
  
 
CHARACTERIZATION OF ABSORPTION 
SPECTRA OF MOLECULAR CONSTITUENTS 
IN THE MID-INFRARED REGION AND 
THEIR ROLE AS POTENTIAL MARKERS FOR 
BREATH ANALYSIS 
 

Abstract: The use of exhaled breath analysis in assessing the health status of human individuals is an 
intriguing concept that has attracted more and more attention during recent years. Although 
detection of species in breath can, to a certain extent, be made by both electrochemical and mass 
spectrometric techniques, these do not always provide sufficient sensitivity, selectivity and speed. 
Due to the development of new laser sources in the (MIR) wavelength region, absorption 
spectrometry (AS) has shown such good performance that MIR-AS techniques start to become more 
viable alternatives to breath analysis. Of the large number of species exhaled  (major species, which 
are in %-concentrations, e.g. H2O and CO2, minor species, which exist in ppm concentrations, e.g. CO 
and CH4, and trace species, which exist in low or sup-ppb concentrations), some are more important 
than others, such as Carbonyl Sulfide, Ethane, Ethylene and Formaldehyde, since they are important 
biomarkers for various diseases e.g. chronic respiratory diseases, acute lung transplant rejection, 
UV-radiation damage of the skin and gastro-esophageal/breast cancer. The present thesis consists of 
a compilation and analysis of possible transitions primarily in the 3-4 µm region that can be used for 
detecting such species by MIR-AS techniques. 
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1. Introduction 
Modern medicine is founded upon the basis that abnormalities observed in regard to the human 
body can and usually do provide information that can help prevent further pain, inconvenience and 
even death in some cases.  One of these abnormalities is odor molecules in breath, which was in the 
early stages of medicine, thousands of years ago, described as “evil humors”, which today are 
diagnosed as uncontrolled diabetes, renal disease or dental disease etc. The first real step towards 
what we today call qualitative and quantitative analysis regarding breath examinations dates back to 
1784 when Lavoisier proved conclusively that carbon dioxide is a apart of normal respiration [1][2].  

More recently, 1971, a man by the name Linus Pauling managed by cooling a breath sample to 
(T<200 K) and gas chromatography to analyze the sample and determine a large amount of Volatile 
Organic Compounds (VOC), which mostly originated from the blood of the test subject. These 
volatile organic compounds only exists in very low concentrations. Several hundreds of VOCs has 
been observed in exhaled breath despite the fact that most of are in the picomolar (10-12) to 
nanomolar (10-9) concentrations; excluded from these are of course the primary constituents: 
nitrogen, oxygen and water, but in the body carbon dioxide is also produced at about 4% of the 
breath volume. CO2 is not a direct disease marker and the measurement of this molecule has been 
widely known for quite some time now and will mostly therefore not be covered by the scope of this 
report.[2] 

It is known today only where some of these Volatile organic compounds originate from and what 
their presence might indicate if increased or decreased in test subjects exhaled breath. In addition 
there are not always techniques to measure them accurately and swiftly. This is the case, even 
though the technical advancements during the last 50 years or so has been astonishing. This area of 
medical science and physicists has not yet reached a conformity surrounding the field of breath 
analysis in regard to standardizations within sampling and analysis procedures [3]. The mission of 
this report is to closely examine and deduce some of the possible candidates for breath analysis 
using a technique referred to as NICE-OHMS (Noise-Immune Cavity-Enhanced Optical Heterodyne 
Molecular Spectrometry) based on an Optical Parametric Oscillator working in the 3-4 µm range. 

2. Spectroscopy 
Spectroscopic techniques are among the most employed analytical methods in the world today 
when it comes to analyzing materials from metals to inorganic molecules to organic molecules.  They 
are  based on the interaction between radiation and matter and they usually combine optics, 
mechanics, electronics and signal processing principles. The wavelength range of spectroscopy 
ranges normally from Ultra Violet light (UV) to Infrared light (IR). X-ray and other radiation 
spectroscopy do exist, but will not be covered by this report.  

Spectroscopy is used both for the identification of the presence of atoms/molecules (qualitative 
analyses) and for the assessment of the amount of a particular type of atom/molecule (quantitative 
analyses). In both of these analyses the problem might not be that the compound is not there but 
that it is present at a too low concentration, i.e. below the detection limit of the technique used [4].  

The subject of light interacting with material, primarily material emitting or absorbing light in one 
way or another, all started back in 1665 when Isaac Newton first experimented with the dispersion 
of light into a range of colours using a triangular glass prism. But after that nothing of real value was 
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achieved in this field until 1860 when Balmer fitted the resulting series of line spectra of hydrogen 
into various mathematical formulas using the prism spectroscope developed by Bunsen and 
Kirchhoff. The great accomplishment that came after this was the finding that a big part the 
composition of our sun and other various nearby stars proved to be mostly hydrogen.  After this, the 
field of spectroscopy was in a bit of a slump because it was based on Newtonian mechanics and it 
was not until after the Schrödinger Equation, in 1926, was theorized it could get a fresh start. And 
even though it took until 1960 before it actually exploded as a field, more than it had before, mostly 
because of the increase in computational capabilities and the availability of such; meaning that 
fewer approximations had to be made and therefore more accurate results could be produced [5]. 

Today a wide array of methods for detection of matter with different types of radiation exists such 
as: Vibrational Spectroscopy (IR and Raman), UV-Spectroscopy, Nuclear Magnetic Resonance, 
Electron Spin Resonance, X-ray Spectroscopy, Electron Spectroscopy, Mössbauer Spectroscopy and 
Mass Spectroscopy [5].  In this report a closer look at Vibrational Spectroscopy will be made for the 
sake of limiting this report to a graspable magnitude [6]. It should be mentioned that there are quite 
a few different methods within Vibrational Spectroscopy such as: Tunable Diode Laser Absorption 
Spectroscopy (TDLAS), Integrated Cavity Output Spectroscopy (ICOS), Cavity Enhanced Absorption 
Spectroscopy (CEAS), Cavity Leak-Out Spectroscopy (CALOS), Photo Acoustic Spectroscopy (PAS), 
Quartz Enhanced Photo Acoustic Spectroscopy (QEPAS) and Optical Frequency Comb Cavity-
Enhanced Absorption Spectroscopy (OFC-CEAS) [7]. When it comes to the world of medical 
application surrounding the field of spectroscopy and human breath sampling the golden standard 
today is held to Gas Chromatography Mass Spectroscopy (GC-MS), with the small disadvantage of 
these being reported to take as long as 4 hours down to 40 min, due to sample preparations and 
time consuming examination; while Vibration Spectroscopy can be done the range of seconds to 
minutes, which would be great step forward in modern medical science [6]. 

Since not all detection techniques have sufficient sensitivity to detect the species of interest their 
performance has been enhanced by the use of an external cavity. Therefore, several cavity enhanced 
laser spectroscopy methods has evolved over the years with Noise-Immune Cavity-Enhanced Optical 
Heterodyne Molecular Spectrometry (NICE-OHMS) being one of the most remarkable in respect of 
low noise-equivalent detection sensitivity limits, down to 10-14 cm-1 Hz-½ [8,9].  

3. Biomarkers  
A biomarker is a molecule that is expelled from the body or extrapolated from the body by force, in 
order to provide information about the current state of the body. In the case of human breath 
analysis the biomarkers present themselves very quickly compared to urine/stool or blood samples, 
because the exchange between blood and air in the alveoli in the lung is often close to 
instantaneous. This gives the opportunity to provide care for a patient even before symptoms have 
presented themselves. [10]  

There are over 1,000 sub-compounds that have been identified in human breath, and their 
concentration range from ppb (parts-per-billion) to percentages. Approximately 35 of these 
compounds have been established as biomarkers for particular diseases and metabolic disorders, 
usually at elevated or decrease levels or concentration. One biomarker is very often not a clear 
indication of a disease or illness, but usually a semi-specific array of biomarkers combined can 
produce a narrowing down on a specific condition. For example, breath Nitric Oxide (NO) is a 
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biomarker for asthma, bronchiectasis and rhinitis; Ethane is a biomarker for vitamin E deficiency in 
children and an indicator of lipid peroxidation, and it serves as a biomarker for asthma as well. At the 
same time hydrogen peroxide (H2O2) and ammonia (NH3) are biomarkers for asthma. Lipid 
peroxidation can be diagnosed through analysis of breath ethylene and pentane, but despite this 
pentane together with carbon disulfide is a biomarker of schizophrenia. The point of the previous 
statements was not to confuse or disorient only to clarify that high selectivity and sensitivity is 
needed to be certain that a correct analysis is made and not just half of one, when such a diagnosis 
might leave you with asthma when in fact you might be schizophrenic [7].  

When measuring biomarkers in exhaled breath the normalization factor is almost always CO2. The 
amount of biomarkers in breath varies depending on the amount of exhaled breath, so a common 
denominator for the whole process is required to reduce variation in calculation of the amount of 
desired biomarker in exhaled breath [21]. A selected set of potential biomarkers are below 
investigated with respect to their spectroscopic properties. 

3.1 Carbonyl Sulfide (OCS) 
OCS is a relatively unstudied volatile organic compound. It is naturally occurring in human exhaled 
breath and the physiological origin may include oxidative metabolism of carbon disulfide and 
incomplete metabolism of sulfur containing essential systems [11,12]. OCS is a potentially toxic 
agent that has been recognized in the environment as a side product of industrial procedures. At 
high concentrations exogenous OCS can cause central nervous system dysfunctions and eventually 
death from central respiratory depression [3]. Endogenous OCS in exhaled human breath is known 
as a biomarker for cystic fibrosis, as well as liver failure and acute rejection of transplanted lungs 
[13,14]. It has been reported that OCS in human breath from healthy individuals OCS ranges from 3 
ppt to 30 ppb. Spectroscopically, the molecule has absorption peaks within the 3.3-5.5 µm range 
[12]. In unhealthy people suffering from for example acute rejection of transplanted lungs, the 
concentration may go up as high as 0.5 ppm and will, if not detected in time, possibly lead to death 
of the lung transplant recipient. The alternative to using Mid-IR-spectroscopy is either a lung biopsy 
resulting in damaging of tissue and also time consuming laboratory analysis, or Gas Chromatography 
and Mass Spectroscopy analysis (GC-MS), which at best can be done in under 4 hours. When a 
patient starts producing OCS after a lung transplant it is instantaneously exhaled in the breath a long 
time before symptoms starts emerging that would normally be the indication of a rejection being 
underway [13].  
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The HITRAN database is a common source of information for assessment of transitions and spectra 
from minor-sized molecules in the IR and MIR wavelength ranges. Figure 1 displays the absorption 
spectra of Carbonyl sulfide. 

 

Figure 1: The absorption of OCS in the 3-4 µm, with a volume to mixing ratio of 1 ppb, a pressure of 100 mBar, a temperature of 296 K and 
a gas cell length of 1 cm. 

To get a better assessment of the peaks at around 3.41 µm a closer inspection was done in order to 
assess their separation.

 

Figure 2: A narrower display of the 3.4150-3.4175 µm region, concentration 1 ppb, P=100 mBar, T=296 K and L=1 cm. 
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The distance between the peaks in Fig. 1 are approximately 0.0005 µm resulting in approximately a 
separation of 12 GHz which is more than enough for most spectroscopic detection techniques.  

It is of interest to assess the temperature and pressure dependence of the peaks. The figs. A1 and A2 
(See appendix A) display this information. As can be seen from Fig. A1 the absorption decreases with 
temperature basically linearly in the range of temperatures studied. 

Fig. A2 shows that the signal increases with pressure up to a pressure of around 10 mBar after which 
the response flattens out due to broadening effects [15]. 
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3.2 Ethane (C2H6) 
Studies have shown that ethane is a possible indicator for inflammatory marker in exhaled breath 
originating for example from short-terms exposures to cooking fumes in a model kitchen. It is 
concluded that it is possible to use, among other biomarkers, ethane as an indication of reactions in 
the mucosa and also for identification of chronic respiratory diseases [16]. It is also a part of normal 
human breath due to the fact it originates from the lipid peroxidation in human tissue, but is also 
increased by oxidative stress of the cells, which is an unwanted process in which free radicals 
become a part of the oxygen exchange in the cell [11]. Ethane can also be an indicator of diseases 
such as scleroderma and cystic fibrosis. The concentration in healthy human breath has been 
reported to be in the range of 0.12 ppb, while unhealthy subjects reach ranges of 3.5 ppb and the 
most efficient measurements that have been done were done in the mid infrared around 3.3 µm. 
This was done by CALOS (Cavity Leak-Out Spectroscopy) at a pressure of 101.3 mBar. The measuring 
time was 5 s and the detection limit was reported to be 100 ppt when working with a laser 
optimized around 2.6-4.0 µm [7].  

An investigation of the C2H6 molecule using the HITRAN database in the 3-4 µm range is given in fig. 
3. 

 

Figure 3: The absorption of ethane in the of 3-4 µm region, with a volume to mixing ratio of 1 ppb, a pressure of 100 mBar, a temperature 
of 296 K and a gas cell length of 1 cm. 

In order to be assured that it is only one isotope involved in the set of transitions shown in Fig. 3 and 
to investigate the separation of the peaks a closer investigation was made and is displayed in Fig. 4. 



8 
 

 

Figure 4: A narrower display of the 3.35-3.355 µm region, concentration= 1 ppb, P=100 mBar, T=296 K and L=1 cm. 

There is no indication of more than one isotope being involved in the absorption peak at around 
3.35 µm. The figures A3 and A4 (See appendix A) show the temperature and pressure dependences 
of one of these lines. 

As can be seen from Fig. A3 the absorption decreases with temperature linearly for the range of 
temperature studied. 

Figure A4 shows that the signal increases with pressure up to a pressure of about 100 mBar after 
which it flattens out [15]. 
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3.3 Ethylene C2H4 
Ethylene, also known as ethene, is a biomarker for oxidative stress for radiation damage of the 
human skin and lipid peroxidation in the lung epithelium [7]. Ethylene has also been shown to be a 
biomarker for renal failure of elderly patients due to the increased oxidative stress of the cells after 
hemodialysis. A healthy subject has been shown to excrete between 6 ppb to 7 ppb while elderly 
people being subjects to hemodialysis can produce up to 750 ppb after treatment. This increase is 
possibly one of the reasons for early morbidity among hemodialysis patients because the ethylene 
produced from the treatment decreases the antioxidant defense. This state is not improved by 
chronic inflammatory states, diabetes, anemia, hypertension etc. [17]. When the skin is exposed to 
UV-radiation the body instantly starts creating ethylene and it takes about 2 min for it to reach the 
lungs for exhalation, the increase from a normal 15 min exposure increases the levels of ethylene in 
human breath to approximately 36 ppb [18,17]. 

An investigation of the absorption and line strength intensity of ethylene using the HITRAN database 
between 3-4 µm a sharp peak can be found around 3.346 µm which is shown in figure 5. 

 

Figure 5: The absorption of C2H4 in the 3-4 µm region, with a volume mixing ratio of 1 ppb, a pressure of 100 mBar, a temperature of 296 K, 
and a gas cell length of 1 cm.  

A closer look at the peak around 3.346 µm to see if the individual peaks are well separated is shown 
in figure 6. 
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Figure 6: A narrower display of the 3.340-3.348 µm region, concentration=1 ppb, P= 100 mBar, T=296 K and L=1 cm. 

This gives an indication of how well separated the peaks are and the closest peak to the highest is 
about 0.0005 µm which corresponds a separation of 12 GHz. 

The figures A5 and A6 (See appendix A) show the temperature and pressure dependences of the 
peak around 3.346 µm.  

As can be seen from figure A5 the absorption decreases with temperature linearly for the range of 
temperature studied. 

Figure A6 shows almost no indication of signal flattening out for the range of pressure studied [15]. 

  



11 
 

3.4 Formaldehyde (CH2O) 
CH2O is biomarker for Gastro-esophageal and breast cancer and it has a very strong absorption peak 
in the 3.5-3.5 µm range [7,19]. The limits in the environment should at no point exceed 300 ppb at 
any time according to the American Conference of Governmental Industrial Hygienists (ACGIH), since 
it then may accumulate in the human body. Healthy subjects exhale between 0.3-0.6 ppm, the 
patients exhaled between 0.45-1.2 ppm [11]. This procedure is today done with a Selected Ion Flow 
Tube Mass Spectroscopy (SIFT-MS) but could as easily be done with laser spectroscopy; which would 
significantly decrease the time required to make a diagnosis since this technique requires times of 
around 1 h [19], while laser spectroscopy usually deals with seconds or minutes. A test made using 
Photo Acoustic Spectroscopy (PAS) with a CO2 laser as the source demonstrated a detection limit of 
ethylene of 17 ppb using a 88 cm2 sample volume [7]. 

The HITRAN database predicts the absorption spectrum shown in figure 7 for the 3-4 µm range.

 

Figure 7: The absorption of CH2O in the 3-4 µm region, with a volume to mixing ratio of 1 ppb, at a pressure 100 mBar,a  temperature of 
296 K, and a gas cell length of 1 cm. 
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Figure 8 shows an enlargement of the peak around 3.59 and to which extent there are overlays with 
other peaks. 

 

Figure 8: A narrower display of the 3.590-3.600 µm region, S=1 ppb, P=100 mBar, T=296 K and L=1 cm. 

There seems to be a few disturbances in the peak, in figure 8, but probably not enough to interfere 
with measurements of this peak.  

In figure A7 and A8 (See appendix A) the temperature and pressure dependence of the 
formaldehyde peak at 3.596 µm is visualized. 

As can be seen from figure A7 the absorption decreases with temperature basically linearly with 
temperature for the range of temperatures studied. 

Figure A8 shows that the signal increases with pressure up to a pressure of around 10-30 mBar after 
which that response flattens out [15]. 
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3.5 Additional biomarkers 
A lot of biomarkers have been established to correlate to various diseases and malfunctions of the 
human body as declared earlier. In table 1 some of these biomarkers are displayed. 

Biomarker Vibrational 
Absorption 
(µm) 

Assessed or 
typical 
concentrations 
of healthy 
individuals 

Concentration 
Range in 
unhealthy 
individuals 

Metabolic 
disorder/disease 

Acetone 7.3 477 ppb  500-600 ppb Lung cancer, 
diabetes, brain 
seizure, NAFL* in 
children 

Acetaldehyde 9.2-9.8 20-27 ppb 33-37 ppb Alcoholism, liver 
related diseases, lung 
cancer 

Ammonia 10.3 883 ppb 1-4 ppm Renal disease 
Carbon monoxide 4.7  0.5 ppm 5 ppm Oxidative stress, 

respiratory infection, 
anaemias 

Carbon disulfide  - 0 ppb 0.1-0.3 ppb Schizophrenia, 
coronary artery 
diseases, cystic 
fibrosis 

Carbonyl Sulfide 3.4 3 ppt -30 ppb 0.5 ppm Cystic fibrosis, liver 
failure, acute lung 
transplant rejection 

Ethane 3.3 0.12 ppb 3.5 ppb Lipid peroxidation, 
chronic respiratory 
diseases, possible 
inflammatory marker 

Ethylene 3.3 6-7 ppb 750 ppb Oxidative stress after 
hemodialysis, 
radiation damage to 
the skin, lipid 
peroxidation 

Formaldehyde 3.59 0.3-0.6 ppm 0.45-1.2 ppm Gastro-esophageal 
and breast cancer 

Hydrogen Not feasible in 
IR 

- - Indigestion in infants, 
intestinal upset, 
colonic fermentation 

Methane 3.3; 7.9 0.5 ppm 4 ppm Intestinal problems, 
colonic fermentation 

Methanetiol 3.45-3.28 2-4 ppb 20-30 ppb Halitosis 
Methanol 9.6-9.7 150-200 ppb 400-500 ppb Nervous system 

disorder, dialysis 
complications 

Nitrogen 
monoxide/Nitric oxide 

5.2 14-17 ppb 80-100 ppb Asthma, 
bronchiectasis, 
hypertension, rhinitis, 
lung diseases 
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Pentane 6.8  7-10 ppb 11-16 ppb Peroxidation of lipids, 
liver diseases, 
schizophrenia, breast 
cancer. 

Sulfur compounds - - 0.03-1 ppb Hepatic diseases and 
malodor, lung cancer 

Hydrocarbons 
(Toluene, Benzene, 
Heptane, Styrene, 
Octane, 
Pentamethylheptane 

- - 0.06-3 ppb Lipid peroxidation, 
lung cancer, oxidative 
stress, airway 
inflammation  

Table 1: A summation of biomarkers, there vibrational frequency, concentration range and metabolic disorder/disease 
[6,7,10,13,14,15,20,22]. *Non-Alcohol Fatty Liver-disease 

4. Summary 
The list of biomarkers available today is fairly long and for this report some restrictions have been 
put in place, them being in this case: having a vibrational resonance in the 3-4 µm region, having a 
significant indication of disease or malfunction of the human body and being of preferably low 
concentration, approximately of the size of ppb or ppt if possible. All but 1 of the 4 
recommendations made in section 3, concerned with Carbonyl Sulfide, Ethane, Ethylene and 
Formaldehyde, live up to these desired characteristics, with Formaldehyde being the exception with 
concentration ranges above ppm.  

Carbonyl Sulfide (OCS) is a relatively untested substance today but from research a few things was 
learned about its origin and what may or may not cause it to be produced/accumulated in the body.  
It is a part the oxidative metabolism of carbon disulfide and the incomplete metabolism of sulfur 
containing essential systems. It will also be produced as a byproduct or biomarker for acute lung 
transplant rejection. OCS is “naturally” occurring in some industries and is a health hazard for such 
industries. Inhaling OCS is dangerous and will lead to respiratory distress and possibly death. A 
normal concentration in breath from healthy individuals ranges from 3 ppt-30 ppb [11,12]. While 
unhealthy subjects can reach concentrations of up to 5 ppm, and in the case of acute lung rejection 
in lung transplant patients, this accumulation or exhalation of OCS gives indication of the diagnosis 
long before symptoms becomes apparent. It has a strong absorption peak at around 3.41 µm [13]. 

Ethane (C2H6) in healthy human breath comes from the peroxidation of lipids in human tissue. It has 
been proven to be a possible indicator of inflammation, chronic respiratory diseases, scleroderma, 
cystic fibrosis and oxidative stress of the cells [16,11]. The concentration in healthy human breath is 
in the range of 0.12 ppb, while in unhealthy subjects may increase to the range of 3.5 ppb.  It has a 
strong absorption peak at around 3.35 µm [7]. 

Ethylene (C2H4) is excreted from healthy individuals at 6-7 ppb and is a biomarker for oxidative stress 
from radiation damage of the human skin and lipid peroxidation in the lung epithelium [7,17]. 
Unhealthy elderly people suffering from failing kidneys can excrete up to 750 ppb after 
hemodialysis. Ethylene decreases the antioxidant defense in the human body. The radiation damage 
to the skin however only reaches levels of approximately 36 ppb in human breath after about 2 min 
after exposure. It has a strong absorption peak at around 3.34 µm [18,17]. 
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Formaldehyde (CH2O) is exhaled by healthy individuals at 0.3-0.6 ppm and in environmental 
circumstances it shall not exceed 300 ppb when it is a hazardous substance which may accumulate in 
the human body. Formaldehyde is a biomarker for Gastro-esophageal and breast cancer, which 
shows itself in the exhaled breath reaching concentrations of 0.45-1.2 ppm [11]. It has a very strong 
absorption peak at around 3.53 µm [7,19].  

The four substances OCS, C2H6, C2H4 and CH2O have undergone research in this report in order to 
determine their potential as breath biomarkers and they have been proven to withstand the basic 
restrictions put on biomarkers in this report. These restrictions being: Having an absorption peak in 
the 3-4 µm range, being a marker for some sort of abnormality within the human body, preferably 
be of a concentration as low as ppb to sub-ppb and testing to withstand a temperature and pressure 
change with only normal responses to the effects. This gives us four sound and suitable biomarkers 
ready for further study in breath analysis for medical use with MID-IR spectroscopy. In my personal 
opinion Carbonyl Sulfide (OCS) is the most promising substance to start with since the loss is quite 
large when a lung transplant recipient dies after rejecting its new lung, so an early detection of this 
could not only save the patient but the lung itself. 
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Appendix A: Temperature and pressure dependencies of some typical 
transitions in OCS, C2H6, C2H6 and CH2O  

Carbonyl Sulfide (OCS) 
The temperature and pressure dependencies of a typical transition in OCS at around 3.41 µm are 
shown in figs. A1 and A2. 

 

Figure A1: The absorption of 1 ppb of OCS at 3.41 µm as a function of absolute temperature for a pressure of 100 mBar and an interaction 
length of 1 cm. 

 

Figure A2: The absorption of 1 ppb of OCS detected at 3.41 µm as a function of pressure for a temperature of 296 K and an interaction 
length of 1 cm. 
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Ethane (C2H6) 
The temperature and pressure dependencies of a typical transition in C2H6 at around 3.35 µm are 
shown in figs. A3 and A4. 

 

Figure A3: The absorption of 1 ppb of C2H6 detected at 3.35 µm as a function of absolute temperature for a pressure of 100 mBar and an 
interaction length of 1 cm. 

 

Figure A4: The absorption of 1 ppb of C2H6 detected at 3.35 µm as a function of pressure for a temperature of 296 K and an interaction 
length of 1 cm. 
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Ethylene (C2H4) 
The temperature and pressure dependencies of a typical transition in C2H4 at around 3.34 µm are 
shown in figs. A5 and A6. 

 

Figure A5:  The absorption of 1 ppb of C2H4 detected at 3.34 µm as a function of absolute temperature for a pressure of 100 mBar and an 
interaction length of 1 cm. 

 

Figure A6: The absorption of 1 ppb of C2H4 detected at 3.34 µm as a function of pressure for a temperature of 296 K and an interaction 
length of 1 cm. 
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Formaldehyde (CH2O) 
The temperature and pressure dependencies of a typical transition in CH2O at around 3.596 µm are 
shown in figs. A7 and A8. 

 

Figure A7: The absorption of 1 ppb of CH20 detected at 3.596 µm as a function of absolute temperature for a pressure of 100 mBar and an 
interaction length of 1 cm. 

 

Figure A8: The absorption of 1 ppb of CH2O detected at 3.596 µm as a function of pressure for a temperature of 296 K and an interaction 
length of 1 cm.  



20 
 

Appendix B: List of references:  
 [1] T.H. Risby, S. F. S. (2006). "Current status of clinical breath analysis." 

[2] Mürtz, M. (2005). "Breath Diagnostics Using Laser Spectroscopy." 

[3] Beauchamp, J. (2011). "Inhaled today, not gone tomorrow: pharmacokinetics and enironmental 
exposure of volatiles in exhaled breath." 

[4] James D. Ingle, J. a. S. R. C. (1988). "Spectrochemical Analysis." 

[5] Hollas, J. M. (1987). "Modern Spectroscopy." 

[6] Haick, G. K. a. H. (2013). "Sensors for breath testing: From nanomaterials to comprehensive 
disease detection." 

[7] Sahay, C. W. a. P. (2009). "Breath Analysis Using Laser Spectroscopic Techniques: Breath 
Biomarkers, Spectral Fingerprints, and Detection Limits." 

[8]Brian J. Orr, Y. H. (2011). "Rapidly swept continuous-wave cavity-ringdown spectroscopy." 

[9] Foltynowicz, A. (2009). "Fiber-laser-based Noise-Immune Cavity-Enchanced Optical Heterodyne 
Molecular Spectrometry." 

[10] Terence H. Risby, F. K. T. (2010). "Current status of midinfrared quantum and interband cascade 
laser for clinical breath analysis." 

[11] Matthew R McCurdy, Y. B., Gerard Wysocki, Rafal Lewicki and Frank K Tittle (2007). "Recent 
advances of laser-spectroscopy-based techniques for applications in breath analysis." 

[12] L. Ciaffoni, R. P. a. G. A. D. R. (2011). "Laser spectroscopy on volatile sulfur compounds: 
possibilites for breath analysis." 

[13] G. Neri, A. B., S. Ipsale, G. Micali, G. Rizzo, N. Donato (2007). "Carbonyl Sulphide (COS) 
monitoring on MOS sensors for biomedical applications."  

[14] L Bennett, L. C., W Denzer, G Hancock, A D Lunn, R Peverall, S Praun and G A D Ritche (2009). "A 
chemometric study on human breath mass spectra for biomarker identification in cystic fibrosis." 

[15] The HITRAN database 2008. 

[16] Sindre Rabben Svedahl, K. S., Ellen Tufvesson, Pål R. Romundstad, Ann Kristin Sjaastad, Torgunn 
Qvenild and Björn Hilt (2012). "Inflammatory Markers in Blood and Exhaled Air after Short-Term 
Exposure to Cooking Fumes." 

[17] C Popa, M. P., S Banita, C Matei, A M Bratu and D C Dumitras (2013). "The level of ethylene 
biomarker in the renal failure of elderly patients analyzed by photoacoustic spectroscopy." 

[18] F. J. M. Harren, R. B., K. Kuiper, S. te Lintel Hekkert, P. Scheepers, R. Dekhuijzen, P. Hollander 
and D. H. Parker (1999). "On-line laser photoacoustic detection of ethene in exhaled air as biomarker 
of ultraviolet radiation damage of the human skin." 



21 
 

[19] Sacheen Kumar, J. H., Julia R. Cushnir, Patrik Spanel, David Smith and George B. Hanna (2012). 
"Selected Ion Flow Tube-MS Analysis of Headspace Vaper from Gastric Content for the diagnosis of 
Gastro-Esophageal Cancer." 

[20] Boguslaw Buszewski, M. K., Tomasz Ligor and Anton Amann (2007). "Human exhaled air 
analytics: biomarker of diseases." 

[21] Matthew R. McCurdy, Y. B., Gerard Wysocki, Frank K. Tittel (2007). "Performance of an exhaled 
nitric oxide and carbon dioxide sensor using quantum cascade laser-based integrated cavity output 
spectroscopy." 

[22] Hyun Ji Lee, M. V. P., Nosratola D. Vaziri and Donald R. Blake (2012). "Effect of Hemodyalysis 
and Diet on the Exhaled Breath Methanol Concentration in Patients With ESRD." 

  

 

 


	1. Introduction
	2. Spectroscopy
	3. Biomarkers
	3.1 Carbonyl Sulfide (OCS)
	3.2 Ethane (C2H6)
	3.3 Ethylene C2H4
	3.4 Formaldehyde (CH2O)
	3.5 Additional biomarkers

	4. Summary
	Appendix A: Temperature and pressure dependencies of some typical transitions in OCS, C2H6, C2H6 and CH2O
	Carbonyl Sulfide (OCS)
	Ethane (C2H6)
	Ethylene (C2H4)
	Formaldehyde (CH2O)

	Appendix B: List of references:

