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Abstract

We describe construction and investigation results of optical trace gas sensor working in the 3.334-3.337 pm
spectral range. Laser spectroscopy was performed with a multipass cell. A setup was elaborated for detection
of ethane at the 3.3368035 pm absorption line. Analysis of the gas spectra and the experiment have shown
that, beside C2H6, the sensor is suitable for simultaneous detection of methane, formaldehyde and water
vapor. Due to nonlinearity of the laser power characteristic we decided to detect the fourth harmonic of
signal. Additional laser wavelength modulation was applied for optical interference suppression. In result,
the precision of ethane detection of approximately 80 ppt has been achieved for the averaging time of 20
seconds. Long-term stability as well as the measurement linearity have also been positively tested. The
system is suitable for detecting potential biomarkers directly in human breath.
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1. Introduction

Detection of trace gases is important for many human activities: from monitoring of industrial
processes [ 1] and investigation of their environmental impact [2] to medical diagnostics of various
diseases by measurement of biomarker concentration in exhaled breath [3,4]. Therefore, searching
for novel methods of trace gases determination is desirable. Biomarkers are the compounds in
breath that provide information about health and help monitoring wellness. Noninvasive, painless
and real-time measurements (~ 1 min) are the main advantages of breath investigation compared
to other existing diagnostic procedures.

There is a growing interest in the detection of ethane (CyHg) in breath. This colorless,
odorless gas is an inflammatory marker in the exhaled air. It might be also used as an indicator of
vitamin E deficiency [5], as well as for identification of chronic respiratory diseases [6], oxidative
stress [7], scleroderma [8] and cystic fibrosis [9, 10]. Exhaled ethane is an in vivo biomarker
of lipid peroxidation in interstitial lung diseases [11-13], schizophrenia [14—16], diabetes, and

Copyright © 2022. The Author(s). This is an open-access article distributed under the terms of the Creative Commons Attribution-
NonCommercial-NoDerivatives License (CC BY-NC-ND 4.0 https://creativecommons.org/licenses/by-nc-nd/4.0/), which permits use, dis-
tribution, and reproduction in any medium, provided that the article is properly cited, the use is non-commercial, and no modifications or
adaptations are made.

Article history: received December 7, 2021; revised January 10, 2022; accepted January 20, 2022; available online April 21, 2022.


https://doi.org/10.24425/mms.2022.140033
http://www.metrology.wat.edu.pl/
mailto:mateusz.winkowski@fuw.edu.pl
mailto:tadeusz.stacewicz@fuw.edu.pl

www.czasopisma.pan.pl P N www.journals.pan.pl
Y
S~

M. Winkowski, T. Stacewicz: DETECTION OF ETHANE, METHANE, FORMALDEHYDE AND WATER VAPOR. ..

asthma [17]. Moreover, breath ethane peaks during a single hemodialysis session and is associated
with dialysis time [18]. Ethane is thus an excellent indicator of oxidation stress and its presence
in breath could offer non-invasive, dynamic assessment of ongoing cell damage.

The majority of clinical studies involving ethane have been conducted using non-real-time
techniques such as gas chromatography coupled with mass spectroscopy or other detection meth-
ods. These studies found that C;Hg concentration in normal human breath is about 0.12 ppb,
while in the case of a disease it may reach several ppb [19]. Although improved methods of
gas chromatography have been developed [20], the real potential of ethane detection in medical
diagnosis has been hampered by the absence of real-time technology of sufficient sensitivity.
Novel type of breath analyzers, which may be developed due to progress in laser spectroscopy
and optoelectronics, could be inexpensive, selective, sensitive and simple in maintenance.

Several optical solutions employing the spectral range around 3.3 pm have already been
presented. High sensitivity and measurement precision of 70 ppt was achieved in a portable
system for analysis of ethane in exhaled breath using multipass absorption spectroscopy [21]. The
detection limit of 270 ppt in the system with optical cavity (CRDS) was presented as well [22].
Optical systems have been also reported in clinical applications [23-25].

2. Experimental

For high sensitivity optical identification of trace gases, a strong absorption line of the
compound of interest must be chosen. One has also to avoid the disturbance of this line by other
species which might be present in the investigated sample. This is especially important in the case
of breath analysis as more than 3000 various constituents have already been detected in exhaled
air. Ethane band consisting of 9 strong lines is located within the 3.3325-3.3630 pm range [26].
We selected the 3.3368 pm line for detection of this compound. Although it is not the strongest
peak in the ethane spectrum, we found that it is the least interfered.

Water vapor, methane and formaldehyde are the main compounds whose spectra may overlap
the C,Hg line. At atmospheric pressure of 1013 hPa, the line shapes are mainly determined by
the effect of collisional broadening [27]. Broad spectra of H,O, CH4 and H,CO hamper the
high sensitivity of ethane observation (Fig. 1a). Lowering of sample air pressure to 101.3 hPa
efficiently reduces this broadening and leads to line separation (Fig. 1b). The absorption peak of
CyHg (3.3368035 pm) is much less interfered with. Therefore, the detection of the ethane with
the sensitivity below 1 ppb should be possible.

The basic system (so called single pass spectroscopy) for detection of gaseous compounds
was already described in many optical manuals (for example [27]). It consists in measurement
of the light quenching in the sample and applying the Lambert—Beer absorption law. We use the
improved method called multipass spectroscopy. The sample cell is placed between two mirrors
so that the laser beam passes through the sample multiple times. As a result, the light path might
be lengthened tens or ever hundreds of times in the sample. Additionally, in order to achieve good
selectivity of compound identification the laser light should be precisely tuned to the specific
absorption line of the molecule of interest. All these solutions together with the application of
a specific laser spectroscopy approach (wavelength modulation—-WMS — see Section 3) lead to an
increase in both sensitivity and selectivity.

A scheme of our experimental setup is presented in Fig. 2. A Nanoplus ICL 3 mW continuous
wave tunable laser was applied as a light source. Its temperature was stabilized at 289 K with
a Optica DCT 110 module. Fine tuning of the laser current within 3070 mA through a Thorlabs
TLDOO1 controller allowed the wavelength change within the 3.334-3.337 pm range. Beside the
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Fig. 1. Absorption spectra of ethane and main interferents occurring in air as calculated from the HITRAN database
at pressure of a) 1013 hPa; b) 101.3 hPa.

ethane absorption line (3.3368035 pm), such a broad range contains also strong lines of water
vapor, methane and formaldehyde (Fig. 1b). Each of these substances has at least one absorption
line with an undisturbed peak and one of the slopes. This allows simultaneous observation of all
these constituents with a single detection system.
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Fig. 2. Scheme of the experimental system.

The laser beam was directed to a beam splitter. The outcoupled ray served for laser power
monitoring with a Thorlabs PDA20H PbSe photodetector. The main beam was sent to the measur-
ing cell. A custom Herriot multipass cell characterized by the optical path length of 17.5 m was
used in our experiment [28,29]. The cell was filled with the investigated gas sample. Its pressure
was regulated by a vacuum system.

A three-channel generator (a combination of AFG 3102 model from Tektronix and JDS 6600
from JOYiT) was used for the laser tuning. Output signals from the channels were combined
in a custom summing amplifier and directed to the current controller. The channel providing
a stepwise signal was used for consecutive tuning of the laser to the peaks of selected compounds.
For WMS, the laser current was modulated with a sine wave signal (91 Hz) which resulted in
modulation of the laser wavelength. Due to presence of the absorption line, this wavelength
modulation was transferred into intensity modulation (at 91 Hz and its harmonics) that was
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detected with a PbSe photodetector (Thorlabs, PDA20H) and a lock-in amplifier (Stanford SR830)
that also enabled extracting the signals at specific harmonics of the modulation frequency. Because
the amplitude of resulting intensity modulation depends on the amount of absorption, it can be
used for concentration monitoring.

The third signal (10 kHz) was used for quenching spectral noise occurring in optical systems
due to unexpected interference of the light beams. Multipass experiments are often affected by
this interference because inside the cell the beams are spread due to diffraction and scattering on
mirror surface imperfections, or just in the medium filling the cell. Scattered radiation overlaps
different light spots on the mirrors, leading to periodic fringes in the cell transmittance spectrum.
This is an objectionable effect because the evaluation of the absorber concentration is based
on measurement of changes of transmittance by absorption in the gas sample. Any additional
distortion of the spectrum can significantly spoil the detection sensitivity. We reduced these
disturbances by additional laser wavelength modulation combined with averaging of this signal
in the detection line [30]. The method assumes that the averaging of a periodic function over its
period provides the mean value that is independent of the phase. In our experiment, the amplitude
of 10 kHz sine signal (i.e., the range of the wavelength modulation) was adjusted manually to the
fringe period through looking at the oscilloscope for the best minimization of the interference.
Signal averaging was done by the lock in the amplifier.

3. Signal analysis

The approach consisting in periodic scanning of the laser wavelength across the absorption
line of the compound of interest leading to intensity modulation of the beam passing through
the absorption cell is called wavelength modulation spectroscopy (WMS). The observation is
usually done at the second harmonic of the modulation frequency. This method of absorption
measurement is widely used for trace matter detection due to its immunity to noise [31]. However,
a nonlinearity of the current—power characteristic of our laser (Fig. 3) forced a modification of
this approach.
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Fig. 3. Laser power and wavelength versus the supply current.

As mentioned above, we use the sinusoidal modulation of the laser current with the frequency
f =91 Hz. It can be described as:

1(t) = Iy + Al cos wt, (1)
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where w = 2x f, Iy denotes constant component, while A7 is the modulation amplitude. The range
of the wavelength modulation across a line of a single component covers a small part of the laser
tuning range (Fig. 3). Temporal changes of the wavelength can be approximated by the following
equation (2):

da
A(t) = g + EAI cos wt. )

Both 1y = A(lp) and % parameters follow from the current-wavelength characteristic shown in
Fig. 3.

A nonlinearity of the current-power dependence (also shown in Fig. 3) is stronger. However,
it can be well approximated with the second order polynomial (red curve). The value of R-square
coeflicient of about 0.9999 was achieved. Therefore, for small modulation amplitudes Al, we
describe the temporal changes of the laser power by:

P(t) ~ Py+ Apcoswt + Ayp cos? wt. 3)

Here, Py denotes a constant component, while the amplitudes of second and third harmonics
2

dpP d°P
are Ap = HAI and Ayp = WAI 2, respectively. According to Lambert-Beer law the beam

power transmitted through the absorbing sample can be expressed by:
Pr (1) = P(1) exp [-a ()] = P(1) [1 - a(1)], 4)

where () denotes the absorption coefficient (a(7) < 1).
For small modulation depth across a narrow absorption line one can assume that the absorption
coeflicient also varies squarely in time:

a(f) = @y + @) cos wt + @, cos” wt, ®)

h (Ao) is the constant t, whil dadd \; and d% (da 2A12

where agp = @ 1S the constant component, winile @y = ——— and @y = —= | — .
0 0 P T aaar 2= a2 a1

Combining the equations (3)—(5) results in:
Pr(t) = (PO + Ap cos wt + Ayp cos? a)t) (1 — @ — a1 cOS Wt — @ cos> a)t) . (6)
We assume that the photodetector signal is proportional to the transmitted power: s = yPr,

where y denotes the photodetector efficiency. Using the trigonometric identities, the signal can
be expressed in the following form:

Aop — Poap — a1 Ap — apA 3
s(z>=yPT(r>=y(Po—Poao+ e zp—gazAzp)
3asAp + 31 A
+ ’}/(Ap —P0a1 —a’()Ap - w COoS wt

+

% (Aop — Poanr — a1 Ap — apArp — anAsp) cos 2wt

% (a2Ap + a1 Azp) cos 3wt

- %G’ZAZP cos4wt. (7

275


https://doi.org/10.24425/mms.2022.140033

www.czasopisma.pan.pl P N www.journals.pan.pl
Y
—

M. Winkowski, T. Stacewicz: DETECTION OF ETHANE, METHANE, FORMALDEHYDE AND WATER VAPOR. ..

When the laser wavelength and power linearly depend on the supply current (Ayp = 0, ar = 0),
the amplitude of second harmonics of the signal (7) is reduced to the form of ya1Ap/2,i.e., it
is proportional to the absorber concentration and the higher harmonics do not occur. Therefore,
the usual measurements with WMS are performed at the second harmonic [32]. In the case
of square character of current-power relation (3), the value of the constant component of the
signal (7), as well as the amplitudes of the first, second and third harmonics, are complicated
combinations of various parameters. That spoils the linearity between the amplitudes and the
absorption coefficient (aq) or its derivatives (a; or a;) at these frequencies. Due to that, the
amplitude of the second harmonic depends not only on the absorber concentration, but also on
the App parameter which is not related to absorber density. However, the amplitude of fourth
harmonic is directly proportional to the second derivative of the line shape function (@3), i.e., it is
proportional to absorber concentration. Therefore, in our experiment the detection of the selected
compounds in the sample was performed at 4w.

4. Results

In order to test linearity of our ethane sensor we used a method of stepwise dilution of
calibrated reference mixture (Messer, 1 = 0.05 ppm of C,Hg in nitrogen). In the first step, this
mixture was introduced into the multipass cell at the pressure of 101.3 hPa. After signal collecting
the mixture was diluted with nitrogen evaporated from its liquid phase. The pressure was then
raised to 202.6 hPa. After a time period of about 15 minutes, necessary to achieve a good mixing
of the gases, the pressure was reduced again to 101.3 hPa. That produced the mixture with
half the density of ethane in respect to the previous state. Then the signal was collected again.
Consecutive operations of diluting and signal registration were repeated. The determination of
C,Hg concentration was based on a comparison of amplitudes for certain concentrations with
the amplitude of the signal provided by the reference mixture. The uncertainty of the ethane
concentration achieved in the gas sample after k steps of the reference mixture dilution can be
evaluated from the following formula:

2 2
%:\/(Anr) +(k+1)(A—p) : ®)
Nk ny p
where An, /n, = 5% denotes the uncertainty of the reference mixture concentration, while
Ap/p = 1% is the uncertainty of gas pressure measurement with a MKS Baratron (model 722B).
The value of Any /ny changes from the initial 5% to about 6.2% at step 12 of the dilution.

The data collected in this way are shown in Fig. 4. Laser modulation was performed at the
absorption line center and the lock-in time constant of 1 s. The sensor worked linearly down to the
concentration of 1 ppb (about 2.7 - 10° cm~3). For this concentration the Allan deviation plot was
performed as well [33]. The lock-in signal output was connected to the digital oscilloscope which
was recording 1000 samples per second. Then, samples were averaged and standard deviation
was calculated. These parameters were changing in the function of averaging time, reaching
a minimum near 20 s (Fig. 5). The precision of approximately 80 ppt was achieved for this
optimal integration time. It means that the practically achieved detection threshold of 1 ppb is
sufficient for the study of air exhaled from human lungs since the morbid level of ethane is about
3.5 ppb [34].

The H,O measurement by such optical sensor may also be useful. The water content in
ambient air was assumed as a reference concentration. The temperature of 23°C and the relative
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humidity of 35% were registered in the laboratory during our experiment. That corresponded to
2.4-10'7 cm™ of H,0 molecules according to the Magnus formula [35]. The sensing was done
at 3.3342687 pm line (Fig. 1b). The procedure of consecutive dilution was also applied in this
case. The results of the measurements are shown in Fig. 6a. The sensor worked linearly up to the
H, O dilution level of about 0.1 (2.4 - 10'® cm™3).
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Water vapor measurement with such optical sensor is important since it can be used for its
calibration when ethane reference mixture is not available. Moreover, absolute determination of
H,O concentration in breath can be used for evaluation of water content in the body, which is
important in the case of monitoring of heart failure treatment. Additionally, it can potentially be
used in all conditions that require hydration monitoring (including the treatment of the elderly
and unconscious) and hydration monitoring for the treatment of severe kidney failure — including
dialysis.

A relatively high absorption coefficient of methane (Fig. 2b) allows also for the detection of this
constituent. It was identified as a biomarker of colonic fermentation and intestinal problems [36].
Its morbid level was determined to be 10 ppm (20 ppb for smokers).

We tested our sensor for the methane detection at 3.3343746 pm line since it is relatively
weakly interfered with by H,O absorption. Because a calibrated mixture was not available, the
mean CHy4 concentration in ambient air (1.9 ppm) was accepted as an approximate reference
concentration [37]. The results are shown in Fig. 6b. The sensor worked linearly up to the
dilution level of 1/64. It means that the usable detection level of methane in our system is about
30 ppb. Sensitive optical detection of methane was already performed in various NIR and MIR
spectral ranges using single-pass spectrophotometry, WMS and photoacoustic approaches [38,
39]. Comparable detection limits were achieved.

Our sensor was also used for formaldehyde detection. Formaldehyde is a toxic, mutagenic
and possibly carcinogenic gas that has also been identified as a potential lung and breast cancer
biomarker [40—45]. The morbid level of the formaldehyde concentration is not well established.
Early findings claimed that H,CO concentration of 0.45—1.2 ppm was observed in exhaled breath
from breast cancer patients, compared to normal levels of 0.3—-0.6 ppm [46,47]. Our detection of
this constituent was done at 3.3349674 pm. Consecutive stepwise dilution of calibrated reference
mixture (Messer, 1 + 0.05 ppm of H,CO in nitrogen) was also used and the results are shown
in Fig. 6¢. The sensor worked linearly up to the threshold value of 0.1 ppm. The formaldehyde
absorption line mentioned above is rather weak and affected by methane interference (Fig. 1b).
Therefore, the sensitivity is rather poor comparing to other optical approaches like those in
the 3.6 pm range where single ppb or even sub-ppb detection limits were achieved [48, 49].
Nevertheless, our result is sufficient for evaluation of the formaldehyde content in human breath.

It is also necessary to check the long-term stability. Measurements of the reference mixture
from the cylinder made three days apart did not differ by more than 4%. In addition, for the
entire duration of the experiments (about a month) there was no need to change the parameters of
the generator (both the variable component and the constant component), which means that the
system is stable over time.

5. Conclusions

In this study we have demonstrated an optical sensor designed for absolute measurement
of ethane concentration in air exhaled from human lungs. Careful analysis of the spectrum
of this compound in the 3.33 pm range provided an opportunity to select the absorption line
(3.3368035 pm) and the appropriate pressure (101.3 hPa) enabling to measure C,Hg directly in
human breath, despite naturally occurring (in significant amounts) interferents such as water and
methane. The achieved sensitivity of the sensor is sufficient for clinical trials with proper linearity
across three orders of magnitude (from 1 ppm to 1 ppb). In addition, this system, unlike many
others, offers the opportunity to measure methane, water vapor and formaldehyde with a good
linearity and sensitivity that enables to study the correlations between these compounds in breath.
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The system uses an innovative approach to signal analysis of the fourth harmonic (WMS-

4f) which is suitable for semiconductor lasers with nonlinear current—power characteristics.
Moreover, the use of the optical noise suppression method additionally increases its immunity to
interference caused by the superimposition of laser spots in optical systems, which is a common
obstacle when using multipass cells, especially with long optical path and low volume.
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Acknowledgements

The research was supported by the Polish National Science Centre, research project No. 2016/23/B/

ST7/03441.

References

(1]

(2]

(3]

(4]

(3]

(6]

(7]

(8]

(9]

Zhang, L., Tian, G., Li, J., & Yu, B. (2014). Applications of absorption spectroscopy using quantum
cascade lasers. Applied Spectroscopy, 68(10), 1095-1107. https://doi.org/10.1366/14-00001

Zahniser, M. S., Nelson, D. D., McManus, J. B., Herndon, S. C., Wood, E. C., Shorter, J. H.,
Lee, B. H., Santoni, G. W., Jiménez, R., Daube, B. C., Park, S., Kort, E. A. & Wofsy, S. C. (2009,
January). Infrared QC laser applications to field measurements of atmospheric trace gas sources and
sinks in environmental research: enhanced capabilities using continuous wave QCLs. In Quantum
Sensing and Nanophotonic Devices VI (Vol. 7222, p. 72220H). International Society for Optics and
Photonics. https://doi.org/10.1117/12.815172

Buszewski, B., Grzywinski, D., Ligor, T., Stacewicz, T., Bielecki, Z., & Wojtas, J. (2013). Detection
of volatile organic compounds as biomarkers in breath analysis by different analytical techniques.
Bioanalysis, 5(18), 2287-2306. https://doi.org/10.4155/bio.13.183

Rudnicka, J., Walczak, M., Kowalkowski, T., Jezierski, T., & Buszewski, B. (2014). Determination of
volatile organic compounds as potential markers of lung cancer by gas chromatography—mass spectrom-
etry versus trained dogs. Sensors and Actuators B: Chemical, 202, 615-621. https://doi.org/10.1016/
j-snb.2014.06.006

Refat, M., Moore, T. J., Kazui, M., Risby, T. H., Perman, J. A., & Schwarz, K. B. (1991). Utility of
breath ethane as a noninvasive biomarker of vitamin E status in children. Pediatric Research, 30(4),
396-403. https://doi.org/10.1203/00006450-199111000-00002

Svedahl, S. R., Svendsen, K., Tufvesson, E., Romundstad, P. R., Sjaastad, A. K., Qvenild, T., & Hilt, B.
(2013). Inflammatory markers in blood and exhaled air after short-term exposure to cooking fumes.
Annals of Occupational Hygiene, 57(1), 230-239. https://doi.org/10.1093/annhyg/mes069

McCurdy, M. R., Bakhirkin, Y., Wysocki, G., Lewicki, R., & Tittel, F. K. (2007). Recent advances of
laser-spectroscopy-based techniques for applications in breath analysis. Journal of Breath Research,
1(1), 014001. https://doi.org/10.1088/1752-7155/1/1/014001

Cope, K. A., Solga, S. F., Hummers, L. K., Wigley, F. M., Diehl, A. M., & Risby, T. H. (2006). Abnor-
mal exhaled ethane concentrations in scleroderma. Biomarkers, 11(1), 70-84. https://doi.org/10.1080/
13547500500515046

Barker, M., Hengst, M., Schmid, J., Buers, H. J., Mittermaier, B., Klemp, D., & Koppmann, R. (2006).
Volatile organic compounds in the exhaled breath of young patients with cystic fibrosis. European
Respiratory Journal, 27(4), 929-936. https://doi.org/10.1183/09031936.06.00085105

279


https://doi.org/10.24425/mms.2022.140033
https://doi.org/10.1366/14-00001
https://doi.org/10.1117/12.815172
https://doi.org/10.4155/bio.13.183
https://doi.org/10.1016/j.snb.2014.06.006
https://doi.org/10.1016/j.snb.2014.06.006
https://doi.org/10.1203/00006450-199111000-00002
https://doi.org/10.1093/annhyg/mes069
https://doi.org/10.1088/1752-7155/1/1/014001
https://doi.org/10.1080/13547500500515046
https://doi.org/10.1080/13547500500515046
https://doi.org/10.1183/09031936.06.00085105

(10]

[11]

[12]

(13]

(14]

[15]

(16]

[17]

(18]

(19]

(20]

(21]

(22]

280

www.czasopisma.pan.pl P N www.journals.pan.pl
T

M. Winkowski, T. Stacewicz: DETECTION OF ETHANE, METHANE, FORMALDEHYDE AND WATER VAPOR. ..

Paredi, P.,, Kharitonov, S. A., Leak, D., Shah, P. L., Cramer, D., Hodson, M. E., & Barnes, P. J.
(2000). Exhaled ethane is elevated in cystic fibrosis and correlates with carbon monoxide levels and
airway obstruction. American Journal of Respiratory and Critical Care Medicine, 161(3), 1247-1251.
https://doi.org/10.1164/ajrccm.161.4.9906122

Kanoh, S., Kobayashi, H., & Motoyoshi, K. (2005). Exhaled ethane: an in vivo biomarker of lipid peroxi-
dation in interstitial lung diseases. Chest, 128(3), 2387-2392. https://doi.org/10.1378/chest.128.4.2387

Riely, C. A., Cohen, G., & Lieberman, M. (1974). Ethane evolution: a new index of lipid peroxidation.
Science, 183(4121), 208-210. https://doi.org/10.1126/science.183.4121.208

Lawrence, G. D., & Cohen, G. (1982). Ethane exhalation as an index of in vivo lipid peroxidation:
concentrating ethane from a breath collection chamber. Analytical Biochemistry, 122(1), 283-290.
https://doi.org/10.1016/0003-2697(82)90282-2

Puri, B. K., Ross, B. M., & Treasaden, I. H. (2008). Increased levels of ethane, a non-invasive, quan-
titative, direct marker of n-3 lipid peroxidation, in the breath of patients with schizophrenia. Progress
in Neuro-Psychopharmacology and Biological Psychiatry, 32(2), 858-862. https://doi.org/10.1016/
j-pnpbp.2008.01.001

Ross, B. M., Maxwell, R., & Glen, 1. (2011). Increased breath ethane levels in medicated patients with
schizophrenia and bipolar disorder are unrelated to erythrocyte omega-3 fatty acid abundance. Progress
in Neuro-Psychopharmacology and Biological Psychiatry, 35(1), 446-453. https://doi.org/10.1016/
j-pnpbp.2010.11.032

Ross, B. M., Shah, S., & Peet, M. (2011). Increased breath ethane and pentane concentrations in cur-
rently unmedicated patients with schizophrenia. Open Journal of Psychiatry, 1(01), 1. https://doi.org/
10.4236/0jpsych.2011.11001

Paredi, P., Kharitonov, S. A., & Barnes, P. J. (2000). Elevation of exhaled ethane concentra-
tion in asthma. American Journal of Respiratory and Critical Care Medicine, 162(3), 1450-1454.
https://doi.org/10.1164/ajrccm.162.4.2003064

Stevenson, K. S., Radhakrishnan, K., Patterson, C. S., McMillan, L. C., Skeldon, K. D., Buist, L.,
& Shiels, P. G. (2008). Breath ethane peaks during a single haemodialysis session and is associated
with time on dialysis. Journal of Breath Research, 2(1), 026004. https://doi.org/10.1088/1752-7155/
2/2/026004

Patterson, C. S., McMillan, L. C., Stevenson, K., Radhakrishnan, K., Shiels, P. G., Padgett, M. J.,
& Skeldon, K. D. (2007). Dynamic study of oxidative stress in renal dialysis patients based
on breath ethane measured by optical spectroscopy. Journal of Breath Research, 1(1), 026005.
https://doi.org/10.1088/1752-7155/1/2/026005

Pico, Y., Alfarhan, A. H., & Barcelo, D. (2020). How recent innovations in gas chromatography-mass
spectrometry have improved pesticide residue determination: An alternative technique to be in your
radar. TrAC Trends in Analytical Chemistry, 122, 115720. https://doi.org/10.1016/j.trac.2019.115720

Patterson, C. S., McMillan, L. C., Longbottom, C., Gibson, G. M., Padgett, M. J., & Skeldon, K. D.
(2007). Portable optical spectroscopy for accurate analysis of ethane in exhaled breath. Measurement
Science and Technology, 18(4), 1459. https://doi.org/10.1088/0957-0233/18/5/035

Halmer, D., Thelen, S., Hering, P., & Miirtz, M. (2006). Online monitoring of ethane traces in
exhaled breath with a difference frequency generation spectrometer. Applied Physics B, 85(1), 437—
443. https://doi.org/10.1007/s00340-006-2288-9



https://doi.org/10.1164/ajrccm.161.4.9906122
https://doi.org/10.1378/chest.128.4.2387
https://doi.org/10.1126/science.183.4121.208
https://doi.org/10.1016/0003-2697(82)90282-2
https://doi.org/10.1016/j.pnpbp.2008.01.001
https://doi.org/10.1016/j.pnpbp.2008.01.001
https://doi.org/10.1016/j.pnpbp.2010.11.032
https://doi.org/10.1016/j.pnpbp.2010.11.032
https://doi.org/10.4236/ojpsych.2011.11001
https://doi.org/10.4236/ojpsych.2011.11001
https://doi.org/10.1164/ajrccm.162.4.2003064
https://doi.org/10.1088/1752-7155/2/2/026004
https://doi.org/10.1088/1752-7155/2/2/026004
https://doi.org/10.1088/1752-7155/1/2/026005
https://doi.org/10.1016/j.trac.2019.115720
https://doi.org/10.1088/0957-0233/18/5/035
https://doi.org/10.1007/s00340-006-2288-9

(23]

[24]

[25]

(26]

[27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

www.czasopisma.pan.pl P N www.journals.pan.pl
T

Metrol. Meas. Syst.,Vol. 29 (2022), No. 2, pp. 271-282
DOI: 10.24425/mms.2022.140033

Dahnke, H., Kleine, D., Hering, P., & Miirtz, M. (2001). Real-time monitoring of ethane in hu-
man breath using mid-infrared cavity leak-out spectroscopy. Applied Physics B, 72(7), 971-975.
https://doi.org/10.1007/s003400100609

Abela, J. E., Skeldon, K. D., Stuart, R. C., & Padgett, M. J. (2009). Exhaled ethane concentration in
patients with cancer of the upper gastrointestinal tract — a proof of concept study. Bioscience Trends,
3(2). https://pubmed.ncbi.nlm.nih.gov/20103832/

von Basum, G., Dahnke, H., Halmer, D., Hering, P., & Mu'rtz, M. (2003). Online recording of
ethane traces in human breath via infrared laser spectroscopy. Journal of Applied Physiology, 95(5),
2583-2590. https://doi.org/10.1152/japplphysiol.00542.2003

Rothman, L. S., Gordon, I. E., Babikov, Y., Barbe, A., Benner, D. C., Bernath, P. F., & Wagner, G.
(2013). The HITRAN2012 molecular spectroscopic database. Journal of Quantitative Spectroscopy
and Radiative Transfer, 130, 4-50. https://doi.org/10.1016/j.jqsrt.2013.07.002

Demtroder, W. (1973). Laser spectroscopy (5th ed.). Springer. https://doi.org/10.1007/978-3-642-
53859-9

Herriott, D. R., & Schulte, H. J. (1965). Folded optical delay lines. Applied Optics, 4(7), 883-889.
https://doi.org/10.1364/A0.4.000883

Belina Brzozowski, A., Winkowski, M., & Stacewicz, T. (2021). Software for design and analysis of
multi-pass absorption cells. Ukrainian Journal of Physical Optics, 22(1), 1-11. https://doi.org/10.3116/
16091833/22/1/1/2021

Winkowski, M., & Stacewicz, T. (2021). Optical interference suppression using wavelength modulation.
Optics Communications, 480, 126464. https://doi.org/10.1016/j.optcom.2020.126464

Krzempek, K., Jahjah, M., Lewicki, R., Stefaniski, P., So, S., Thomazy, D., & Tittel, F. K. (2013). CW
DFB RT diode laser-based sensor for trace-gas detection of ethane using a novel compact multipass
gas absorption cell. Applied Physics B, 112(3), 461-465. https://doi.org/10.1007/s00340-013-5544-9

Patimisco, P., Scamarcio, G., Tittel, F. K., & Spagnolo, V. (2014). Quartz-enhanced photoacoustic
spectroscopy: a review. Sensors, 14(3), 6165-6206. https://doi.org/10.3390/s140406165

Cutler, L. S., & Searle, C. L. (1966). Some aspects of the theory and measurement of frequency
fluctuations in frequency standards. Proceedings of the IEEE, 54(1), 136—154. https://doi.org/10.1109/
PROC.1966.4627

Stacewicz, T., Bielecki, Z., Wojtas, J., Magryta, P., Mikolajczyk, J., & Szabra, D. (2016). Detection of
disease markers in human breath with laser absorption spectroscopy. Opto-Electronics Review, 24(1),
82-94. https://doi.org/10.1515/0ere-2016-0011

Alduchov, O. A., & Eskridge, R. E. (1996). Improved Magnus form approximation of saturation vapor
pressure. Journal of Applied Meteorology and Climatology, 35(3), 601-609. https://doi.org/10.1175/
1520-0450(1996)035<0601:IMFAOS>2.0.CO;2

Le Marchand, L., Wilkens, L. R., Harwood, P., & Cooney, R. V. (1992). Use of breath hydrogen and
methane as markers of colonic fermentation in epidemiologic studies: circadian patterns of excretion.
Environmental Health Perspectives, 98, 199-202. https://doi.org/10.1289/ehp.9298199

NOAA Global Monitoring Laboratory. (n.d.). Trends in Atmospheric Methane. U.S. Department of
Commerce. Retrieved January 9, 2022, from https://gml.noaa.gov/ccgg/trends_ch4/

Scotoni, M., Rossi, A., Bassi, D., Buffa, R., Iannotta, S., & Boschetti, A. (2006). Simultaneous detection
of ammonia, methane and ethylene at 1.63 pm with diode laser photoacoustic spectroscopy. Applied
Physics B, 82(2), 495-500. https://doi.org/10.1007/s00340-005-2077-x

281


https://doi.org/10.24425/mms.2022.140033
https://doi.org/10.1007/s003400100609
https://pubmed.ncbi.nlm.nih.gov/20103832/
https://doi.org/10.1152/japplphysiol.00542.2003
https://doi.org/10.1016/j.jqsrt.2013.07.002
https://doi.org/10.1007/978-3-642-53859-9
https://doi.org/10.1007/978-3-642-53859-9
https://doi.org/10.1364/AO.4.000883
https://doi.org/10.3116/16091833/22/1/1/2021
https://doi.org/10.3116/16091833/22/1/1/2021
https://doi.org/10.1016/j.optcom.2020.126464
https://doi.org/10.1007/s00340-013-5544-9
https://doi.org/10.3390/s140406165
https://doi.org/10.1109/PROC.1966.4627
https://doi.org/10.1109/PROC.1966.4627
https://doi.org/10.1515/oere-2016-0011
https://doi.org/10.1175/1520-0450(1996)035<0601:IMFAOS>2.0.CO;2
https://doi.org/10.1175/1520-0450(1996)035<0601:IMFAOS>2.0.CO;2
https://doi.org/10.1289/ehp.9298199
https://gml.noaa.gov/ccgg/trends_ch4/
https://doi.org/10.1007/s00340-005-2077-x

(39]

(40]

[41]

(42]

[43]

(44]

[45]

[40]

[47]

(48]

[49]

www.czasopisma.pan.pl P N www.journals.pan.pl
T

M. Winkowski, T. Stacewicz: DETECTION OF ETHANE, METHANE, FORMALDEHYDE AND WATER VAPOR. ..

Moskalenko, K. L., Nadezhdinskii, A. I., & Adamovskaya, I. A. (1996). Human breath trace gas
content study by tunable diode laser spectroscopy technique. Infrared Physics & Technology, 37(1),
181-192. https://doi.org/10.1016/1350-4495(95)00097-6

Wang, C., & Sahay, P. (2009). Breath analysis using laser spectroscopic techniques: breath biomark-
ers, spectral fingerprints, and detection limits. Sensors, 9(10), 8230-8262. https://doi.org/10.3390/
$91008230

Wehinger, A., Schmid, A., Mechtcheriakov, S., Ledochowski, M., Grabmer, C., Gastl, G. A., & Amann,
A. (2007). Lung cancer detection by proton transfer reaction mass-spectrometric analysis of hu-
man breath gas. International Journal of Mass Spectrometry, 265(1), 49-59. https://doi.org/10.1016/
j-ijms.2007.05.012

Fernandes, M. P., Venkatesh, S., & Sudarshan, B. G. (2015). Early detection of lung cancer using
nano-nose — a review. The Open biomedical Engineering Journal, 9, 228. https://doi.org/10.2174/
1874120701509010228

Fuchs, P., Loeseken, C., Schubert, J. K., & Miekisch, W. (2010). Breath gas aldehydes as biomarkers of
lung cancer. International Journal of Cancer, 126(11), 2663-2670. https://doi.org/10.1002/ijc.24970

Miller, J. H., Bakhirkin, Y. A., Ajtai, T., Tittel, F. K., Hill, C. J., & Yang, R. Q. (2006). Detection of
formaldehyde using off-axis integrated cavity output spectroscopy with an interband cascade laser.
Applied Physics B, 85(1), 391-396. https://doi.org/10.1007/s00340-006-2310-2

Hirschmann, C. B., Lehtinen, J., Uotila, J., Ojala, S., & Keiski, R. L. (2013). Sub-ppb detection
of formaldehyde with cantilever enhanced photoacoustic spectroscopy using quantum cascade laser
source. Applied Physics B, 111(3), 603-610. https://doi.org/10.1007/s00340-013-5379-4

Ebeler, S. E., Clifford, A.J., & Shibamoto, T. (1997). Quantitative analysis by gas chromatog-
raphy of volatile carbonyl compounds in expired air from mice and human. Journal of Chro-
matography B: Biomedical Sciences and Applications, 702(1-2), 211-215. https://doi.org/10.1016/
S0378-4347(97)00369-1

Costa, S., Costa, C., Madureira, J., Valdiglesias, V., Teixeira-Gomes, A., de Pinho, P. G., &
Teixeira, J. P. (2019). Occupational exposure to formaldehyde and early biomarkers of cancer
risk, immunotoxicity and susceptibility. Environmental Research, 179, 108740. https://doi.org/
10.1016/j.envres.2019.108740

Tam, A. C. (1986). Applications of photoacoustic sensing techniques. Reviews of Modern Physics,
58(1), 381. https://doi.org/10.1103/RevModPhys.58.381

Winkowski, M., & Stacewicz, T. (2020). Optical detection of formaldehyde in air in the 3.6 pm range.
Biomedical Optics Express, 11(12), 7019-7031. https://doi.org/10.1364/BOE.405384

Tadeusz Stacewicz is professor at the Faculty of Physics, Uni-
versity of Warsaw. His scientific activities include optics, laser
spectroscopy methods for trace matter detection, laser generated
plasma, and lidar techniques. At present he is conducting a project
about trace matter detection by means of ultrasensitive laser absorp-
tion techniques i.e. Cavity Ring-Down Spectroscopy (CRDS) and
multipass spectroscopy. The project is focused on disease biomark-
ers detection in breath with spectrosopic techniques. His list of
publications contains about 140 scientific papers, 183 conference
communications and 33 invited conference talks as well as 5 books
and 3 patents. According to the Web of Science Core Collection the
citation number of his paper is about 880, H index = 16, average
citation per item = 8.7.

282

Mateusz Winkowski is a Ph.D student at the Faculty of Physics,
University of Warsaw. His main scientific interests are laser spec-
troscopy methods for trace matter detection, including electronics
design, programming and signal analysis. At presently is focused
on applying spectrosopic techniques in disease biomarker detec-
tion in breath as a member of Tadeusz Stacewicz’s team. Mateusz
Winkowski graduated from both Warsaw University of Technol-
ogy (Faculty of Electronics and Information Technology) and the
University of Warsaw (Faculty of Physics).


https://doi.org/10.1016/1350-4495(95)00097-6
https://doi.org/10.3390/s91008230
https://doi.org/10.3390/s91008230
https://doi.org/10.1016/j.ijms.2007.05.012
https://doi.org/10.1016/j.ijms.2007.05.012
https://doi.org/1874120701509010228
https://doi.org/1874120701509010228
https://doi.org/10.1002/ijc.24970
https://doi.org/10.1007/s00340-006-2310-2
https://doi.org/10.1007/s00340-013-5379-4
https://doi.org/10.1016/S0378-4347(97)00369-1
https://doi.org/10.1016/S0378-4347(97)00369-1
https://doi.org/10.1016/j.envres.2019.108740
https://doi.org/10.1016/j.envres.2019.108740
https://doi.org/10.1103/RevModPhys.58.381
https://doi.org/10.1364/BOE.405384

