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Abstract
This study presents a computational method to identify volatile organic compound (VOC) arti-
facts introduced by breath sampling hardware. To exclude endogenous biological variability, ambi-
ent air was collected using two sampling devices working in the same experimental conditions: the
Mistral end-tidal breath sampler and the ACTI-VOC PLUS pump, a low-emission reference sys-
tem. VOCs were pre-concentrated on sorbent-packed thermal desorption (TD) tubes and ana-
lyzed by TD–gas chromatography–mass spectrometry (TD–GC–MS). Differential chromatograms
obtained by subtracting ACTI-VOC signals from Mistral traces were processed using stationary
wavelet transform (SWT) to selectively enhance high-frequency features indicative of artifactual
emissions. Four new compounds not previously associated with Mistral sampling hardware were
consistently detected in Mistral samples and were absent in ACTI-VOC pump controls: 1,3,5-
trioxane, 1,3,5,7-tetroxane, (Acetyloxy)acetic acid, and N,N-dimethylformamide. These molecules
are indicative of polymer degradation, acetal resin breakdown, and material off-gassing specific to
the breath sampler.

1. Introduction

Analysis of exhaled breath has increasingly been
recognized as a non-invasive approach for evaluat-
ing systemic metabolic, inflammatory, and patholo-
gical conditions. This diagnostic capability derives
from the presence of volatile organic compounds
(VOCs), carbon-based molecules produced by endo-
genous biochemical activity or host-microbiota inter-
actions. Once formed, VOCs enter the bloodstream
and subsequently diffuse across the alveolar-capillary
membrane into exhaled breath, facilitating their ana-
lytical detection [1, 2].

The terminal phase of exhalation, commonly
known as the end-tidal fraction (typically the last
150-200 ml of expired air), is considered the most
representative of alveolar gas composition. This frac-
tion minimizes dilution from anatomical dead space
and upper airway contaminants, thereby enhancing

the biological specificity and reliability of collected
samples [3, 4].

Among the available analytical techniques,
thermal desorption (TD)–gas chromatography–mass
spectrometry (TD–GC–MS) is widely regarded as
the gold standard for breath VOC analysis, offering
ultra-trace sensitivity and high-resolution separation
of complex VOC mixtures [5, 6]. Nonetheless, the
accuracy and interpretability of breath VOC profiles
are frequently compromised by artifactual signals
introduced during sample collection, handling and
storage. Traditionally, exhaled breath samples were
collected using polymeric sampling bags, such as
Tedlar (polyvinyl fluoride), Nalophan (polyethyl-
ene terephthalate), and Teflon (PTFE). Although
cost-effective, these materials are known to intro-
duce artifactual VOCs, such as aromatic hydrocar-
bons, ketones, phenols, cyclic ethers, and aliphatic
hydrocarbons [7, 8]. Additionally, polymeric bags
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are susceptible to permeation losses and polymer
degradation, compromising sample integrity and
reproducibility [9, 10]. To mitigate these limita-
tions, modern breathomics workflows rely on dir-
ect pre-concentration of VOCs onto sorbent-packed
TD tubes, thus minimizing exposure to reactive
or emissive surfaces. Specialized breath sampling
devices, such as the commercially available ReCIVA
system (Owlstone Medical, UK) and the Mistral
system (Predict s.r.l., Italy), have been developed
for this purpose [11, 12]. The ReCIVA employs
a silicone face mask with integrated carbon diox-
ide and pressure sensors, enabling fractionated
sampling onto multiple sorbent tubes. Conversely,
the Mistral system is tailored for volume-controlled,
thermoregulated end-tidal collection while simultan-
eously sampling ambient air for background correc-
tion. Both systems employ low-emission materials
to reduce artifactual contributions and controlled
flow dynamics to improve sampling reproducibility.
Despite recent advancements in sampling technolo-
gies, residual emissions, including 1,4-pentadiene,
2-hexanone, and cyclic siloxanes, persistently appear
in device blanks, likely originating from PVC thermal
degradation, polyethylene, and solubilizers used in
manufacturing [13]. Although typically observed at
low intensities, these background signals can co-elute
with biological ones, thus representing critical con-
founders in biomarker discovery efforts.

Conventional chromatographic preprocessing
techniques, such as baseline correction, peak decon-
volution, and retention time (RT) alignment, are
essential for improving data quality and enhancing
the resolution of complex chromatographic profiles,
but often prove to be inadequate for fully resolving
overlapping artifactual and biological peaks [14–16].
As a result, there is growing interest in advanced sig-
nal processing tools capable of distinguishing biolo-
gical signals from device-related noise. Among these,
Wavelet transform-based methods have proven to
be highly effective in performing multiscale time-
frequency decomposition [17]. These approaches
have been successfully applied in contexts like biosig-
nal analysis and analytical spectrometry [18–21]. In
particular, the stationary wavelet transform (SWT)
offers key advantages over traditional discrete wavelet
transform, most notably shift invariance and the pre-
servation of full temporal resolution, features essen-
tial for chromatographic analysis where RT accuracy
is critical [22–24].

In this work, a computational framework based
on SWT is proposed to evaluate its potential for isol-
ating high-frequency signal components associated
with artifactual emissions of the sampling device for
breath analysis. The methodology is applied to ambi-
ent air samples acquired using a commercial end-
tidal sampling system (Mistral) and a low-emission
reference device (ACTI-VOC PLUS), with the aim

of identifying hardware-derived VOCs and assessing
their potential impact on untargeted VOC profiling.

2. Materials andmethods

To characterize VOCs potentially emitted by breath
sampling device, a structured analytical workflowwas
developed. Ambient air was selected as a reference
matrix due to its reduced contributions of human-
derived VOCs, thereby enabling selective detection of
artifactual emissions originating from device mater-
ials. During sampling, a single operator remained at
a distance from the devices, while controlled labor-
atory conditions, including closed doors, active air
recirculation, and filtered exhaust, were maintained
to stabilize and reduce temporal variability in ambi-
ent air composition. The experimental workflow con-
sisted of five sequential stages: (i) ambient air col-
lection onto TD tubes using both the test device
(Mistral breath sampler) and a low-emission refer-
ence system (ACTI-VOC PLUS pump) (ii) analysis by
TD–GC–MS; (iii) chromatographic processing (iv)
SWT decomposition of the chromatograms for arti-
fact detection and (v) compound identification with
mass spectral deconvolution.

Replicate measurements were performed across
two independent sessions to assess repeatability and
to account for background variability associated with
the Mistral sampler itself. In the first session, both
devices were run simultaneously in the same con-
trolled environment to ensure direct comparabil-
ity and minimize environmental fluctuations. In the
second session, measurements were conducted in two
separate environments to evaluate whether operation
of the Mistral sampler could locally modify ambient
VOC composition. Sampling procedures and instru-
mental conditions were standardized to ensure cross-
device and inter-day consistency.

2.1. Data collection and TD-GC-MS acquisition
A schematic overview of the analytical configura-
tion for sample collection and GC-MS detection is
provided in figure 1.

VOC sampling was performed using two offline
devices: the Mistral breath sampler and the ACTI-
VOC PLUS pump (Markes International, UK). For
both sampling systems, VOCs were collected onto
stainless-steel TD tubes (Markes International, Part
No. C2-AXXX-5149) packed with a dual-bed sorb-
ent of Tenax® TA and Carbograph™ 5TD, suitable
for capturing a broad range of volatile and semi-
volatile compounds. Prior to sampling, all tubes were
thermally preconditioned with nitrogen at high tem-
peratures to remove residual contaminants.

The Mistral is a breath sampling system designed
for end-tidal fractions collection. It features a dual-
inlet configuration enabling sequential sampling of
exhaled and background ambient air into the TD

2



J. Breath Res. 20 (2026) 016013 N Ardito et al

Figure 1. Schematic of the employed TD-GC-MS setup; SD, sampling devices: on the left Mistral sampler, on the right ACTI-
VOC pump; TD Tube, thermal desorption tube; TD, thermal desorber; GC, gas chromatograph; MS, mass spectrometer.

tubes which are connected downstream of the dual-
inlet manifold. A thermoregulated stainless-steel
sampling line (36 ◦C-37 ◦C) prevents condensation
and an integrated purge cycle cleans internal path-
ways before each sampling event. The device oper-
ates at a fixed flow rate of 200 ml min−1 and is
programmed to collect samples of 800 ml over a
4 min period. For this study, the Mistral sampler was
employed in ambient-collectionmode, using only the
air inlet.

The ACTI-VOC PLUS is a portable, battery-
powered sampling pump optimized for ambient
air collection onto TD tubes. It features adjustable
flow control and is characterized by low intrinsic
VOC emissions. To ensure comparability with
the Mistral device, the pump was operated under
identical sampling conditions, setting the flow rate to
200 ml min−1 and the sampling time to 4 min.

TD was performed using a Markes
ULTRA-UNITY xR system. Prior to each
experimental session, system performance was

verified by loading TD tubes with multiple con-
centrations of a certified liquid standard using the
Calibration Solution Loading Rig (CSLR, Markes
International), followed by analysis to assess linear-
ity and overall instrument response. Additionally,
trap blanks were analyzed at the beginning and end
of each session to confirm the absence of carryover.
Following system validation, VOCs were desorbed
using the ULTRA-UNITY in a two-stage desorp-
tion mode. A 3.0 min pre-purge was first applied
at 30 ml min−1 under helium flow to remove water
and light volatiles. Subsequently, during the primary
desorption stage, VOCs were desorbed at 300 ◦C for
10.0 min under helium flow at 50 ml min−1. To min-
imize back diffusion, a helium trap purge was applied
at 70 ml min−1 for 1.0 min. The analytes were then
cryofocused on a cold trap (Part No. U-T14WMT-
2S, Markes International), maintained at 5 ◦C. In
the secondary stage, the trap was rapidly heated to
300 ◦C at a rate of 25 ◦C s−1 and held for 3.0 min.
The analytes were transferred to the GC inlet using
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a deactivated fused-silica transfer line insert (Part
No. SERUTE-5099, Markes International), heated
to prevent condensation. Gas chromatographic sep-
aration was carried out using an Agilent 8860 GC
equipped with a VOCOL capillary column (length:
30 m, internal diameter: 0.25 mm, 1.0 µm film thick-
ness; Supelco, Merck). The GC oven was operated
under a multi-stage temperature program with the
following steps: an initial isothermal hold at 37 ◦C
for 5.0 min, a ramp of 6 ◦C min−1 up to 180 ◦C, a
ramp of 3 ◦C min−1 up to 185 ◦C to improve res-
olution of closely eluting mid-range analytes, and a
final ramp of 70 ◦C min−1 up to 220 ◦C to ensure
complete elution of late-retained compounds and
thermal conditioning of the column. High-purity
helium was used as the carrier gas at a constant flow
rate of 1.6 ml min−1.

VOCs detection was performed using an Agilent
5977C mass spectrometer operated in electron ioniz-
ation (EI) mode with a single quadrupole as detector.
Data were acquired in full-scan mode over the m/z
range 35-250 at 6.2 spectra s−1 (mass resolution
increment: 0.1 u). The ion source and quadrupole
were thermally regulated at 230 ◦C and 150 ◦C,
respectively, to maintain ionization efficiency and
mass stability. Prior to analysis, instrument perform-
ance was verified using Agilent’s autotune protocol,
and the electron multiplier voltage was automatic-
ally optimized via eTune calibration to ensure con-
sistent sensitivity and signal stability throughout the
acquisition.

To distinguish VOCs potentially released by
the Mistral sampler, the experimental design was
conceived to isolate sampler-derived artifacts from
ambient VOC background. Sampling was there-
fore conducted across two independent analytical
sessions, with 20 consecutive replicates collected in
each session for each sampling mode. In Session 1,
both devices were operated simultaneously within
a closed, access-controlled indoor environment
(Env1) to minimize environmental fluctuations.
Air conditions were maintained by a continuously
operating filter and dehumidifier, providing quasi-
stable conditions throughout the sampling period.
Consecutive sampling for each device thus ensured
quasi-stationary ambient conditions over a limited
temporal window of a few hours, enhancing sampler-
associated features while constraining short-term
variability in ambient air composition. VOCs detec-
ted by both devices were attributed to the ambient
air and were therefore excluded from classification
as Mistral-derived artifacts. However, compounds
potentially released by the Mistral sampler in Env1
could also be collected by the ACTI-VOC when both
devices shared the same environment. This cross-
collection effect reduces the intensity of the corres-
ponding signals in the differential chromatograms
and may hinder their detection during the fourth

step of the experimental workflow, namely the SWT-
based decomposition for artifact identification. In
Session 2, the Mistral was again deployed in Env1,
while the ACTI-VOC pump was operated in a sep-
arate indoor location (Env2). Although this con-
figuration does not imply equivalence in terms of
VOCs composition between the two environments,
it prevents cross-contamination ensuring that VOCs
potentially released by the Mistral sampler are not
collected by the reference pump. This cross-session
design allowed more effective and reproducible iden-
tification of device-specific artifacts, allowing them
to be distinguished from ambient-derived VOCs.

2.2. Chromatograms processing
The GC-MS Agilent software returns the total ion
current (TIC) chromatograms, which show the sum
of the intensities of the ions detected across all masses
as a function of time. The TIC traces were exported
and processed using a custom Python-based compu-
tational pipeline. For both sampling devices, replicate
TIC traces were normalized using min-max scaling
and interpolated onto a common temporal grid. This
normalization step was applied to facilitate retention-
time alignment under inter-run variability in absolute
signal intensity. To correct for RT deviations between
replicates, typically arising from minor thermal or
flow instabilities, a peak-based alignment process was
employed. Peak detection was performed using the
find_peaks function from the scipy.signal module
[25]. Detection parameters, including peak promin-
ence (0.01) and inter-peak distance (5 points), were
chosen based on the instrument’s acquisition rate and
chromatographic resolution (see section 2.1). In par-
ticular, the minimum distance between peaks was
constrained to ensure consistency with the chromato-
graphic peaks’ width (FWHM2–3Hz, see section 3.2,
figure 3). Peak detection was therefore applied to nor-
malized TIC traces to reliably identify reproducible
peak centroids for alignment.

For each sampling device, the first acquired chro-
matogram was designated as the reference trace to
define a common retention-time axis. Peak centroids
from subsequent replicates werematched to the refer-
ence within a ±0.2 min RT window, consistent with
the instrument’s acquisition rate and the observed RT
stability across replicates. Time-domain corrections
were computed via linear interpolation to construct
a custom stretch function that realigned the chro-
matograms while preserving local peak shape and
intensity. As this stretch function acts exclusively on
the time axis, it was subsequently applied to the ori-
ginal, non-normalized TIC traces, thereby preserving
the original signal intensities and relative peak con-
tributions. This adaptive alignment enabled a multi-
peak adjustment that accounted for non-uniform RT
variation across the chromatograms. The aligned TIC
traces were then averaged to obtain a session-specific
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representative chromatogram for each device, thereby
suppressing stochastic noise. Differential artifact pro-
filing was performed by subtracting the session-
matched ACTI-VOC pump average profile from the
correspondingMistral trace, for each session. The res-
ulting differential signals constituted the input for
SWT-based artifact localization.

2.3. Artifact detection with SWT
To further improve the detection of low-abundance,
device-derived features, the SWT was applied to dif-
ferential TICs obtained as outlined in section 2.2.
Unlike traditional smoothing or baseline correc-
tion techniques, SWT enables multiscale decompos-
ition while preserving the original RT axis. This
shift-invariant property is crucial for TD–GC–MS
data, where the temporal domain encodes chroma-
tographic separation, as in TIC traces the RT acts as
the critical reference for accessing compound-specific
mass spectra. Therefore, preserving its integrity is
essential for downstream molecule identification.

A subset of orthogonal Daubechies wavelets was
selected based on their compact support, vanish-
ing moments, and established efficacy in detecting
localized, transient signal components in analytical
data [26]. The maximum decomposition level was
determined using the swt_max_level function, of the
pywt pyhon library, and validated by comparing the
wavelet’s effective support Lj with the FWHM of
the chromatographic peaks. To avoid loss of res-
olution, decomposition was constrained such that
Lj ≪ FWHMpeak thus preventing oversmoothing of
sharp features [27, 28]. Each wavelet was evaluated
by reconstructing the signal via inverse SWT and cal-
culating the mean squared error (MSE) with respect
to the original differential TIC. The wavelet minim-
izing the MSE was selected for further processing.
To extract reproducible artifacts while controlling
for stochastic environmental variability, only features
consistently present in the detail coefficients across
both experimental sessions were retained. This filter-
ing step enhanced the specificity of artifact identifica-
tion by leveraging inter-session redundancy as a stat-
istical constraint.

2.4. Artifact identification and validation
Candidate artifactual signals highlighted by SWT
were subjected to tentative compound identifica-
tion using two complementary Agilent software:
Unknowns Analysis (v. 10.0) for automated spec-
tral deconvolution and Qualitative Analysis (v. 12.0)
for manual inspection [29, 30]. This dual-platform
approach ensured internal consistency between auto-
mated and manual spectral evaluation, combin-
ing algorithmic resolution of overlapping signals
with manual spectral validation, based on EI mass
spectral similarity to the NIST library. Unknowns
Analysis enabled automated deconvolution of co-
eluting peaks and spectral matching against the

National Institute of Standards and Technology
(NIST) 2017 Mass Spectral Library (NIST17). Only
compounds exhibitingmatch factors⩾80% andwell-
resolved chromatographic peaks were retained for
further evaluation. Each candidate was then inde-
pendently reviewed in Qualitative Analysis. The base
peak identified during deconvolution was used to
generate an extracted ion chromatogram (EIC), a
chromatographic trace of a specific m/z ion over
time, enabling assessment of RT reproducibility, and
chromatographic isolation. From this EIC, the asso-
ciated mass spectrum was re-extracted and subjec-
ted to a second library search (NIST17). This sec-
ondary match confirmed the internal consistency
between the automated deconvoluted spectrum and
the manually validated ion signal, thereby reinforcing
confidence in the tentative compound assignment.

A feature was classified as a confirmed artifact
only if it met the following criteria: (i) reproducible
detection in all Mistral replicates across both ana-
lytical sessions; (ii) complete absence in ACTI-VOC
pump controls; and (iii) temporal co-localization
using SWT in the differential TIC. Final tentat-
ive identifications were accepted exclusively when
internal consistency between automated deconvolu-
tion and manual spectral evaluation was observed
across both software platforms.

3. Results and discussion

3.1. Chromatograms processing
The effectiveness of the chromatographic align-
ment and differential artifact profiling is reported in
figure 2.

Panel (a) shows the session-averaged TIC chro-
matograms obtained with the Mistral sampler and
the ACTI-VOC pump after alignment processing.
In the inset, the unaligned TIC acquired with the
ACTI-VOCpump (red dashed line) is shown together
with the aligned TICs, highlighting the temporal shift
in RTs before the alignment procedure. Panel (b)
presents the differential TIC profile, computed by
subtracting the aligned, session-averaged ACTI-VOC
trace from the Mistral counterpart. This subtraction
effectively removed shared environmental contribu-
tions, isolating VOC features more likely attributable
to emissions inherent to the Mistral sampling system.

3.2. Artifact localization and identification
A SWT was applied to the signal acquired at
6.2 Hz to isolate chromatographic transients from
high-frequency noise and baseline drift. Among
the Daubechies wavelet family, the Daubechies-3
(db3) wavelet yielded the lowest reconstruction error
(MSE= 2.69× 10−20) and was therefore selected for
subsequent analysis. The SWTwas first applied to the
chromatographic signal without padding. The max-
imum obtained decomposition level, corresponding
to 1, enabled effective suppression of high-frequency
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Figure 2. (a) Total ion chromatograms (TIC) obtained using the Mistral sampler (blue solid line) and the ACTI-VOC pump
(green solid line) after alignment processing. In the inset, in red is shown the ACTI-VOC pump TIC prior to the alignment (red
dashed line) (b) Differential TIC (red solid line).

noise and baseline drift while preserving the transient
structures. To visualize the full multiscale structure
of the signal, the SWT was subsequently applied to a
zero-padded version of the chromatogram. Padding
allowed the decomposition to reach the theoret-
ical maximum level determined by the padded sig-
nal length, enabling the inspection of transient fea-
tures across a broad range of time scales. The tem-
poral resolution associated with each decomposi-
tion level was estimated based on the wavelet fil-
ter length, sampling interval, and scale factor. Only
decomposition levels with a temporal support shorter
than the total acquisition time were retained for fur-
ther analysis.For each detected transient, the optimal
decomposition level was determined by comparing its
FWHM to the effective temporal resolution of each
scale. The highest level at which the time resolution
remained smaller than or comparable to the meas-
ured FWHM was assigned to each event [31]. This
adaptive approach allowed narrower transients to be

analyzed at the finest scales, preserving temporal res-
olution, while broader peaks were assigned to coarser
scales to avoid oversmoothing. Figure 3 shows the res-
ults of the multiscale analysis along with the distribu-
tion of optimal decomposition levels assigned to each
detected peak.

Figure 3 a shows the scalogram obtained from
the squared modulus of the SWT detail coefficients,
providing a time-frequency representation of the
chromatographic signal. The quantized levels on the
frequency scale of figure 3 arise from the dyadic dis-
cretization of the SWT, producing a discrete pattern of
frequency rather than a fully continuous spectrum. A
dense and continuous distribution of transient activ-
ity was observed throughout the entire chromato-
graphic run, indicating that transient events are not
confined to specific timewindows but occur along the
full elution profile. Most of the signal power is con-
centrated at frequencies below 1 Hz, which is con-
sistent with the characteristic timescales of typical
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Figure 3. (a) Multiscale scalogram of the stationary wavelet transform (levels 1–11) using a Daubechies-3 wavelet. (b) Optimal
decomposition level compared to the peaks FWHM.

chromatographic peaks. However, transient compon-
ents extending up to 2-3 Hz were also detected, par-
ticularly in association with sharp, short-duration
events, reflecting the presence of narrow peaks. The
multiscale representation effectively enhances both
short- and long-duration transient features, allowing
for the visualization of minor transients that would
otherwise be difficult to detect in the original signal
due to noise and baseline fluctuations.

The adaptive selection of the optimal decompos-
ition level for each detected transient is summarized
in figure 3(b). The majority of peaks were assigned
to level 1, corresponding to a temporal resolution of
approximately 1.9 s. This indicates that most chro-
matographic transients are short-lived, typically with
durations between 2 and 4 s, and are best captured at
the finest scale of the decomposition. A smaller sub-
set of peaks was assigned to level 2, associated with a
temporal resolution of approximately 3.9 s, reflecting
transients lasting up to 8 s. Only a few broader events
required assignment to level 3, indicative of durations
extending up to approximately 10-15 s.

To assess the amount of information preserved
across different decomposition levels, the energy
of the approximation coefficients was evaluated, as
shown in figure 4.

The analysis indicates that more than 90% of the
informative content is retained up to level 4, which is
consistent with the FWHM-based assessment of peak
widths. Therefore, levels above 4 are not expected
to provide additional insights into chromatographic
peak dynamics. Since the majority of detected transi-
ents were assigned to level 1, the corresponding detail
coefficients were further analyzed to characterize the
time-localized artifact features. The results are shown
in figure 5.

Figure 5 displays the level-1 detail coefficients
obtained from the SWT using the db3 wavelet [26].
Several well-localized high-frequency deviations are
visible, corresponding to a sharp chromatographic
event. Most features detected in the wavelet domain
did not meet reproducibility or spectral validation
criteria (see section 2.4) and were excluded from fur-
ther analysis, as they likely stem from background
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Figure 4. Energy of approximation coefficients as a function of the wavelet decomposition level (j).

Figure 5. Detail coefficients of the stationary wavelet transform (Debauchian3, level<1).

variability in the sampling cartridges rather than
systematic emissions from the device, for example,
benzene and toluene at 16.75 min and 20.09 min,
respectively (figure 5). Validated features, instead, are
marked by vertical dashed lines indicating artifact-
associated RTs: green lines refer to compounds previ-
ously reported in the literature asMistral artifacts (1,4
pentadiene, 2-hexanone, 6-methyl-5-hepten-2-one,
and 2,2,4,6,6-pentamethyl-heptane), while orange
lines indicate newly identified features [13]. All
annotated peaks consistently represent compounds
detected across both sessions, with reproducibility
and device-specific origin confirmed through cross-
validation of wavelet coefficients. Notably, wavelet
analysis enabled the identification of low-intensity

artifactual features by isolating structured detail coef-
ficients from noise.

Four new compounds, 1,3,5-trioxane, N,N-
dimethylformamide, (acetyloxy)acetic acid, and
1,3,5,7-tetroxane, were tentative identified by match-
ing their mass spectra against spectral libraries (see
section 2.4). Specifically, N,N-dimethylformamide
and (acetyloxy)acetic acid originate from polymeric
components of the Mistral device, likely as degrada-
tion products or residual monomers [32]. Trioxane
is associated with acetal resins, a class of thermo-
plastic polymers based on polyoxymethylene (POM),
known to release cyclic oligomers such as trioxane
under thermal or oxidative stress [33]. Although
1,3,5,7-tetroxane is not directly attributable to a

8
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Figure 6. Boxplots showing artifactual VOC peak area in Mistral samples across two sessions. Compounds: (a) 1,3,5,7-Tetroxane,
(b) 1,3,5-Trioxane, (c) (Acetyloxy)acetic acid, and (d) N,N-Dimethylformamide.

specific source, its frequent co-detection with tri-
oxane suggests a possible indirect association, poten-
tially arising from related degradation mechanisms
or shared precursors [34]. Notably, none of these
artifactual compounds were observed in ACTI-
VOC pump controls, reinforcing their attribution
to Mistral-specific hardware emissions.

3.3. Method reproducibility and temporal emission
dynamics
The reproducibility and temporal patterns of the four
newly identified artifactual VOCs, 1,3,5,7-tetroxane,
1,3,5-trioxane, (Acetyloxy)acetic acid, and N,N-
dimethylformamide, were assessed across the two
experimental sessions detailed in section 2.1. Figure 6
illustrates peak area distributions of each compound
in Mistral and ACTI-VOC pump samplers across
both experimental sessions.

All compounds were consistently detected across
all Mistral replicates and were absent from ACTI-
VOC pump controls. A smaller decrease in peak
area from Session 1 (Day 1) to Session 2 (Day 2)
was observed for all analytes, suggesting a deple-
tion effect likely driven by volatilization or desorp-
tion from internal components of the device. GC–
MS performance stability was assessed prior to

each experimental session by triplicate injections
of a liquid calibration standard. Consistent peak
areas and RTs were observed across the two ses-
sions, confirming instrument stability and exclud-
ing instrumental drift as a contributing factor to the
observed changes in analytes peak area. Temporal
trends observed in Session 2 are further illustrated in
figure 7.

Each compound exhibited a smooth, monotonic
decrease in signal intensity across subsequent rep-
licates, without abrupt fluctuations, consistent with
a passive, concentration-driven release rather than
analytical noise. The reproducibility of these decay
trends supports a physicochemical origin, plausibly
driven by slow volatilization from polymeric sub-
strates, or thermally labile materials intrinsic to the
device. Despite the decreasing trend, intra-session
variability remained within acceptable limits, with
coefficients of variation (CVs) ranging from 16.8%
to 25.8% in Session 1 and from 20.0% to 28.4%
in Session 2 for the four molecules. Although these
values exceed the 20% repeatability threshold spe-
cified by EPA Method TO-17 for standard gas mix-
tures, they are aligned with typical variance observed
in TD–GC–MS applications involving real-world
matrices [35].
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Figure 7. Time-resolved emission profiles for the four artifactual VOCs across 20 Mistral replicates in Session 2. Compounds: (a)
1,3,5,7-Tetroxane, (b) 1,3,5-Trioxane, (c) (Acetyloxy)acetic acid, and (d) N,N-Dimethylformamide.

4. Conclusions

In this work, a computational pipeline integrating
differential chromatographic analysis and SWT was
developed to detect and suppress artifactual VOCs
emitted by breath sampling hardware. The Mistral
sampler, operated exclusively in ambient air mode,
was benchmarked against a low-emission reference
device (ACTI-VOC PLUS pump) across two inde-
pendent experimental sessions conducted on dif-
ferent days and in distinct indoor environments.
This cross-validated design enabled the robust tent-
ative identification of reproducible, device-specific
emissions while accounting for background variabil-
ity. SWT enabled the selective enhancement of low-
abundance, high-frequency features while preserving
chromatographic RT resolution. Daubechies 3 (db3)
provided the lowest reconstruction error, emerging as
the most effective for artifact detection.

Four compounds, 1,3,5-trioxane, 1,3,5,7-
tetroxane, (Acetyloxy)acetic acid, and N,N-
dimethylformamide, were consistently detected
in all Mistral replicates and were entirely absent
in ACTI-VOC PLUS controls. These compounds
are chemically consistent with off-gassing from
acetal polymers and plasticizers commonly used
in medical sampling equipment. Specifically, 1,3,5-
trioxane is a well-documented degradation product
of acetal resins, while (Acetyloxy)acetic acid andN,N-
dimethylformamide are both known to arise from

the degradation of polymeric materials. Although no
direct material association has been established for
1,3,5,7-tetroxane, its structural similarity to 1,3,5-
trioxane, along with consistent co-detection, suggests
a potential link to acetal resin degradation, poten-
tially driven by related degradation pathways or com-
mon precursors. Time-resolved analyses revealed
a gradual, monotonic decrease in artifact intensity
across consecutive replicates, consistent with passive
depletion mechanisms, such as progressive outgass-
ing or desorption from internal surfaces, rather than
analytical noise or environmental variability.

Beyond identifying device-derived artifacts, the
proposedmethodology offers broader applicability in
real-world breathomics by providing an automated
approach for subtracting ambient air background
and hardware-related noise in clinical sampling
workflows, thereby enhancing the reliability and
interpretability of untargeted VOC profiling. This
work contributes to the standardization of pre-
analytical quality control procedures and offers a
platform-independent strategy for artifact mitigation
in exhaled breath analysis across both clinical and
environmental contexts.
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