is largely
because acetic acid is present in low levels (ppbv) in exhaled breath from subjects in many
studies, and therefore knowing the background levels is important if applying this type
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of research to new populations of individuals [22]. Acetic acid has been demonstrated as
being taken up by human primary tracheobronchial epithelial (TBE) cell lines, as well as
lung adenocarcinoma cell lines (A549, Lu7466), while being released by human epithelial
cervical carcinoma (HeLa) cell lines [23].

The compound dimethoxymethane (also known as methylal) was also consistently
identified in breath samples within this study. Dimethoxymethane is a known breath
compound in exhaled breath [7]; however, it has recently been demonstrated that females
release significantly lower amounts of dimethoxymethane in their breath samples compared
to male subjects [9]. It is possible that other genetic factors could contribute to differences
in dimethoxymethane production in exhaled breath as well, though to our knowledge this
has not yet been investigated. Interestingly, dimethoxymethane has only been identified in
breath from human subjects and not in other bodily secretions [7].

n-hexane is a compound found in all matrices collected from healthy human subjects
including feces, urine, breath, skin, milk, blood, and saliva [7]. n-hexane is known to be
released by lung cancer cells (NCI-H2087) at a much higher level than found in baseline
levels of healthy subjects. However, very few reports exist on what the actual baseline
level of hexane is found to be in subjects, as studies most often report the results of
significant difference between a control group and the group of samples with elevated
levels. Therefore, further understanding of absolute concentration and variance amongst
individuals within different populations would assist in ensuring that a test using this
biomarker remains effective when deployed to subjects outside of a strict study control
group. The importance of accurate quantification in breath studies for this particular reason
has been highlighted previously [22].

Benzoic acid methyl ester was consistently identified across subjects. Esters of benzoic
acid are commonly found on the skin of healthy individuals [7] including benzoic acid
dodecyl ester, benzoic acid tridecyl ester, and benzoic acid tetradecyl ester [7]. These
are generally larger molecules that would be less volatile than benzoic acid methyl ester.
Benzoic acid methyl ester is not a commonly cited VOC in exhaled breath [7]. This
compound may potentially be related to the subjects in this particular study, perhaps
linked with factors such as environmental exposure. This compound is found as a floral
aroma in many plants.

Benzaldehyde, benzene, benzofuran and acetophenone were also identified in a large
majority of subjects (>70%). Benzaldehyde and benzene have been commonly identified
in all matrices collected from healthy human subjects, including feces, urine, breath, skin,
milk, blood and saliva [23]. This is also true of acetophenone with the exception of milk [23].
Benzofuran has been reported as a chemical in exhaled breath, skin, and milk from healthy
subjects [7]. It should also be noted that two prominent breath VOCs, acetone and isoprene,
were not detected within this study. The sorbent-based collection methods used in this
study may have impeded the ability to collect, focus, and inject these compounds onto the
instrument and therefore may have contributed to their lack of detection. It is also possible
that these compounds fell below the limit of detection within this study or that they were
not present in the sample. This should be a focus of further investigation when moving
towards studies incorporating a larger number of individuals.

Additionally, the authors note that specific absolute concentrations of compounds
were not calculated in this study, and may be beneficial to include in future studies,
especially for the core breath profile compounds that are detected. The current study
focused on relative quantities of compounds to one another and on variance analysis rather
than on calibration and performing absolute quantification. In relating this data to different
diseases or disorders within the population, absolute quantification may be a more robust
approach.

This is the first time an exhaled breath study has focused on profiling healthy subjects
in Hawaii. Although the data only represent 7 subjects and therefore has limited ability to
make broad inferences on the population, it is important to represent different and diverse
populations to understand the implications of using exhaled breath as a diagnostic or
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health monitoring procedure in the future. Understanding the baseline breath profile of
subjects across different populations will assist in developing breath tests that are more
accurate and reliable and reduce the possibility of false negatives or false positives when
tests can eventually be implemented. This work is a pilot study that assists in identifying
consistencies and differences in a small group of individuals, and therefore has limited
statistical significance compared to a study incorporating more individuals and data. The
next phase of this work would involve scaling up the study to include a large number of
individuals and tracking information like ancestry alongside the data for further clarity.

4. Materials and Methods
4.1. Human Subjects

Healthy volunteers were recruited from within the University community according
to approved Institutional Review Board (IRB) procedures under IRB Protocol # CUH052.
Individuals self-reported their qualifications for the study based on inclusion criteria and
exclusion criteria. Inclusion criteria were defined for this initial cohort as lifetime non-
smokers, male or female, adults (age 18–54), and within normal body mass index (BMI)
range (18.5–25). Choosing criteria for BMI and smoking activity level served to reduce
variation in metabolic rates between individuals in this initial cohort.

Additionally, exclusion criteria included the previous history of neonatal lung devel-
opment complications/conditions, previous conditions that required the use of a medical
ventilator, cold, flu, or respiratory tract infection symptoms exhibited at the time of breath
sample collection or in the past two weeks. Vulnerable populations were also excluded
from the study. After determining study qualifications based on the criteria, informed
consent was obtained according to Protocol #CUH052.

4.2. Pre-Trial Tube Selection

Investigating literature on breath analysis and on manufacturer’s recommendations,
there were three sorbent tubes that would be suitable for breath collection: Tenax TA,
Biomonitoring, and Odour/Sulphur (Markes International Ltd., Llantrisant, UK.). In order
to determine which of the three tubes to use in-house for this study, a pre-trial study was
conducted on a small range of samples to confirm a suitable choice. Two approaches
were used for this confirmation. First, three of each sorbent tube were used with chemical
standards that were representative of exhaled breath. A 10 ppm breath VOC standard
was prepared by mixing two different custom mixes, one commercial mixed standard,
and several individual standards. Custom Mix 1 contained 2-ethyl-1-hexanol, 1-propanol,
2-propanol, 2-butanone, cyclohexane, and 2-methylfuran in P&T methanol/water (GC
Grade, Restek Corporation, Bellefonte, PA, USA). Custom Mix 2 contained styrene, 2-
methylpentane, 3-methylpentane, 2,4-dimethylheptane, 2-methylhexane, naphthalene, and
1,2,3-trimethylbenzene in P&T methanol (GC grade, Restek Corporation). Commercial
mix 1 contained benzene, toluene, ethylbenzene, m-xylene, o-xylene, and p-xylene in P&T
methanol (certified reference mixture, Restek Corporation). Individual standards for hex-
anal, heptanal, and dimethyl trisulfide (DMTS) were also used (analytical standard grade,
Sigma-Aldrich, St. Louis, MO, USA). These mixes were all combined at a concentration
of 10 ppm to create the breath VOC mix. For each of the sorbent tubes, 1 µL of the breath
VOC mix was injected onto the sorbent tube, with 1 µL of a 10 ppm saturated alkanes mix
(C7–C30 in hexane, certified reference material grade, Supelco, Bellefonte, PA, USA), and
1 µL of 10 ppm d5-chlorobenzene (GC grade, Restek Corporation). Second, three human
subjects contributed breath samples on one of each tube. Breath samples were collected as
described below under the same IRB Protocol. Following the pre-trial tube selection, the
Tenax TA sorbent tubes were used for all collected samples.
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4.3. Breath Sample Collection

Each volunteer was advised to avoid consuming any food or beverages other than
water at least 2 h before sample collection. Each participant was required to sit in place for
at least 10 min in an isolated room, and to complete a lifestyle questionnaire prior to breath
sample collection. The lifestyle questionnaire included questions about the participants’
activities in the preceding week (including recent food intake, sleep, activity level, exercise,
prescription medication and alcohol consumption). This was repeated on three visits with
each study participant, with a minimum of 48 h in-between visits.

All sample collection was completed within a 3-month period (precisely between early
July and late October 2019). Participants submitted breath samples by breathing at a regular
rate into a Bio-VOC sampler (Markes International Ltd.) following the recommended
manufacturer’s procedures. Subjects were asked to exhale a single slow vital capacity
breath into the Bio-VOC. The collected air was immediately transferred to a 1

4 × 3 1
2

stainless steel conditioned Tenax TA thermal desorption (TD) tube (Markes International
Ltd.) following the direction of sampling to capture VOCs present in the trapped air. This
process was repeated two more times in order to collect three single breaths as one sample,
resulting in 525 mL of breath collected onto a single tube. For each set of breath samples
collected from subjects, an equivalent sample of room air was collected at the same time
as the subject’s visit. Room air was collected into the bio-VOC sampler by pumping the
handle and expelling the room air onto a sorbent tube. The number of room air collections
performed was matched to the breath sample, meaning that 3 full bio-VOC samplers of
room air were expelled onto a single sorbent tube. These control samples were used to
eliminate adsorbent artifacts and to characterize background compounds to reduce the
reporting of compounds that were not relevant to the exhaled breath samples.

4.4. Pilot Trial of 7 Subjects (105 Subject Samples)

Additionally, a cohort of individuals was recruited to provide breath samples for
the pilot study. A total of 7 subjects were used for this part of the research study. Each
individual provided samples in three separate sessions. During each visit, the individual
provided 5 breath samples, each including 3 individual breaths. This provided 15 sorbent
tubes from each individual. Visits were a minimum of 48 h apart. Prior to breath collection,
each TD tube was reconditioned for 30 min at 300 ◦C with a flow of ultra-high purity
nitrogen (Airgas, Radnor, PA, USA) with a pressure of 20 psi, which equated to a flow rate of
60 mL/min. Tube reconditioning was always performed offline from the system on a TC-20
instrument (Markes International Ltd.) using a flow of ultra-high purity nitrogen (Airgas).
Tubes were stored at room temperature with brass long-term storage caps in an airtight
screw-capped container before breath collection. TD tubes with samples were coded (using
tube number and date of data acquisition as DD/MM/YYYY) to minimize bias during
data acquisition. The TD tubes were stored at 4 ◦C until data acquisition using a Unity-xr
thermal desorption (TD) system (Markes International Ltd.) for sample introduction and
comprehensive two-dimensional gas chromatography and dual-channel detection with
quadrupole mass spectrometry and flame ionization (TD-GC×GC-qMS/FID) for analysis.

4.5. GC-MS Analysis

The pre-trial tube selection was performed on a one-dimensional gas chromatography
system with quadrupole mass spectrometry (GC-MS). Sample analysis was carried out
utilizing a Unity 2 series thermal desorber (Markes International Ltd.) and conducted on
a Focus GC coupled with a Dual Stage Quadrupole II (DSQ II) Mass Selective Detector
(MSD) (Thermo Scientific, Bellefonte, PA, USA).

Prior to desorption, a leak test was performed followed by a 1 min prepurge with
a trap flow of 50 mL/min. Primary desorption of the sample took place at 300 ◦C for
5 min with a trap flow of 50 mL/min and a split-flow of 20 mL/min. The sample was
recondensed at 10 ◦C on a general-purpose carbon cold trap for C4/5 to C30/32 (Markes
International Ltd.). The cold trap was purged for 1 min with a flow of 50 mL/min, then
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heated at the maximum heating rate to 320 ◦C for 3 min. Following desorption, all tubes
were reconditioned offline for 30 min at 330 ◦C on the TC-20 at 20 psi, and capped with
brass long-term storage caps (Markes International) to prepare for re-use. The standby
split-flow on the thermal desorber was set at 10 mL/min, and the flow path temperature
at 150 ◦C. The GC cycle time was set for 30 min and the minimum carrier pressure at
5 psi. Analyte separation was accomplished using an Rxi-624Sil MS capillary column
(Restek Corporation, 30 m × 0.25 mm ID × 1.4 µm film thickness) using ultra-high-purity
helium as the carrier gas at a constant flow rate of 1.0 mL/min (Airgas). The GC oven
program started at 35 ◦C where it was held for 5 min, followed by a temperature increase
of 5 ◦C/min up to 240 ◦C, which was maintained for 5 min. The MS transfer line and ion
source were set to 250 and 200 ◦C, respectively, and the MSD was operated in full electron
ionization (EI) scan mode from 45 to 450 m/z at a scan rate of 5 scans/s.

4.6. GC×GC-qMS/FID Analysis

Sample analysis for the human subjects trial was conducted with a Thermo Scientific
Trace 1300 gas chromatograph coupled to an ISQ 7000 single quadrupole mass spectrometer
and Trace 1300 flame ionization detector (FID). The column junction was equipped with a
reverse fill/flush (RFF) INSIGHT flow modulator (SepSolve Analytical Ltd., Peterborough,
UK). An Rxi-624Sil MS column (30 m × 0.25 mm ID × 1.4 µm film thickness, Restek
Corporation) was used in the first dimension. A Stabilwax column (5 m × 0.25 mm ID
× 0.25 µm film thickness, Restek Corporation) was used in the second dimension. The
flow rate in the first dimension column was 1.00 mL/min, the auxiliary gas flow was
20.00 mL/min, and the resulting calculated flow rate in the bleed line (5 m × 0.1 mm ID)
was 1.00 mL/min. The loop dimensions were 0.53 mm ID × 1133 mm, resulting in a loop
volume of 25 µL. The modulation period (PM) was 2.5 s, and the flush time was 100 ms,
which was held constant throughout the full duration of the run. The calculated flow
rate in the second dimension column was 17.9 mL/min. The carrier gas was ultra-high
purity helium (Airgas). The flow was split with a ratio of 4.5:1 between the FID and qMS.
The GC oven started at an initial temperature of 60 ◦C, held for 3 min, was increased to a
final temperature 250 ◦C at a rate of 5 ◦C/min, and held for 5 min, resulting in a total run
time of 46 min. The transfer line and the ion source temperature were held at 280 ◦C. The
qMS, characterized by a maximum scan speed of 20,000 amu/s, was operated in electron
ionization (EI) scan mode with a resulting data acquisition rate of ~41.5 Hz for the mass
range of 40–300 m/z. The FID was set to 250 ◦C and was operated with an acquisition rate
of 120 Hz. The flow rate for hydrogen (ultra-high purity, Airgas) was 35.0 mL/min. The
flow rate for air (ultra-zero purity, Airgas) was 350 mL/min. The flow rate for the nitrogen
makeup gas (ultra-high purity, Airgas) was 40 mL/min.

TD tubes containing participants’ breath samples were brought from 4 ◦C to ambient
temperature (~22 ◦C) for at least 5–10 min, before analysis. Each tube was injected with
1 µL of 10 ppm d5-chlorobenzene (GC Grade, Restek Corporation) in HPLC grade methanol
(GC Grade, Restek Corporation) using a micropipette. Helium was directed to the Unity-xr
using a dynamic headspace adaptor and inert tubing and redirected through the roof of
the GC oven in an insulated transfer line containing uncoated fused silica. Desorption of
each sample in the TD tubes was carried out in the Unity-xr, which underwent two-step
desorption; primary desorption of the sample took place with a trap flow of 50 mL/min
and split flow of 20 mL/min at 300 ◦C for 5 min following a 1 min nitrogen dry purge.
The sample was re-condensed at −10 ◦C on a general-purpose carbon cold trap for C4/5 to
C30/32 (Markes International Ltd.). The cold trap was then rapidly heated for secondary
desorption at 320 ◦C for 3 min following another 1 min nitrogen dry purge. Thermal
desorption was controlled using Chromspace (v. 1.5.1.1, SepSolve Analytical Ltd.). The
acquisition was controlled through Chromeleon software (version 7.2.9, Thermo Scientific,
Waltham, MA, USA).
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Data acquisition was performed for both datasets using Thermo Scientific Chromeleon
V.7.2.9. GC-qMS data were processed with the same software. GC×GC-qMS *.raw files
were exported, converted into *.cdf format, and imported into ChromSpace software
V.1.5.1.1 (SepSolve Analytical Ltd.) for processing. GC×GC-FID files were exported as *.cdf
and imported into ChromSpace software V.1.5.1.1 (SepSolve Analytical Ltd.) for processing.
Data acquisition of collected samples was completed within 2 weeks of sample collection.

4.7. Data Treatment

GC-MS data were treated with the following procedure. MS detection was performed
using the ICIS detection algorithm with an area noise factor of 5, a peak noise factor of
150, and a baseline window of 100. The noise method was repetitive. The minimum peak
width was 3, multiplet resolution was 10, area tail extension was 5, and area scan window
was 0. Peak widths were not constrained. Peak-dependent correction was used with a left
region bunch width of 3 spectra, peak spectrum bunch width of 3 spectra, and right region
bunch width of 3 spectra. Mass spectra were searched to the mainlib and replib from the
National Institute of Standards and Technology (NIST) 2017 MS library. Components from
the samples were added to a component table and MS quantitation peaks, confirming peaks
(2) and peak detection parameters were manually verified for each compound. Aligned
peak reports were exported as *.csv files for analysis in Microsoft Excel.

GC×GC-qMS data were treated with the following procedure. Baseline correction
and peak detection of all acquired data files were carried out using Chromspace software
(SepSolve Analytical). Dynamic baseline correction was performed on imported *.cdf files
with a peak width of 0.4 s. Stencils for the peaks of interest were obtained by applying the
curve-fitting algorithm for peak integration with a 3-point Gaussian smoothing function.
The minimum peak area was 0.0, the minimum peak height was 600,000, and the minimum
peak width was 0.000. Parameters for peak merging included a tolerance of 2%, overlap
of 2%, intensity of 2%, and correlation of 0.5. Subpeak apex windows for fronting and
tailing were set to 2% for both low and high PM. Compound identifications were supported
by searching the National Institute of Standards and Technology (NIST) 2017 library, in
combination with retention time matching with breath VOC standards when possible. The
standards that were available to confirm compound identities included dimethyl trisulfide,
dimethyl disulfide (DMDS), hexanal, heptanal, heptane, octane, nonane, decane, dodecane,
tridecane, pentadecane, hexadecane, heptadecane, octadecane, nonadecane, eicosane,
heneicosane, tricosane, tetracosane, pentacosane, hexacosane, heptacosane, octacosane,
nonacosane, triacontane, benzene, ethylbenzene, toluene, m-xylene, o-xylene, p-xylene
(inject 1 microliter in td tube with the run). GC×GC-qMS data were used to generate
stencil patterns overtop peaks of interest for each subject after the stencil identification was
performed as above.

GC×GC-FID data were treated with the following procedure. Top Hat baseline
correction was used on imported *.cdf files using a peak width of 0.4 s. Stencils obtained
from GC×GC-qMS data processing method were applied to FID files, and the stencil was
transformed manually to align over FID peaks. Peak detection was performed using the
local regions of interest produced by these stencils with a minimum peak height of 0.0,
minimum peak height was 0.0, and minimum peak width was 0.000. This allowed for the
detection of all peak areas within the stencil region. The peak height was used to calculate
calibration curves. Parameters for peak merging included tolerance of 10%, overlap of 10%,
intensity of 0.5%, correlation of 0.0%. Stencils were adjusted manually to ensure consistent
integration for all concentration levels.

Due to the limited scan rate of the qMS detector, the approach on this type of instru-
mentation is to use the dual-detection system to obtain the best information from each
detector. The qMS data stream is used to generate stencils where every peak is identi-
fied based on the processed mass spectrum and library search, in combination with a
comparison of retention time and standard injection data. The stencils are then applied
over the FID data to identify peaks in this single-channel detector. The peak integration
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is performed at this stage on the FID data where the acquisition rate is much higher and
provides sharp and accurate peak shapes. This approach is outlined in previous publica-
tions including detector acquisition rates, number of acquisitions across a peak, and data
processing workflows [14,15] and therefore are not described in detail here.

Exported peak areas were used to calculate Fisher Ratio for each compound for each
subject comparison, treating day and control as individual groups (e.g., 1 subject’s samples
and controls would generate 6 groups). All breath samples for each subject were grouped
separately by the day they gave breath, and control samples from each day were grouped
as one group. Fisher Ratio was calculated according to the formula below (equation 1).
Fisher Ratios was utilized to discriminate control samples from subjects’ samples, thus
Fisher Ratios that exceeded the critical F value (Fcrit) were considered to be significant.
The Fcrit value is determined using the number of groups, number of samples within each
group, and the significance level (α = 0.05). The purpose of using the Fisher Ratio to select
features of importance is to assess the variance of the chemical markers across different
groups of samples.

F =
between − group variability
within − group variability

(1)

Where between − group variability = ∑K
i=1

ni(Yi − Y)2

K − 1
(2)

And within − group variability = ∑K
i=1 ∑ni

j=1

(
Yij − Yi

)2

(N − K)
(3)

Supplementary Materials: The following are available online, Figure S1: Total ion current chro-
matograms of Subject 1 on each tube type, Figure S2: Total ion current chromatograms of Subject 2
on each tube type, Figure S3: Total ion current chromatograms of Subject 3 on each tube type.

Author Contributions: Conceptualization, K.A.P.; methodology, K.A.P., C.C.; formal analysis, H.R.Y.,
C.C., K.A.P., D.J.O.; investigation, H.R.Y., J.S.M., D.J.O., K.E.-A.; resources, K.A.P.; data curation,
H.R.Y., C.C., J.S.M., K.A.P.; writing—original draft preparation, H.R.Y., C.C., K.A.P.; writing—review
and editing, H.R.Y., C.C., K.A.P.; visualization, H.R.Y., C.C., K.A.P.; supervision, K.A.P., C.C.; project
administration, K.A.P., C.C.; funding acquisition, K.A.P. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by Hawaii Community Foundation through the Leahi Fund to
Treat and Prevent Pulmonary Disease, grant number 17ADVC-86184. The statistical and instrumental
development for this work was in part supported by the National Science Foundation under grant
number 1752607. Any opinions, findings, and conclusions or recommendations expressed in this
material are those of the author(s) and do not necessarily reflect the views of the National Science
Foundation.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Review Board of Chaminade University
of Honolulu (Protocol # CUH052 Approved on 18 September 2017).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to privacy restrictions.

Acknowledgments: The researchers would like to thank the Hawaii Community Foundation for
funding this research through the Leahi Fund to Treat and Prevent Pulmonary Disease (Grant
#17ADVC-86184) and the National Science Foundation CAREER program for programmatic support
through grant number 1752607. In addition, we would like to thank Restek Corporation for sup-
porting the donation of GC consumables through the Restek Academic Support Program. SepSolve
Analytical is acknowledged for assistance in data processing and troubleshooting of the GC×GC
system setup. The researchers also acknowledge Hilary Corcoran from Chaminade University of
Honolulu (CUH) for technical support, and CUH alumni Hyo Park for assisting in the identification



Molecules 2021, 26, 3726 17 of 18

of information at the preliminary project stages. Finally, we acknowledge the commitment of all the
human subjects who donated samples to this project to assist in the research.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Cao, W.; Duan, Y. Breath analysis: Potential for clinical diagnosis and exposure assessment. Clin. Chem. 2006, 52, 800–811.

[CrossRef]
2. Bijland, L.R.; Bomers, M.K.; Smulders, Y.M. Smelling the diagnosis A review on the use of scent in diagnosing disease. Neth. J.

Med. 2013, 71, 300–307. [PubMed]
3. Davis, C.E.; Hill, J.E.; Frank, M.; McCartney, M.M.; Schivo, M.; Bean, H.D. Breath Analysis for Respiratory Infections. In J.

Beauchamp, 2nd Ed. ed; Elsevier: Cambridge, UK, 2020; Breathborne Biomarkers and the Human Volatilome; pp. 335–347.
4. Ruszkiewicz, D.; Sanders, D.; O’Brien, R.; Hempel, F.; Reed, M.J.; Riepe, A.C.; Baillie, J.K.; Brodrick, E.; Darnley, K.; Ellerkmann,

R.; et al. Diagnosis of COVID-19 by analysis of breath with gas chromatography-ion mobility spectrometry: A feasibility study.
EClinicalMedicine 2020, 29, 100609. [CrossRef]

5. Fens, N.; Zwinderman, A.H.; Van Der Schee, M.P.; De Nijs, S.B.; Dijkers, E.; Roldaan, A.C.; Cheung, D.; Bel, E.H.; Sterk, P.J.
Exhaled breath profiling enables discrimination of chronic obstructive pulmonary disease and asthma. Am. J. Respir. Crit. Care
Med. 2009, 180, 1076–1082. [CrossRef]

6. Filipiak, W.; Sponring, A.; Filipiak, A.; Ager, C.; Schubert, J.; Miekisch, W.; Amann, A.; Troppmair, J. TD-GC-MS analysis of
volatile metabolites of human lung cancer and normal cells in vitro. Cancer Epidemiol. Biomark. Prev. 2010, 19, 182–195. [CrossRef]

7. De Lacy Costello, B.; Amann, A.; Al-Kateb, H.; Flynn, C.; Filipiak, W.; Khalid, T.; Osborne, D.; Ratcliffe, N.M. A review of the
volatiles from the healthy human body. J. Breath Res. 2014, 8. [CrossRef] [PubMed]

8. Wilson, A.D.; Baietto, M. Advances in electronic-nose technologies developed for biomedical applications. Sensors 2011, 11,
1105–1176. [CrossRef]

9. Das, M.K.; Bishwal, S.C.; Das, A.; Dabral, D.; Varshney, A.; Badireddy, V.K.; Nanda, R. Investigation of gender-specific exhaled
breath volatome in humans by GCxGC-TOF-MS. Anal. Chem. 2014, 86, 1229–1237. [CrossRef] [PubMed]

10. Smeets, M.A.M.; Rosing, E.A.E.; Jacobs, D.M.; van Velzen, E.; Koek, J.H.; Blonk, C.; Gortemaker, I.; Eidhof, M.B.; Markovitch, B.;
de Groot, J.; et al. Chemical fingerprints of emotional body odor. Metabolites 2020, 10, 84. [CrossRef] [PubMed]

11. Beccaria, M.; Bobak, C.; Maitshotlo, B.; Mellors, T.R.; Purcaro, G.; Franchina, F.A.; Reez, C.A.; Nasir, M.; Black, A.; Hill, J.E.
Exhaled human breath analysis in active pulmonary tuberculosis diagnostics by comprehensive gas chromatography-mass
spectrometry and chemometric techniques. J. Breath Res. 2019, 13, 016005. [CrossRef] [PubMed]

12. Schleich, F.N.; Zanella, D.; Stefanuto, P.H.; Bessonov, K.; Smolinska, A.; Dallinga, J.W.; Henket, M.; Paulus, V.; Guissard, F.; Graff,
S.; et al. Exhaled volatile organic compounds are able to discriminate between neutrophilic and eosinophilic asthma. Am. J. Respir.
Crit. Care Med. 2019, 200, 444–453. [CrossRef] [PubMed]

13. Pesesse, R.; Stefanuto, P.H.; Schleich, F.; Louis, R.; Focant, J.F. Multimodal chemometric approach for the analysis of human
exhaled breath in lung cancer patients by TD-GC × GC-TOFMS. J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 2019, 1114–1115,
146–153. [CrossRef]

14. Dubois, L.M.; Aczon, S.; Focant, J.-F.; Perrault, K.A. Translation of a one-dimensional to a comprehensive two-dimensional gas
chromatography method with dual-channel detection for volatile organic compound measurement in forensic applications. Anal.
Chem. 2020, 92, 10091–10098. [CrossRef] [PubMed]

15. Byrne, J.M.; Dubois, L.M.; Baker, J.D.; Focant, J.-F.; Perrault, K.A. A non-targeted data processing workflow for volatile organic
compound data acquired using comprehensive two-dimensional gas chromatography with dual channel detection. MethodsX
2020, 7, 101009. [CrossRef] [PubMed]

16. Lawal, O.; Ahmed, W.M.; Nijsen, T.M.E.; Goodacre, R.; Fowler, S.J. Exhaled breath analysis: A review of ‘breath-taking’ methods
for off-line analysis. Metabolomics 2017, 13, 1–16. [CrossRef]

17. Di Gilio, A.; Catino, A.; Lombardi, A.; Palmisani, J.; Facchini, L.; Mongelli, T.; Varesano, N.; Bellotti, R.; Galetta, D.; de Gennaro, G.;
et al. Breath analysis for early detection of malignant pleural mesothelioma: Volatile organic compounds (VOCs) determination
and possible biochemical pathways. Cancers 2020, 12, 1262. [CrossRef] [PubMed]

18. Ratiu, I.A.; Ligor, T.; Bocos-Bintintan, V.; Mayhew, C.A.; Buszewski, B. Volatile organic compounds in exhaled breath as
fingerprints of lung cancer, asthma and COPD. J. Clin. Med. 2020, 10, 32. [CrossRef] [PubMed]

19. Markes International Ltd. Application Note 032 The analysis of sulfur compounds using on-line and off-line TD—GC. 2013; 1–8.
20. Franchina, F.A.; Zanella, D.; Dejong, T.; Focant, J.F. Impact of the adsorbent material on volatile metabolites during in vitro and

in vivo bio-sampling. Talanta 2021, 222, 121569. [CrossRef]
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