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Abstract

Introduction This study employs Proton-Transfer-Reaction Mass Spectrometry (PTR-MS) to analyze exhaled breath profiles
of 504 healthy adults, focusing on nine common volatile organic compounds (VOCs): acetone, acetaldehyde, acetonitrile,
ethanol, isoprene, methanol, propanol, phenol, and toluene. PTR-MS offers real-time VOC measurement, crucial for under-
standing breath biomarkers and their applications in health assessment.

Objectives The study aims to investigate how demographic factors-gender, age, and smoking history-affect VOC concentra-
tions in exhaled breath. The objective is to enhance our understanding of breath biomarkers and their potential for health
monitoring and clinical diagnosis.

Methods Exhaled breath samples were collected using PTR-MS, measuring concentrations of nine VOCs. The data were
analyzed to discern distribution patterns across demographic groups.

Results Males showed higher average VOC levels for certain compounds. Propanol and methanol concentrations signifi-
cantly increased with age. Smoking history influenced VOC levels, with differences among non-smokers, current smokers,
and ex-smokers.

Conclusion This research provides valuable insights into demographic influences on exhaled VOC profiles, emphasizing the
potential of breath analysis for health assessment. PTR-MS’s real-time measurement capabilities are crucial for capturing
dynamic VOC changes, offering advantages over conventional methods. These findings lay a foundation for advancements
in non-invasive disease detection, highlighting the importance of considering demographics in breath biomarker research.
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1 Introduction et al., 2014). Over the years, extensive research has sought

to identify and quantify specific VOCs in breath, aiming to

Exhaled breath, an intricate amalgamation of volatile organic
compounds (VOCs), has emerged as a promising source of
biomarkers for non-invasive clinical diagnostics, therapeu-
tic monitoring, and overall health assessment. Comprising
nearly a thousand VOCs, including acetone, acetaldehyde,
isoprene, ethanol, methanol, and various alcohols, the com-
position of exhaled breath reflects metabolic processes
within the human body (Fenske & Paulson, 1999; Davies

< Venkatesan Thirumalai
venky @ou.edu

Zhunan Jia
jiazhunan @breathonix.com

Breathonix Pte Ltd, Singapore, Singapore
2 University of Oklahoma, Norman, OK, USA

Published online: 24 July 2024

leverage their diagnostic potential (Bobak et al., 2021; Li
et al., 2021; Giovannini et al., 2021; Saidi et al., 2020; Maiti
et al., 2020; Miller-Atkins et al., 2020; Li et al., 2020; Ras-
pagliesi et al., 2020; Azim et al., 2019; Lawal et al., 2017;
Jia et al., 2019), therapeutic monitoring capabilities (Morey
et al., 2013; Lopez-Lorente et al., 2021; Singh et al., 2021),
and contributions to general wellness (Capone et al., 2018;
Hamblin & Almirall, 2017; Phillips et al., 2014; Ander-
son, 2015). Acetone, for instance, serves as a biomarker for
lipids, metabolism (Kosmider et al., 2020; Jones, 1995).
Technological advancements, particularly proton-transfer
reaction mass spectrometry, have played a pivotal role in
enhancing the precision and sensitivity of VOC detection.
This study builds upon this foundation, employing PTR-
MS to delve into the breath profiles of 504 healthy adults,
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systematically exploring the concentrations of nine selected
common VOCs.

This study employs Proton-Transfer Reaction Mass Spec-
trometry (PTR-MS) as a powerful tool for the real-time
measurement of volatile organic compounds (VOCs) in
exhaled breath. The real-time capabilities of PTR-MS offer
a significant advantage over conventional methods such as
Gas Chromatography-Mass Spectrometry (GC-MS) (Herbig
et al., 2009). The immediate analysis of breath samples miti-
gates potential issues associated with sample collection and
sample transportation, reducing the risk of sample contami-
nation and sample degradation. This methodological choice
not only enhances the temporal resolution of the analysis
but also contributes to the precision and efficiency of breath
profiling.

The current study aims to quantify VOCs in a diverse
population, unravel the intricate interplay of demographic
factors such as gender, age, and smoking history on VOC
concentrations, and contextualize these findings within
existing literature. The overarching goal is to advance our
understanding of the potential applications of breath analy-
sis in clinical diagnosis and health monitoring. The study’s
comprehensive approach, encompassing a broad array of
demographic factors, contributes valuable insights to the
expanding body of knowledge in breath biomarkers.

2 Method
2.1 Study population

504 healthy adults, age ranging from 18 to 91 years old, were
recruited in clinical trial in Nadd Al Hamar Health Center,
Dubai from February to March 2021. All the participants
were required to self-report through a questionnaire which
included gender, age, race, smoking status, existing diseases
and time for last meal. These volunteers did not undergo
an overnight fasting regime and hence, the time since their
last meal can range from 1 to 24 h. Each participant was
instructed to breathe in and exhale normally into the PTR-
TOF-MS through a disposable mouthpiece connected to the
BET sampler.Three consecutive exhalations were sampled
and measured in real time for each individual. The BET sam-
pler administers a single exhalation through a customized
tube, ensuring that the end-tidal fraction of the breath-gas
sample is buffered (Herbig et al., 2008). Table 1 shows a
demographic breakdown of the recruited adults.

2.2 Ethical statement

The trial was approved by the Dubai Scientific Research Eth-
ics Committee (DSREC) of Dubai Health Authority (Ref:
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Table 1 Demographic summary of the 504 recruited adults

S/N Classification No. of adults
1 Age
< 20 years old 30
20-60 years old 435
> 61 years old 39
2 Gender
Male 285
< Female 219
3 Smoking history
Non-smoker 376
Current smoker 115
Ex-smoker 13

Table 2 Technical specifications of PTR-MS

Mass resolution > 1500 m/Am (FWHM) for m/z > 79
< 100 ms
> 200 cps/ppbv for m/z 181

< 10 pptv for m/z 181 (averaged over 1 min)

Response time
Sensitivity
Detection limits
Linearity range
Adjustable flow

10 pptv—1 ppmv
50-800 sccm

DSREC-01/2021_07) and all enrolled subjects gave signed
informed consent prior to the study.

2.3 PTR-MS measurement & analysis

Breath samples were measured by a PTR-MS TOF1000,
Tonicon Analytik GmbH, Innsbruck, Austria. PTR-TOF-
MS consists of an ionization section and a detection section.
Within the ionization process, protonated water ions (H30+)
were generated through a hollow cathode discharge in the
ion source. These H30+ ions were subsequently introduced
into the drift tube by an electric drift field, facilitating the
chemical ionization of volatile organic compounds (VOCs)
in breath samples via proton-transfer reactions (PTR). Only
VOCs with a higher proton affinity (PA) value than that of
H20 molecules underwent ionization by H30+ and pro-
ceeded to the detection section. The ionized VOCs were then
directed by an electric field towards the time-of-flight mass
spectrometer (TOF-MS), where they were differentiated and
detected based on their mass-to-charge ratio (m/z) (Table 2).

Key operational parameters of the PTR-MS instrument
included a drift tube voltage of 600V, a temperature of 60
°C, a drift tube pressure of 2.3 mbar, and an E/N ratio of
139 Td. Additionally, the sampling line and buffer tube were
maintained at 70 °C. Preceding each breath sample acqui-
sition, a 5-second background concentration measurement
was performed to establish a reference point for subsequent
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analysis. Participants were then instructed to breathe nat-
urally through a mouthpiece, allowing sufficient time for
VOC levels to equilibrate with the background concentration
before advancing to the subsequent sample. This procedure
was iterated three times per participant, and the resulting
dataset was averaged to generate reliable and representative
VOC concentrations suitable for subsequent analysis.

Mass calibration was conducted using masses 21.0226
(H30+ isotope), 60.049 (acetone isotope), and 203.943 (dii-
odobenzene fragment), once every 60 s. VOC calibration for
the Tonicon PTR-MS system was performed monthly using
a standard gas cylinder.

The PTR-MS will calculate the concentration of all VOCs
and save it in.hS files (Herbig et al., 2009). This raw con-
centration data was processed by software, Viewer software
4.2.0, Ionicon Analytik GmbH, Innsbruck, Austria, for
mass calibration and peak data calculation. A trace ana-
lyzer, Viewer software 4.2.0, was subsequently employed
to identify background air and exhaled breath, with data
points from the end-tidal phase being selected and averaged
for the three exhalations from each subject. VOCs exhibit-
ing concentrations lower in breath than in the background
were excluded from subsequent data analysis. An Excel file
containing the list of VOCs and their concentrations (in parts
per billion, ppb) was generated for each sample. Finally, the
VOC concentration data was analysed by R.

3 Results and discussion
3.1 Concentration distribution of the exhaled VOCs

The examination of exhaled breath from 504 healthy adults
using pro-ton-transfer-reaction mass spectrometry (PTR-
MS) revealed a concentration distribution pattern for the
nine common volatile organic compounds (VOCs), the
concentrations of these VOCs-acetone, acetaldehyde, ace-
tonitrile, ethanol, isoprene, methanol, propanol, phenol, and
toluene-closely, as illustrated in Fig. 1.

Acetone, a byproduct of lipid metabolism and a recog-
nized biomarker for fat loss (Anderson, 2015), exhibited an
overall concentration range in adults from 176 to 4321 ppb,
with median and geometric mean concentrations at 512 ppb
and 545 ppb, respectively.

Breath acetaldehyde, serving as a tool to investigate
exposures to smoking (Tardif, 2006), ethanol, or acetalde-
hyde, displayed a concentration range of 40 to 396 ppb. The
median and geometric mean for acetaldehyde were consist-
ent at 113 ppb, with a notable outlier at 843 ppb-an indi-
vidual identified as a heavy current smoker.

Adults were exposed to acetonitrile through breathing,
as it is present in cigarette smoke and automobile exhaust.
The overall concentration range of acetonitrile in this study’s
adults was 5.99 to 167 ppb, with a median and geometric
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mean at 17.6 ppb and 20.4 ppb, respectively (Wong et al.,
1992).

Among the alcohols-ethanol, methanol, and propanol-
major components found in breath, ethanol exhibited the
highest abundance (Issitt et al., 2022). The overall concen-
tration range of ethanol spanned from 44 to 3891 ppb, with
a geometric mean and median both at 194 and 191 ppb,
respectively. In the case of methanol, the concentration range
was from 41 to 696 ppb, approximately 5.6 times lower than
ethanol, with a geometric mean and median at 117 and 107
ppb, respectively. Propanol, with a concentration range of
36 to 362 ppb, displayed lower concentrations, and the geo-
metric mean and median were 121 and 116 ppb, respectively.

Isoprene, a major VOC in breath and a versatile bio-
marker for health monitoring (Fenske & Paulson, 1999),

Table 3 Average concentration of VOCs that were significantly dif-
ferent between male and female on ANOVA test (a¢ = 0.05)

exhibited an overall concentration range from 17 to 249
ppb, with a median and geometric mean at 61 and 59 ppb,
respectively.

Phenol and toluene, aromatic compounds with uncer-
tain endogenous origins within the body, exhibited breath
concentrations ranging from 1.6 to 46 ppb for phenol and
1.9 to 40.9 ppb for toluene. The median and geometric
mean concentrations were 3.8 and 4.0 ppb for phenol, and
5.2 and 5.4 ppb for toluene, respectively. This distribution
pattern observed across the analyzed volatile organic com-
pounds (VOCs) lays a foundational understanding of their
prevalence in exhaled breath, thereby contributing valuable
insights to the ongoing investigation of breath biomarkers.

3.2 Effects of gender on exhaled VOCs

The investigation into the influence of gender on exhaled
volatile organic compounds (VOCs) revealed noteworthy
disparities in the average VOC concentrations between men

vVOC M PPB SD (PPB ANOVA . . . .
cans (PPB) (®FB) test’s p and women. As depicted in Fig. 2 and substantiated by analy-
Male Female Male Female ..o sis of variance (ANOVA), men consistently exhibited higher
median VOC concentrations compared to women across all
Acetalqe}?yde 12213 53 37 0.022 examined VOCs. ANOVA results indicated significant gen-
Acetonitrile 30 20 25 16 <0.001 der-based differences for exhaled acetalde-hyde, acetonitrile,
Isoprene 69 59 29 23 < 0.001 . . . . :
isoprene, and toluene, even with variations in sample sizes.
Toluene 5.9 54 2.5 2.1 0.024 . .
Table 3 provides a summary of the mean concentrations and
Fig.2 Box/whisker plots show- Gender r:‘—] Female E Male
ing the gender differences of
VOCs in exhaled breath. For
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ANOVA test p-values for these VOCs. Notably, the breath
isoprene concentration in men (mean 69 ppb) was signifi-
cantly higher than in women (mean 59 ppb), with a con-
siderable difference (p < 0.001). This finding aligns with
previous research demonstrating gender-related effects on
isoprene levels (Lechner et al., 2006). Conversely, ANOVA
analysis revealed no significant gender-based differences for
breath acetone, ethanol, methanol, propanol, and phenol.
While men generally displayed higher mean concentrations
for acetone, a departure from previous studies (Turner et al.,
2006), the absence of a significant difference in our study
could be attributed to the non-restriction of participants’
overnight fasting. The box/whisker plots in Fig. 2 illustrate
the gender differences in VOC concentrations, emphasizing
the importance of nuanced considerations in demographic
factors during breath analysis. These findings contribute to
a more refined understanding of gender-related variations
in breath biomarkers, offering insights essential for future
research in clinical applications and health monitoring.

3.3 Effects of age on exhaled VOCs

An exploration into the impact of age on exhaled volatile
organic compounds (VOCs) revealed discernible patterns in
VOC concentrations across different age groups. As deline-
ated in Table 4 and Fig. 3, the study categorized participants
into three age groups: those below 20 years old, individu-
als between 20 and 60 years old, and those surpassing 60
years old. For acetone, acetaldehyde, acetonitrile, isoprene,
and toluene, the 20 to 60 years old age group consistently
exhibited the highest mean concentrations compared to the
younger and older groups. While the differences were not
always statistically significant, a notable trend emerged.
Propanol emerged as a unique VOC, displaying a sig-
nificant increase in concentration with age (p = 0.0013),
as illustrated in Fig. 3a. The average propanol concentra-
tions for participants less than 20 years old, between 20
and 60 years old, and over 60 years old were 110, 129, and
157 ppb, respectively. Regression modelling supported

=021 p=14e-06 - . 600

&

Table4 Mean & Coefficient of Variance (COV) of VOCs concentra-
tion of different age groups

VOC Mean/ppb (COV/%)
<20 yearsold 20-60 yearsold > 60 years old

Acetone 561 (44) 624 (72) 594 (37)
Acetaldehyde 118 (22) 118 (42) 116 (30)
Acetonitrile 18 (51) 26(87) 21 (64)
Ethanol 253 (52) 237(112) 244 (57)
Isoprene 58 (34) 66(42) 57 (38)
Methanol 107 (45) 134 (63) 145 (52)
Propanol* 110 (35) 130 (42) 157 (40)
Phenol 4.1(25) 4.3 (48) 4.4 (46)
Toluene 4.9 (20) 5.8 (42) 5.6 (35)

COV is calculated by dividng the sample standard deviation by sam-
ple mean

*Significant difference on ANOVA test (« = 0.05)

this observation, revealing a positive correlation between
propanol concentration and age (p < 0.001), with a slope
of 0.8677 (+ 0.1774) ppb/year (Fig. 3b). Similarly, a posi-
tive correlation was observed for methanol, indicating an
increase in concentration with age (p < 0.001). In the data-
set, the methanol concentration was noted to increase by
1.4383 (+ 0.2638) ppb for every year of age (Fig. 3c).

In contrast, acetaldehyde concentrations exhibited relative
stability across various age brackets, indicating that age may
not exert a substantial impact on this specific volatile organic
compound (VOC). These results offer fresh perspectives on
age-related shifts in breath composition, highlighting the
importance of propanol and methanol, and offering valuable
insights for prospective studies in clinical diagnostics and
health surveillance.

3.4 Effects of smoking on exhaled VOCs

In the dataset, significant differences were observed in the
concentrations of breath acetone, isoprene, and toluene
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Fig.3 a Histrograms showing the significant difference in distri-
bution of propanol concentration of the 3 different age groups, i.e.
less than 20 years old (blue line), 20 to 60 years old (black line) and

40 60 80 .Z‘Iﬂ 4I1'i ":I\‘J :?;‘n
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greater than 60 years old (red line). The mean and standard deviation
(SD) of each group are shown in the respective colours. Correlation
of (b) propanol and ¢ methanol concentration with age (years)
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between smoking and non-smoking groups. Toluene, a
recognized biomarker of smoking (Capone et al., 2018),
exhibited noteworthy distinctions among non-smokers,
current smokers, and ex-smokers. The average breath ace-
tone concentrations for non-smokers, current smokers, and
ex-smokers were determined to be 611, 654, and 516 ppb,
respectively. While the ANOVA test did not reveal signifi-
cant differences among the groups (Fig. 4a), our findings
align with a previously reported study indicating higher
acetone concentrations in smokers compared to non-smok-
ers (Capone et al., 2018). Notably, ex-smokers exhibited
the lowest acetone concentrations, a trend consistent with
acetaldehyde, ethanol, and phenol. Similarly, the average
breath isoprene concentration of current smokers (mean 71
ppb) exceeded that of non-smokers (mean 63 ppb) (Fig. 4a).
This result is in accordance with previous reports suggest-
ing that the breath isoprene levels of smokers can be up to
8 times higher than those of non-smokers (Capone et al.,
2018; Kushch et al., 2008). Following smoking cessation,
the breath isoprene concentration decreased, yet ex-smokers
maintained a level (mean 66 ppb) higher than that of non-
smokers, and ANOVA testing indicated significant differ-
ences among the three groups (p = 0.028). The average tolu-
ene concentrations for non-smokers, current smokers, and
ex-smokers were 5.3, 7.0, and 5.3 ppb, respectively (Fig. 4a).
Given the exposure of smokers to small amounts of toluene
in cigarette smoke, the significantly higher breath toluene
concentration in current smokers compared to non-smokers
and ex-smokers was not surprising (p < 0.001). This finding
corroborates previous studies (Capone et al., 2018; Kushch

(a) Smoking.Status Non smoker £ Current smoker Ex smoker (b)
Acelaidehyde Acetone Acetonitnie
10001 5000 1 200
. 3 ¢
750 ” 4000 1 4 150
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o
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et al., 2008). A positive correlation was observed between
breath toluene concentration and years of smoking (Fig. 4b).
For each year of smoking, the breath toluene concentration
was determined to increase by 0.0861 (+ 0.0216) ppb, trans-
lating to a 1.1-fold increase for every 10 years of smoking.
Phenol, another aromatic compound distinct from toluene,
is not widely recognized as a smoking biomarker and has
not found a significant difference between smokers and non-
smokers Marco and Grimalt (2015). Consequently, the sig-
nificant difference observed in breath phenol concentrations
among non-smokers, current smokers, and ex-smokers (p
< 0.001) was intriguing (Fig. 4a). Current smokers exhib-
ited an average breath phenol concentration of 4.9 ppb, sur-
passing that of non-smokers (mean 4.2 ppb). In contrast,
ex-smokers displayed a markedly lower average phenol
concentration (mean 3.4 ppb) compared to non-smokers. A
positive correlation was identified between breath phenol
concentration and the number of smoking years (p = 0.032)
(Fig. 4b). An increase of 0.0434 (+ 0.0200) ppb in phenol
concentration was observed for each year of smoking, equiv-
alent to a 1.1-fold increase for every 10 years of smoking.
Both acetaldehyde and acetonitrile are components of ciga-
rette smoke (Seeman et al., 2002), and these VOCs exhibited
similar trends (Fig. 4a). Current smokers demonstrated a
significantly higher acetaldehyde concentration (mean 127
ppb) compared to non-smokers (mean 116 ppb; p = 0.036).
Ex-smokers exhibited a mean acetaldehyde concentration
of 103 ppb, lower than that of non-smokers, although the
difference was not statistically significant. Likewise, the
breath acetonitrile concentrations among the three smoking

Acetaldehyde Acetone Acetonitnile

R=0.14, p=0.13 40001 R=0.15 p=012 1504 R=025

p=0008

I:"":,_.i —r— . 1

Ethanol Isoprene

R=013,p=0.18 R=0085p=037 p R=03 p=00014

Phenol Propanol Toluene

R=021.p=0028 R=023.p=0014 R=028 p=00022

No. of Smoking Years

Fig.4 a Boxwhisker plots of selected VOCs showing the effects of smoking on VOCs in exhaled breath. *Significant differences on ANOVA
test (a = 0.05)). b Correlation of exhaled breath VOCs concentration of current smoker with number of years of smoking
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Table 5 Differences between the ‘smoking history’ groups to show
the effect of smoking on the average breath alcohol concentration

Differences between groups Current smoker  Ex-smoker
non smoker current
smoker
Concentration/ppb Ethanol 27 88
Methanol 1 14
Propanol 4 27

history groups were significantly different (p < 0.001), with
non-smokers, current smokers, and ex-smokers having mean
concentrations of 19, 47, and 22 ppb, respectively. Current
smokers had a breath acetonitrile level approximately 2.5
times higher than that of non-smokers, aligning with previ-
ous studies reporting elevated acetonitrile concentrations in
smokers (Kushch et al., 2008). Following smoking cessation,
ex-smokers exhibited a breath acetonitrile level about 1.2
times that of non-smokers. Previous research has indicated
that within approximately a week of smoking cessation, the
breath acetonitrile concentration drops to levels compara-
ble to those of non-smokers (Jordan et al., 1995), consistent
with our findings. Interestingly, a positive correlation was
observed between mean breath acetaldehyde (p = 0.020) or
acetonitrile (p = 0.008) concentrations in current smokers
and the number of years they had been smoking (Fig. 4b).
The regression line slope for mean be eath acetaldehyde con-
centration against the number of years smoking was found
to be 0.8259 (£ 0.3497) ppb per year of smoking, corre-
sponding to a 1.1-fold increase in breath acetaldehyde level
for every 10 years of smoking. Similarly, for acetonitrile,
there was an increase of 0.8843 (+ 0.3274) ppb in breath
concentration for every year of smoking, resulting in a 1.2-
fold increase in acetonitrile concentration over 10 years of
smoking.

The three alcohols under investigation-methanol, pro-
panol, and ethanol-do not serve as established biomarkers
of smoking. Consequently, as anticipated, no significant dif-
ferences were observed among the three smoking groups.
Generally, current smokers exhibited a higher average breath
alcohol concentration compared to non-smokers. However, it
is noteworthy to highlight the divergent trends influenced by
smoking on breath alcohol concentration. Smoking’s impact
on the breath of methanol and propanol mirrored that of
ethanol in a similar manner (Table 5). Specifically, marginal
differences in average concentrations were noted between
non-smokers and current smokers for methanol and propanol
(1 and 4 ppb, respectively). In contrast, a substantial differ-
ence of 27 ppb was observed between these two groups for
breath ethanol. Upon comparing ex-smokers with current
smokers, a considerable increase in average breath methanol
and propanol concentrations in ex-smokers, differing by 4
and 27 ppb, respectively, was noted. However, in the case

of ethanol, ex-smokers exhibited a significantly lower aver-
age breath concentration than both current and non-smokers,
with a notable difference of 88 ppb. These variations in etha-
nol trends could potentially be attributed to its involvement
in more intricate metabolic processes within the body.

In tandem with these advancements, it is crucial to recog-
nize the limitations of Proton Transfer Reaction Mass Spec-
trometry (PTR-MS). Despite its potential, PTR-MS exhibits
several drawbacks. Its precision is comparatively modest,
making it challenging to differentiate between molecules
with similar molecular weights. Furthermore, PTR-MS can
only identify molecular weights, lacking specificity in nam-
ing individual molecules. The accuracy of concentration
calibration varies across different intervals, and does not
match the high precision observed in Gas Chromatography-
Mass Spectrometry (GC-MS). Additionally, batch effects,
particularly those related to device variations across different
locations, pose inherent challenges.

4 Conclusions

In summary, the analysis of exhaled breath profiles from a
cohort comprising 504 healthy adults, conducted using PTR-
MS in this study, not only confirms existing research but
also introduces fresh perspectives on how age, gender, and
smoking history impact volatile organic compounds (VOCs).
Our findings shed light on age-related variations, notably
the significant rise in propanol concentrations associated
with increasing age, thereby enhancing our understanding
of the physiological determinants influencing breath compo-
sition. Gender-specific differences in VOC concentrations,
particularly evident for acetaldehyde, acetonitrile, isoprene,
and toluene, highlight the importance of considering demo-
graphic factors with subtlety in breath analysis. The inclu-
sion of ex-smokers in our study extends insights into the
long-term effects of smoking cessation on breath VOCs, a
facet often overlooked in prior studies. These initial findings
underscore the potential of breath analysis as a non-invasive
method for health monitoring and clinical diagnosis, set-
ting the stage for future advancements that could transform
personalized healthcare through the nuanced exploration of
breath biomarkers.
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