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Molecule Disease Reference
Hydrogen (H,) Baby indigestion and gastrointestinal upset [43-44]
. Anaemias, respiratory infection, asthma,
Carb le (CC 45-48
arbon oxide (CO) and hyperbilirubinemia of new-born children [ ]
Nitrogen monoxide (NO) Asthma, c.hroni'c obstructive lung d%seas.e, upper respiratory 06, 49-51]
infection, and cancer of digestive organs
Ammonia (NH;) Chronic kidney disease, epilepsy, and cirrhosis [52-53]
Methane (CH,) Gastrointestinal upset and malabsorption of hydrocarbons [54-55]
Hydrogen peroxide (H,0O,) Reduced breathing function of lungs and uremia [56-57]
Ethylene (C, H,) Acute myocardial infarction, chronic asthma, and peritonitis [58-59]
Ethane (C, H,) Smokers and nonsmokers and mafrker of destruction caused [60-61]
by free radicals
Methanol (CH;OH) Diseases of central nervous system [62]
Acetone (C,; H;O) Diabetes and acute heart failure [10-11]
Isotopic modifications of CO, Helicobacter pylori infection, 11Ve%’ malfunction, [63-65]
and pancreas malfunction
Carbonyl sulfide (OCS) Cystic fibrosis [66]
Alkanes (hexane, methylpentane,
and benzene derivatives) .
styrene, heptane derivatives, Lung cancer [67-69 ]

decane, O-toluidine,
hepatenal, and aniline
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Fig. 3 Simulated absorption line intensity of exhaled

gas using gas absorption data in HITRAN database
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Fig. 4 Acetone absorption data derived from NIST
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Table 2 Detection limits of exhaled gases

NIR MIR
Molecule Normal concentration /10~ ?  Reference
A /nm Detection limit /10’ A /nm Detection limit /107°
1572 6944 )
CO, 4235 0.035 4X10"=5x10" [94]
2021 189
1568 3937
coO 1602 0.19 <10000 and <<20000 [957
2332 24 (for somkers)
1794 1242 c :
NO 5954 0.6 <35 (for children) and [96-97]
2673 33 <50 (for adult)
5994 11
NH, 1512 51 250—-2900 [98]
9556 0.5
CH, 1654 31 3260 0.22 3000—10000 [95]
224—2016 and <4704
H,0, - - 7689 1.47 an [56]
(for smokers)
C,H, - — 3168 11 11-30 [99]
C, Hy - — 3348 0.32 <0.12 [100]
CH,OH — — 9504 1.16 <400 [101]
OCS 2448 22 4828 0.09 3—-30 [95]
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Fig. 6 Carbon isotope detection system in CO, based on HWG
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Fig. 7 Real time exhaled CO detection system based on CMPCH*"”
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Fig. 8 Data processing flow of 8.2 pm acetone exhaled gas sensor based on “2f /17 WMS method™"”
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Abstract

Significance One of the most critical factors for the survival of living organisms is their gas exchange with the
environment. Gas exchange is primarily to absorb oxygen and exhale carbon dioxide (CO,), water vapor, and other
gases. The main gases exhaled by the human body are nitrogen (78% ), oxygen (15%-18% ), water vapor (5% ),
carbon dioxide (4%-5%), and argon (1% ). In addition, there are more than 3000 other gases and volatile organic
compounds in the exhaled breath, and their emissions are much less than those of water vapor and CO, (with volume
fractions of less than 1 X 10 °). Many of these gaseous compounds have been identified as biomarkers for specific
diseases or metabolic disorders. Breath diagnosis involves the detection of traces of gaseous components in exhaled
breath that can be used as biomarkers. It can diagnose diseases without traumatic detection such as blood drawing.

The methods used for breath diagnosis can be divided into non-optical and optical methods. Gas chromatography,
electrochemical sensors, and chemiluminescence are the common non-optical methods. Optical methods include non-
dispersive infrared spectroscopy, cavity ring-down spectroscopy, Fourier-transform infrared spectroscopy, and
tunable diode laser absorption spectroscopy ( TDLAS). Compared with other breath diagnosis methods, TDLAS has
many advantages: high spectral resolution, good gas selectivity, non-invasive measurement, high detection
sensitivity (up to 10’ level), online measurement, and fast response. Thus, its devices are easy to obtain and low
cost, and its detection system is easy to miniaturize and suitable for practical applications.

TDLAS has been widely used in breath diagnosis, and it is necessary to introduce and summarize the main
TDLAS technologies, the types and latest developments of lasers and gas cells, as well as the application status of
TDLAS technology in common breathing gases, to guide follow-up researches.

Progress Many gases that can be used for breath diagnosis, the common exhaled breath, and related diseases are
summarized in Table 1. The laser wavelengths and corresponding detection limits for common exhaled gases
estimated by the HITRAN database are shown in Table 2. At the same time, the normal concentration of the exhaled
gases is obtained. TDLAS technology can meet the concentration measurement requirements of most exhaled gases,
and the detection limit can be further reduced by increasing the absorption optical path of the gas cell. Direct
absorption spectroscopy and wavelength modulation spectroscopy are the most widely used TDLAS technologies, a
brief introduction of their principles is described in section 2.2 and section 2.3. The types of laser and gas cells
commonly used in TDLAS technology are summarized in section 2.5 and section 2.6, respectively. Hollow
waveguide is a new type of gas cell, which can achieve a long optical path in a small gas inflation volume.

In the current study on the measurement of *CO, and '*CO, isotopes for human breath based on TDLAS, the
wavelength of most lasers used is 4.3 pm, the Herriott cell is usually used, the accuracy of ratio measurement can
reach 0.5%,, and the appearance of a hollow optical waveguide causes the inflation volume to decrease further and
the measurement time to be significantly reduced. For CO breath detection, quantum cascade lasers with
wavelengths at 4.6-5 pm are usually used, most of the systems can realize online measurement, the sensitivity of
concentration detection can reach 10 ° level, circular multi-pass cell proposed by Ghorbani and coworkers can reduce
the gas volume to 38 mL. There are many types of laser wavelengths used to measure acetone based on TDLAS.
Since many absorption peaks of acetone in the infrared are broadband, it is necessary to exclude the influence of
other gases during the measurement.

Conclusion and Prospect To improve the accuracy of concentration detection, for existing breath detection based
on TDLAS, mid-infrared quantum cascade laser is commonly used, in combination with the Herriott multi-path gas
cell. The volume of the multi-pass cell used in the existing researches is relatively large. Therefore, strict pressure
control is required to shorten the inflation time and reduce the volume of gas to be measured in the online breath
diagnosis. In the future, smaller and longer path gas cells can be used in breath diagnosis to further improve the
detection speed and accuracy. For some gases, such as isotopes of CO,, CO, and NO, the laboratory research is
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relatively mature. The key research directions of the breath detection are to further improve the air intake device,
collect respiratory data, give the quantitative corresponding relationship between the measured gas concentration and
specific diseases, and integrate and commercialize the measurement system. When TDLAS is applied to the breath
detection with broadband absorption, the absorption interference between different gases will affect the accuracy of
the concentration measurement of the gas to be measured. Exploring new data processing methods, using wavelength
locking technology, or other related technologies to achieve a single line gas measurement, and removing
interference from other gases are important directions for future research. In addition, the existing TDLAS
technology cannot achieve simultaneous measurement of a variety of exhaled gases. It is also important to improve
the laser, gas cell, modulation technology, and data processing, and simultaneously measure more types of exhaled
gas concentration through TDLAS.

Key words spectroscopy; tunable diode laser absorption spectroscopy; breath diagnosis; trace gas; multi-pass cell;

wavelength modulation spectroscopy
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