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Abstract: Breath analysis is an attractive field of research, due to its high
potential for non-invasive medical diagnostics. Among others, laser-based
absorption spectroscopy is an excellent method for the detection of gases in
exhaled breath, because it can combine a high sensitivity with a good
selectivity, and a high temporal resolution. Here, we use a fast-scanning
continuous wave, singly-resonant Optical Parametric Oscillator (wavelength
range between 3 and 4 pm, linewidth 40 MHz, output power > 1 W,
scanning speed 100 THz/s) with Off-Axis Integrated Cavity Output
Spectroscopy for rapid and sensitive trace gas detection. Real-time, low-
ppbv detection of ethane is demonstrated in exhaled human breath during
free exhalations. Also, simultaneous, real-time multi-component gas
detection of ethane, methane and water was performed in exhaled breath
using a wide spectral coverage over 17 cm ™' in 1 second. Furthermore, real-
time detection of acetone, a molecule with a wide absorption spectrum, was
shown in exhaled breath, with a sub-second time resolution (0.4 s).
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1. Introduction

Breathing is an important process that provides our body with oxygen but also removes
carbon dioxide from the body. It is a complex process of gas exchange in the alveoli by
diffusion of gasses over the lung capillaries. Our exhaled breath consist of 15-18% O,, 4-6%
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CO,, 5% H,0, ppmv-levels of H, and CO, around 0.5-1 ppmv (parts-per-million by volume, 1
x 107°) NH;, several hundreds of ppbv (parts-per-billion by volume, 1x10™) of acetone,
methanol, ethanol, and many other volatile organic compounds (VOCs) at ppbv and pptv level
(parts-per-trillion by volume, 1x107'%) level [1]. The source of exhaled gases can be of
exogenous origin via inspiration air or the skin, via ingested foods or beverages; it can be
produced in the mouth, nose, sinuses and airways, or can come from the blood via the
alveolar-capillary junction in the lungs [1]. In general, the amount and composition of exhaled
VOCs vary per subject and within a subject over time. Especially, diseases or metabolic
disorders will change the production of VOCs. Produced locally, they are spread over the
entire body and reach the lungs via the blood circulation. Hence, breath analysis is an
attractive and promising field for diagnostics and monitoring in medicine. It is non-invasive
and safe, and allows easy sample collection, even from very sick, old people or neonates. It
provides physicians and patients with real-time results, which is important for early disease
diagnostics.

The last decade, a large amount of clinical and scientific studies are performed using
breath analysis. Nowadays, a number of fundamental problems still needs attention in breath
analysis; in particular with regard to preparation and storage of breath samples, proper real-
time breath monitoring, and correlating disease with the exhaled VOCs [2—4]. There are more
than thousand different gases found in exhaled breath [5], but only detectors for O,, CO,, CO,
H,, methane (CH,) and nitric oxide (NO) are widely used in commercial devices. Yet, there
are other known indicators that relate to a certain diseases or disorders. For example, acetone
(GC3HgO) is related to diabetes, dietary fat losses, congestive heart failure, brain seizure and
lung cancer; ethane (C,H) is related to lipid peroxidation and oxidative stress; methane is
associated with intestinal problems and colonic fermentation [5,6]. However, the detailed
formation mechanism for some of these indicators is not well understood. Hence, it is
important to quantify amount and timing of gaseous indicators in relation to a disease,
detecting their sensitivity at trace gas concentration level.

In the past, several detection methods were used for trace gas measurements in biomedical
applications, ranging from mass spectrometry [6], gas chromatography [6],
chemiluminescence [7], electronic nose [8], to different laser-based spectroscopic methods
[5,9-14]. As many molecular gases have strong absorption in the mid-IR wavelength region,
it is advantageous to use laser absorption spectroscopy; it is an excellent method for highly
sensitive and selective detection of VOCs. While a gas cell is filled with a sample gas, the
wavelength of the laser is tuned over an absorption line of the gas under investigation.
According to Lambert-Beer’s law, the transmitted laser intensity, detected on a photodetector,
depends on the absorption strength of the gas at that wavelength, the gas concentration and
the path length within the sampling cell. As each molecule has its own specific absorption
spectrum in the mid-IR wavelength region, it is possible to determine gas concentration and to
distinguish selectively molecules in a complex gas mixture.

A disadvantage of the breath analysis is that the gas composition of exhaled breath varies
within one exhalation. The actual exhaled breath consist of contributions from different parts
of the respiratory system: nose, mouth, upper/lower trachea, or the alveolar-capillary junction;
hence, the gas concentration in exhaled breath varies over time. High finesse optical cavity
methods are often used for breath studies. However, they are not always fulfilling real-time
analysis criterion [15-17], have a narrow wavelength tuning range [18], do not have a
continuous coverage of the wavelength tuning range [19], or use a low power laser source
[20]. In addition there is a spectroscopic problem, larger VOCs have many more ro-vibational
transitions than simpler molecules such as CH,. Their rotational lines are not resolved;
therefore, the spectrum is broad and structureless. Thus, a tunable laser system over a wide
wavelength range is needed to properly detect such VOCs.

Usually, laser spectroscopy deals with the detection of one molecule as function of time.
Although, there are systems which allow measuring several gases simultaneously, they are
often complex, expensive [21], and contain several laser sources [22], or have a relatively
slow wavelength tuning scheme [23]. Here we aim to overcome these issues and built, based
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on Optical Parametric Oscillator spectroscopy, a sensitive and selective trace gas detector
with a sub-second time resolution, and tunable over a wide wavelength range for
simultaneous multicomponent detection.

In our recent work [13] we have shown that fast scanning continuous wave Singly-
Resonant Optical Parametric Oscillator (SRO) incorporated with Off-Axis Integrated Cavity
Output Spectroscopy (OA-ICOS) is a powerful tool for rapid and sensitive trace gas detection.
A detection of 50 pptv of ethane (C,Hg) measured in 0.25 s. was determined [13]. The noise-
equivalent detection limit of 25 pptv/Hz'"? is found to be almost in 20 times better than the
one determined in [24] of 0.48 ppbv/Hz"”* for ethane when using OA-ICOS with an interband
cascade laser. This definitely proves the suitability of our setup to perform human exhaled
breath ethane measurements. The sensitivity of OA-ICOS is comparable to other
spectroscopic techniques such as Cavity Ring Down Spectroscopy (CRDS) and Photoacoustic
(PA) spectroscopy, known for their high-quality detection limits [5,25,26]. The advantage of
Integrated Cavity Output Spectroscopy (ICOS) is that the recording time can be much shorter
than for CRDS or PA, because it is not a resonant technique and there are no slow response
elements (such as microphones). Here, the developed setup gives us the opportunity to evolve
a real-time breath analysis system, measuring ethane during free exhalation; perform real-time
multicomponent detection of water, ethane and methane with a time resolution of 0.1 s; and
detect acetone with a time resolution of 0.4 s in exhaled human breath taking advantage of the
fast, wide spectral coverage (17 cm™ recorded in 1 s) of the OPO.

2. Experimental setup
2.1 Optical parametric oscillator Integrated Cavity Output Spectroscopy (ICOS)

The experimental setup of the SRO pumped by a fiber-amplified diode laser based ICOS is
shown in Fig. 1 and was described earlier in detail [13]. Here only a short description is given.
An 80 mW multisection Distributed Bragg Reflector (DBR) diode laser (Eagleyard Photonics)
with an output wavelength of 1082 nm seeds a 30 m long double-clad Yb-doped fiber (F),
which is pumped by a 25 W fiber-coupled 976 nm cw diode-laser bar (FP). Two isolators (not
shown) are used to prevent feedback, while a quarter-wave plate and half-wave plates (not
shown) are used for polarization control and for gauging of a total output power of up to 7.5
W. The gain section within the DBR laser is used to generate the output wavelength, while the
phase and Bragg sections are used to tune the output wavelength by applying the currents
through the resistors attached to these sections. By synchronized tuning of the phase and the
Bragg section of the DBR laser, 3 cm™' wide mode-hop-free tuning ranges can be achieved at
scanning rates of 1 kHz. Slower scanning rates will cover a wider wavelength range (e.g. 5
cm™' at 100 Hz). The effective output linewidth of the DBR laser is 40 MHz. The cw SRO
cavity consists of a four-mirror bow-tie ring design. The pump beam is focused in a quasi-
phase matched 5% MgO-doped periodically poled lithium niobate crystal (PP-MgO-LN) with
seven poling periods ranging from 28.5 to 31.5 pm. The crystal was placed in an oven capable
of maintaining temperatures from 20 °C to 200 °C with a stability of 0.02 °C. A 400 pm thick
YAG intracavity etalon (E) was inserted into the SRO cavity for the frequency stabilization.
For course wavelength generation, the appropriate crystal poling period and temperature are
chosen, after that DBR laser tuning was used for the fast mode-hop-free tuning of the output
wavelength of the OPO. The wavelength was monitored with a wavelength meter (WA-1000,
Burleigh; not shown), whereas during experiments Fabry-Perot etalon fringe pattern was used
to measure the accurate relative wavelength. Up to 1.2 W of idler output was produced, at a
pump power of 7.5 W.

For OA-ICOS, the high-finesse optical cavity (calculated finesse value F = 15700)
consists of a pair of highly reflective, 2 inch diameter, concave mirrors (R=99.98% at 3.3um,
ROC = 1 m, Nova-Wave Technology) mounted on a 60 cm long stainless steel tube (inner
diameter 40 mm) with two inlets/outlets for gas exchange. The transmitted laser intensity was
focused via a lens on the fast thermoelectrically cooled photodetector (PD) with a time
response of 20 ns (HgCdZnTe, VIGO Systems PDI-2TE-4). ICOS is more robust technique
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than the CRDS and less technically demanding. Similar to CRDS, the laser light is used to
excite high finesse cavity modes, but the technique can be used without limitations
concerning ring-down time or mode matching between the laser frequency and the free
spectral range (FSR) of the cavity. In contrast to cw CRDS, the laser light is not locked on
each cavity mode but swept over the gas absorption line. Off-axis injection of the laser beam
into the ICOS cell increases effectively the cavity length; hence, the FSR of the cavity
collapses and laser light can be coupled into the cell at many cavity modes, simultaneously. In
a successful off-axis alignment many cavity modes exist under every molecular transition
line, which decreases the mode noise [9,27,28].

DBR
- — F

ICOS cell

Fig. 1. Experimental setup of the Optical Parametric Oscillator pumped by a fiber amplified
DBR laser incorporated with ICOS setup. DBR- Distributed Bragg Reflector diode laser, F-
double clad Yb-doped fiber, FP- fiber pump diode laser bar, PP-MgO-LN- MgO-doped
periodically poled lithium niobate crystal, E- intra-cavity etalon, /COS cell- integrated cavity
output spectroscopy cell, PD- photodetector.

2.2 On-line breath measurements

Figure 2 shows the scheme of the experimental setup for real-time breath analysis. The ICOS
cell was pumped by a vacuum pump with a capacity of up to 230 ml/s (Edwards, model ESDP
30). This pump speed was chosen for a sub-second refreshing time of the cell, taking into
account the flow rate (exhaled breath, 14 1/min) and the cell volume (1 1, effective volume 200
ml at 200 mbar pressure. Using smaller cell volumes or lower pressures will result in lower
pump speeds, but can also lead to reduced sensitivities.

Lab air was supplied as a background gas in the experiments in cases where high water,
methane etc. concentrations did not influence the results. However, for precise measurements
pure nitrogen gas was used. To deliver a gas sample into the cell a mouthpiece connected to a
two-way non-rebreathing valve in T-shape configuration (Hans Rudolph inc.) was used. A
small portion of the sample went to the conventional capnograph (Capnomac Ultima, Datex
Ohmeda), which provided real-time carbon dioxide concentrations in exhaled breath.
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OPO

Detector

Vacuum pump : ICOS celi \/ n

Mouthpiece

Fig. 2. Experimental setup for the real-time breath sampling. OPO- Optical Parametric
Oscillator pumped by a fiber amplified diode laser, Vacuum pump- capacity 230 ml/s
(Edwards, model ESDP 30), ICOS cell- Integrated Cavity Output Spectroscopy cell,
Mouthpiece- mouthpiece with a two-way non-rebreathing valve in T-shape configuration
(Hans Rudolph inc.), Detector- HgCdZnTe photodetector (VIGO Systems PDI-2TE-4).

3. Results and discussion

3.1 Real-time detection of ethane in exhaled breath

Rapid and sensitive trace gas detection was performed by measuring ethane in exhaled human
breath. Figure 3(a) shows the 200 mbar broadened spectra for 1 ppbv ethane and 2% water
using HITRAN 2008 database [29] in the wavelength range between 2970 cm™' and 3005
cm™'; the wavelength region around 2997 cm™" was used for C,H, detection, because it is free
of H,O interference. Figure 3(b) represents the same data in the range of 2996.4 cm™ to
2997.6 cm™' adding 5% carbon dioxide and 1.7 ppmv methane. The figure shows that ethane
is spectroscopically well separated from the other gases, which are present at high
concentrations in exhaled breath.
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Fig. 3. Simulated spectra at a pressure of 200 mbar based on HITRAN 2008 database [17] for:
(Panel a) 2% water (black solid line) and 1 ppbv ethane (blue dotted line) in the wavelength
range 2970-3005 cm™'; (Panel b) 2% water (black solid line, left vertical scale), 1 ppbv ethane
(blue dotted line, left vertical scale), 1.7 ppmv methane (green dashed line, left vertical scale)
and 5% carbon dioxide (red dot-dashed line, right vertical scale) in the wavelength range
2996.4-2997.6 cm™. Figure insertion shows etalon fringe pattern with free spectral range of 10
GHz for the fine wavelength tracking during long-term measurements.

Received 8 Sep 2011; revised 15 Oct 2011; accepted 30 Oct 2011; published 11 Nov 2011
21 November 2011/ Vol. 19, No. 24 / OPTICS EXPRESS 24083



Although the absorption cross section of ethane is much higher than that of methane at
2996.9 cm™', methane is present in the atmosphere at a relatively high concentration of 1.7
ppmv [30]; Fig. 3(b) indicates that absorption coefficients of 1 ppbv ethane and 1.7 ppmv
methane are nearly equal at this wavelength. This shows that for precise measurements during
long-term experiments the wavelength has to be controlled. However, the wavemeter
(Wavemeter WA-1000 has a speed of 1 Hz) cannot follow the high scanning speeds, up to
100 THz/s, of the OPO [31]. Therefore, we measured the relative wavelength by tracking an
etalon fringe pattern (see insertion in Fig. 3(b)); a 1.5 cm long, air-spaced etalon with a free
spectral range of 10 GHz was used for this.

Real-time breath sampling of ethane was performed over the ethane absorption line at
2996.9 cm™' (Fig. 3(b)) during free exhalation in multiple breaths. It is known that air contains
ethane at a concentration level typically of between 1 and 10 ppbv [24]. Our lab air, which
was used as background gas, contained ethane concentrations around 6 ppbv at the time of the
measurements. Ethane data were taken at a laser scanning rate of 1 kHz over the absorption
line and averaged over 256 scans. This resulted in a sampling time of 0.25 seconds. Figure
4(a) represents the dynamics of ethane (black solid line, left vertical scale) and carbon dioxide
(red dotted line, right vertical scale) concentrations for a non-smoking subject. No difference
was found in the ethane concentration between air and exhaled breath. Figure 4(b) shows
similar measurements for a person half an hour after he smoked a cigarette. Here, the exhaled
breath contained ethane at a concentration level of 11 ppbv, 5 ppbv higher than the
background ethane concentration. That higher concentrations can be found is breath is seen in
Fig. 5, the exhaled breath of a smoker is showed over a period of 35 minutes, directly after
smoking a sigarette; even after 40 minutes an elevated level of ethane is present in exhaled
breath.
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Fig. 4. Concentration dynamics of ethane during free exhalation in multiple breaths (black
solid line, left vertical scale, measured with OPO based OA-ICOS) and carbon dioxide (red
dotted line, right vertical scale, measured with capnograph (Capnomac Ultima, Datex
Ohmeda): (Panel 4a) non-smoking subject, (Panel 4b) smoking subject half an hour after a
cigarette was smoked.
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Fig. 5. Long-term measurements of ethane, exhaled by a smoking subject. Every dot
corresponds to a concentration in a single, free exhalation. The blue solid line is an exponential
fit of the experimental data. Dashed line at the bottom of the figure shows the level of ethane in
air during measurements. Zero time corresponds to the moment when the last cigarette was
smoked.

3.2 Real-time multi-component gas detection in exhaled breath

Using a spectral region within one mode-hop-free tuning range of the laser, containing
absorption spectra of several gases, allows detection of multiple gases at high temporal
resolution. Here, the spectroscopic range around 2997 cm™' was used for simultaneous
detection of ethane, methane and water in exhaled breath. Figure 6 represents the calculated
spectra of these gases at this wavelength region. Experimentally, ethane (blue dotted line) was
measured at the top of the 2996.9 cm™' line, methane (green dashed line) at the top of the
2997 cm ™' and water (black solid line) at the top of the 2997.5 cm™" line. Figure 7 shows the
real-time measurements of concentration of C,Hg (blue dotted line), CH, (green dashed line),
H,O (black solid line) and CO, (red dash-dotted line) during free exhalation of three different
subjects (panel a, b and c) at a time resolution of 0.13 s (256 scan averages at a 2 kHz
repetition rate). Figure 7(a) shows the elevated level of ethane and methane in exhaled breath
of the first subject, while Fig. 7(b) shows only the high level of methane for the second
subject, and Fig. 7(c)- neither methane, nor ethane in exhaled breath of the third subject.
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— =CH, (1.7 ppmv)
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Fig. 6. Calculated spectra for water 2% (black solid line), ethane 1 ppbv (blue dotted line) and
methane 1.7 ppmv (green dashed line) in the wavelength range between 2996.7 and 2997.9
cm™ at a pressure of 200 mbar.
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Fig. 7. Real-time multicomponent detection of water (black solid line), methane (green dashed
line), carbon dioxide (red dash-dotted line) and ethane (blue dotted line) during free exhalation
for three different persons: The first person (Panel 7a) shows elevated levels for both methane
and ethane, while the second person (Panel 7b) shows only elevated level of methane, and
person three (Panel 7c) shows neither elevated levels for methane nor ethane.

3.3 Combining fast detection with a wide spectral coverage

Often, interesting absorption lines of different gases are found to be spectroscopically far
from each other. Since the typical tuning range of narrowband laser sources is limited, a
multi-component gas measurement is either not possible, or requires additional time to change
the wavelength (e.g. by temperature), in order to detect another gas compound. In our setup,
apart from a (maximum) 5 cm™' mode-hop-free tuning range of the multi-section DBR laser,
an overall 16.5 cm™ tuning range, including mode hops, can be achieved [32]. By varying the
current offsets of Bragg and phase section in the pump DBR diode laser mode hops in the
pump laser can be avoided up to a tuning range of 5 cm ™', a pump mode hop will induce a
mode hop in the signal frequency and thus in the idler frequency. By scanning the pump laser
at higher frequencies the total tuning range is considerably reduced to 2 cm™', the thermal
expansion and thermal capacity in the phase and Bragg section is limiting this.

In contrast to the wide tuning range, with mode hops, shown earlier [32], in which a scan
of 16.5 cm™" was recorded in 2 min, we demonstrate here a quasi-mode-hope-free tuning over
17 em™" (2947-2964 cm™') in just 1 s (Fig. 8). The recorded spectrum consists of eight mode-
hop-free regions of about 2 cm™' width, which were merged together creating wide spectral
coverage. Each of eight segments in Fig. 8(b) represents the result of a 128 averages recorded
at a 1-kHz scanning rate of the laser each with a recording time of 0.13 s, and with a total
recording time of 1 s for the complete 17 cm™ wide spectrum. This spectrum (Fig. 8(b)) is
found to be in good agreement with the simulated spectrum using the HITRAN 2008 database
[29], for a mixture of 1% water and 2 ppmv methane (Fig. 8(a)).
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Fig. 8. (Panel a) Simulated spectra for 1% water (black solid line) and 2 ppmv methane (green
dashed line) in the wavelength range between 2947 and 2964 cm™. (Panel b) A 17 cm™ long
recorded spectrum of air in 1 s. The spectrum consists of eight mode-hop-free regions of about
2 cm™ width. Each of eight mode-hop-free regions represents the result of 128 averages at a 1-
kHz scanning rate and corresponds to certain current offsets for the Bragg and phase sections
of the DBR laser. The recorded spectrum is found to be also in good agreement with the
simulated spectrum shown on Fig. 8(a).

3.4 Detection of acetone

It is generally known that larger molecules have broad absorption features, due to large
amount of vibrational transitions and closely spaced rotational lines. It is, therefore, a
challenge to measure larger VOCs with narrowband laser absorption spectroscopy. On the
other hand, broadband laser spectroscopy does not yield a high sensitivity and high spectral
resolution and can, therefore, hardly applied for breath analysis. Here, we demonstrated that a
wide spectrum can be recorded in 1 s time scale. This opens the possibility to detect larger
molecules such as acetone with a high spectral and time resolution. Figure 9 shows the
simulated spectra for water, methane and acetone in the 2969-2972 cm™' wavelength region at
50 and 500 mbar, using the HITRAN 2008 [29] and PNNL [33] databases. Applying lower
pressures in the detection cell will reduce the spectral interference of acetone with water, but
consequently it reduces also the detection limit, because the absorption depends
proportionally on the amount of acetone molecules present (i.e. pressure).
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Fig. 9. Simulated spectra for 2% water (black solid line), 1 ppmv acetone (blue dotted line) and
1.7 ppmv methane (green dashed line) in the 2966-2974 cm™ wavelength range for 50 mbar
pressure (Panel a) and 500 mbar pressure (Panel b).

Figure 10 shows a real-time scan detecting acetone in exhaled breath in the wavelength
range between 2967 cm™' and 2973 cm™'. Figure 10(a) represents spectra of lab air (upper
blue line) and exhaled air (bottom red line). The result of subtraction of the exhaled breath
spectrum from lab air is shown in Fig. 10(b), as the red line shows the fit with a Voigt profile.
The wide absorption feature in the figure belongs to acetone, while other thinner lines are
mostly water and methane lines. A scanning rate of the OPO of 1 kHz was used for these
measurements. The total scan consists of three mode-hop-free regions. The data shown are the
result of 128 scan averages for each of three mode-hop-free regions with a total recording
time of 0.4 s.
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Fig. 10. Real-time measurements of acetone in exhaled human breath. Panel a: Upper blue line
indicates a spectrum of lab air, the lower, red line shows exhaled human breath. Panel b: Black
line represents the result of subtraction of both lines from panel a. The red curve is the fit with
a Voigt profile of the spectrum.
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The acetone concentration in the exhaled breath was measured to be 1 ppmv, based on
performed calibration measurements (not shown), which leads to a detection limit of acetone
of 100 ppbv. This detection limit can be improved by using a detector with better signal to
noise ratio than the one we used during our experiments (HgCdZnTe, VIGO Systems PDI-
2TE-4). Since typical adult exhaled breath concentrations are around 600 ppb [34], the
equipment can be used for the real-time measurements of acetone in exhaled breath.

4. Conclusions

The cw OPO offers high power (>1 W), narrow linewidth and wide wavelength coverage in
the wavelength range between 3 and 4 pm, where many molecules have strong absorption
lines. Compared with other sources of coherent radiation in the mid-IR, such as quantum
cascade lasers and difference frequency generation (low output power of mW or even pW
range), it is able to perform an excellent sensitivity for these gasses. This makes the OPO an
attractive source for the laser-based absorption spectroscopy. In addition, OA-ICOS is a
robust technique, insensitive for temperature fluctuations and mechanical vibrations and
provides a sensitivity comparable to other techniques such as CRDS and PA. Furthermore,
one of its biggest advantages is that the recording time depends only on the laser scanning
speed, which can be as fast as 1 ms or less, for a single scan over a few cm . Here, we have
demonstrated that the combination of OPO and OA-ICOS is powerful for rapid and sensitive
trace gas detection. It allowed real-time detection of ethane in exhaled human breath at low-
pppbv level. Simultaneous multi-component gas detection of ethane, methane and water was
performed in exhaled breath in real time at a time resolution of 0.1 s. Wide spectral coverage
was recorded over 17 cm™' in 1 second, which resulted in the detection of acetone in exhaled
breath at sub-second time resolution (0.4 s). A noteworthy feature is the ability to perform
real-time multicomponent trace gas detection in exhaled human breath even for larger VOCs,
which is an important step forward in breath analysis.
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