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ABSTRACT A liquid-nitrogen free mid-infrared tunable diode
laser absorption spectroscopy (TDLAS) system equipped with
a folded-optical-path astigmatic Herriott cell was used to meas-
ure levels of exhaled nitric oxide (eNO) and exhaled carbon
dioxide (eCO») in breath. Quantification of absolute eNO con-
centrations was performed using NO/CO; absorption ratios
measured by the TDLAS system coupled with absolute eCO»
concentrations measured with a non-dispersive infrared sen-
sor. This technique eliminated the need for routine calibrations
using standard cylinder gases. The TDLAS system was used to
measure eNO in children and adults (n = 799, ages 5 to 64) over
aperiod of more than one year as part of a field study. Volunteers
for the study self-reported data including age, height, weight,
and health status. The resulting data were used to assess sys-
tem performance and to generate eNO and eCO; distributions,
which were found to be log-normal and Gaussian, respectively.
There were statistically significant differences in mean eNO lev-
els for males and females as well as for healthy and steroid
naive asthmatic volunteers not taking corticosteroid therapies.
Ambient NO levels affected measured eNO concentrations only
slightly, but this effect was not statistically significant.

PACS 33.20.Ea; 42.62.Be; 82.80.Gk; 87.80.-g

1 Introduction

Recent clinical research has established a firm link
between high levels of exhaled nitric oxide (eNO) and air-
way inflammation [1]. This link is significant for a number of
reasons. First, it provides a noninvasive clinical test to assess
lower airway inflammation, a chronic condition in asthmatic
patients. Second, eNO measurements can be used to monitor
the effectiveness of anti-inflammatory therapies (i.e., inhaled
corticosteroids), as well as treatment compliance as it is well
established that eNO values fall when people with asthma
are properly treated [2]. The United States Food and Drug
Administration (USFDA) approved measurement of eNO for
monitoring anti-inflammatory therapy prescribed for asthma
in 2003. Spirometric tests measure only mechanical aspects
of airway health rather than a chemical biomarker associated
with the underlying disease, airway inflammation.
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Chemiluminescence is presently the most widely used
technique to measure eNO in children and adults. This method
detects NO by its reaction with ozone to produce NO;, and
light, where the light is measured with a photomultiplier
tube. As with most laboratory analytical techniques, com-
mercially available chemiluminescence instruments require
frequent calibration. Calibration is accomplished using a stan-
dard gas sample having a known NO concentration (typic-
ally 200+ 20ppb), and is recommended every two weeks,
when the instrument is moved, after re-powering and fol-
lowing significant ambient temperature changes. Emerging
technologies, including electrochemical sensors (for example
Aerocrine’s Mino ) and chemically reactive substrates (Ap-
eron Biosystems’ Sol Gel technology), offer the promise of
inexpensive eNO breath measurements. These technologies,
however, are not capable of real-time detection and can re-
quire more than one minute to obtain results. It remains un-
clear if such technologies will be capable of adequate breath
collection standardization in terms of regulating exhalation
flow rates, eliminating affects of ambient NO, and discarding
NO originating from the nasal cavity across large populations
in order to achieve clinically useful results.

Laser spectroscopic techniques for breath analysis have
been used to measure a number of clinically relevant biomark-
ers including exhaled ammonia to monitor renal dialysis [3],
exhaled ethane for assessing oxidative stress and expo-
sure [4,5], and eNO for evaluating lower airway inflamma-
tion [6—9]. There are a number of additional biomarkers in
expired breath suitable for laser spectroscopy and include
formaldehyde, acetaldehyde, carbonyl sulfide, and carbon
disulfide as indicators for breast cancer [10], lung cancer [11],
organ rejection [12], and schizophrenia [13], respectively. The
work reported here focuses on the development of a tunable
diode laser absorption spectroscopy (TDLAS) sensor for rou-
tine measurement of eNO. TDLAS in the mid-infrared region
( 5.2um) of the electromagnetic spectrum where strong
fundamental absorption bands for NO reside is particularly
well suited for eNO measurement because NO and CO, can
be measured during the same laser scan (effectively simul-
taneously). The advantages of this technique are discussed
below.

In previous publications, we have described the develop-
ment of a TDLAS technique that can be used to measure NO
and CO, simultaneously in exhaled breath [6, 7]. It was shown



428 Applied Physics B — Lasers and Optics

that the patient’s own CO, could serve as an internal cali-
brant gas for the TDLAS sensor, thus eliminating frequent
calibrations with standard cylinder gases and removing po-
tential systematic errors. Visual inspection of the measured
exhaled CO, trend with the TDLAS sensor can be used to con-
firm proper breath sample collection. In addition, CO, levels
measured simultaneously with NO can alert the instrument
operator to potential anomalies in the operation of the TDLAS
sensor. The importance of this point cannot be overstated.
Aldeen and coworkers examined side-by-side comparisons of
two commercially available chemiluminescence instruments
over a 3.5-month period on an individual with no known lung
disease [14]. On two occasions, they noted significant meas-
urement deviations of eNO levels from baseline values up to
150% due to issues with the instrumentation. These deviations
occurred with no identifiable problems with the subject and
repeated calibrations did not resolve the measurement errors.
They concluded that biologic controls (i.e., measurement of
an individual with a known baseline eNO level) could be used
to detect problems due to a lack of measurable metrics internal
to the chemiluminescence sensors.

TDLAS, to date, has not been widely utilized as a tool
for breath analysis, and issues regarding performance in the
field and in a clinical setting remain unknown. This paper
describes the use of a liquid-nitrogen-free TDLAS system,
termed the Breathmeter™, for measurement of eNO in chil-
dren and adults as part of a large clinical field study. Analytical
methods used to calibrate the TDLAS sensor internally using
measured NO/ CO, absorption ratios coupled with absolute
concentrations of exhaled CO, measured with a NDIR-CO,
sensor are covered. The results of a study in which using the
TDLAS sensor successfully measured eNO from 769 volun-
teers are given along with a discussion of sensor performance
in terms of accuracy and precision. Additionally, a brief dis-
cussion of future development plans for reducing the size and
cost of the TDLAS sensor are provided.

2 Experimental setup and procedures
2.1 System overview

In this study, eNO breath analysis is based on high-
resolution absorption spectroscopy using a single-mode mid-
infrared diode laser operating near 5.2 pum. The experimental
setup is shown in Fig. 1. The cold head within the cryo-
stat housing contains a IV-VI (Pb-salt) semiconductor tunable
diode laser source, an infrared HgCdTe photovoltaic detec-
tor, a foil heater, and a temperature sensor. The present sys-
tem employs a closed-cycle refrigerator system (Helix IGC
Polycold, Petaluma, CA) that continuously cools the diode
laser and detector to cryogenic temperatures (> 80 K) with
no need for liquid nitrogen. An auto-tuning temperature con-
troller (LakeShore, Westerville, OH) is used to maintain laser
temperatures at set points between 85 and 110 K with an accu-
racy of 0.01 K.

The output laser beam is collimated with a f/ 1 off-axis-
parabolic mirror and focused with a plano-concave mirror
(Janos, Townshend, VT) into the pressure controlled Herriott
cell (Aerodyne, Billerica, MA) with a 36 m optical path length
and a 0.3-liter volume. Upon exiting the cell, the transmitted
beam is then collected and focused onto the infrared detec-

Pressure
Gauge

Herriott Multipass Cell (36 meter)

Mirrors

Diaphragm Pump

OAP Mirror

Laser
Beam

Diode Laser Lens

Cold-Head

Cryostat
TDL Controller A;o;;;ti:re
Breath Collection T Curren:/
Device emperature

Trigger
Signals '

Waveform External PC

Generators ®— (Data Acquisition)

FIGURE 1 System schematic of the TDLAS sensor designed to measure
eNO and eCO;. Major components include a cryostat, Herriott multipass cell,
electronics, and an integrated breath collection apparatus

tor by an f/ 1.5 aspheric lens. Absorption spectra are obtained
by sweeping the laser wavelength over absorption features of
NO and CO; using a 100-Hz sawtooth tuning waveform (spe-
cific NO and CO, spectral regions measured are discussed in
greater detail below). An ac modulation current (42 kHz tri-
angle waveform) is superimposed onto the 100 Hz sweep sig-
nal to modulate the laser emission wavelength for the purpose
of harmonic detection. Both waveforms are generated using
standard function generators (Stanford Research Systems,
Sunnyvale, CA) and fed into the laser current controller (New-
port, Irvine, CA). The photo-detector signal is pre-amplified
(Fermionics, Simi Valley, CA) prior to being sampled at twice
the modulation frequency by a DSP lock-in amplifier (Stan-
ford Research Systems, Sunnyvale, CA). The 2nd harmonic
(2 ) absorption signal from the output of the lock-in ampli-
fier is sampled using a data acquisition card (National In-
struments, Austin, TX) with 12-bits of resolution. The digital
TTL trigger signal from the sawtooth ramp function genera-
tor is used to start each acquisition and acquire 500-points per
laser scan. The computer stores individual laser scans and per-
forms a running coverage of 75 sequential scans to improve
signal-to-noise ratios. Control of all electronics, signal acqui-
sition, and data analysis is provided through a LabView-based
graphical user interface software program using RS-232 com-
munications, GPIB, and a PCI bus.

Slight thermal variations of the laser can cause wavelength
drift of the absorption spectra in respect to the injection cur-
rent. In lieu of an acquired reference arm signal using a second
gas cell and detector, an H,O absorption line with an unam-
biguous peak is used to align the acquired spectra in memory
prior to averaging. For large spectral drifts, the laser wave-
length is corrected by adjusting the laser current.

An oil-free diaphragm pump (Vaccuubrand, Essex, CT)
and an integrated gas flow controller (+ 0.05L min®' accu-
racy, Alicat Scientific, Tucson, AZ) were used to maintain
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FIGURE 2 Schematic diagram of the breath collection apparatus consisting

of a biologic mouthpiece, custom T-piece equipped with two one-way flut-
ter valves, mass flow controllers, and two flow paths. A NDIR-CO; sensor is
placed in one path to quantify exhaled CO, concentrations

a gas cell pressure of 5.85 kPa (45 Torr) and a constant flow
of 1.0 standard liters per minute (slpm, at standard tempera-
ture and pressure of 296 K and 1 atm). A pressure transducer
(MKS Instrument, Andover, MA) was used to measure the
pressure inside the gas cell. Teflon tubing was used for all
connections in the gas sampling system. For collection of
breath to measure eNO, the American Thoracic Society (ATS)
recommends a constant exhalation flow rate of 3 slpm at an ex-
halation pressure of 5 to 20 cm H,O or 0.5 to 2 kPa [15]. In
order to meet this requirement, a second path is provided via
an additional flow controller set at2 slpm and a second smaller
pump to induce flow, see Fig. 2. Along the second path, abso-
Iute exhaled CO, concentrations are measured using an inline
NDIR-CO, sensor (Conspec Control, Charleroi, PA).

2.2 Spectral region

Candidate NO and CO, absorption features for the
analysis of exhaled breath samples were identified with the
aid of spectral line positions in the HITRAN database [16],
such that NO and CO, absorptions features were sufficiently
close in proximity to be measured using a single laser scan
and without interference from each other or other molecu-
lar species. According to the HITRAN database, fundamental
absorption lines for NO are located between 1820 cm®! and
1920cm®! (5.2 wm). Four candidate line pairs have been
identified for NO and CO,, and they are in the vicinity of
1900.5cm®!, 1912.1cm®!, 1912.8 cm®!, and 1915.0cm>".
Each identified spectral region contained a strong NO line(s)
(> 1052° cm molecule®! line strength), at least one weak CO,
line (around 10525 cmmolecule®!), and one strong CO, or
H,O0 line (> 1023 cm molecule®!) with an unambiguous ab-
sorption feature for spectral alignment purposes, where all
lines are in the vicinity of each other (< 0.2cm®>!) without
overlapping. Here, we describe results obtained using the NO
and CO, line pair at 1914.98 cm®! and 1915.54 cm®S!, respec-
tively. Figure 3 shows measured second harmonic absorption
spectra for a non-asthmatic breath sample in the 1915 cm®!
region and the corresponding HITRAN line positions and in-
tensities. The strong H,O line at 1915.19 cm®! was used for
spectral centering in this example.

2.3 Singlebreath collection and measurements

In this study, the single breath on-line measure-
ment method was used according to the recommendations of
the ATS for measurement of eNO [15]. A disposable anti-
bacterial mouthpiece is connected to one port of a custom
designed T-piece (see Fig. 2). The three ports of the T-piece
consist of two one-way flutter valves and a barbed adapter
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FIGURE 3 (Upper plot) Laser absorption spectrum in the 1915 emS! spec-

tral range of an exhaled breath sample from a non-asthmatic volunteer where
the eNO absorption feature is magnified by a factor of 20. The H>O absorp-
tion feature is used to align spectra and maintain laser wavelengths. (Lower
plot) The corresponding HITRAN-96 lines were used to identify molecular
absorption features

connected to 1/4 Teflon tubing. The first flutter valve pre-
vents inhalation through the mouthpiece and the second flutter
valve opens in the event of negative pressure buildup, for
example if a subject blocks the induced gas flow during exha-
lation. This is a safety feature designed to prevent the pump
from sucking a subject’s tongue or lip into the mouthpiece.
Teflon tubing connects the T-piece to the breath collection
apparatus.

Volunteers were instructed to exhale with a force greater
than 5 cm H,O (> 0.5 kPa) for a period of not less than 10-s
and not more then 15-s. The resulting resistance against ex-
halation and the associated back pressure in the upper air-
way was monitored by using integrated pressure transducers
within the input port of the mass flow controllers. The ex-
halation pressure was displayed on the computer screen dur-
ing testing in order to provide feedback to the patient and
instrument operator. For each volunteer, three breath sam-
ples were collected and analyzed. Institutional Review Board
approval for human subjects research was obtained through
Western IRB (Olympia, WA), and each volunteer (or parent or
guardian) signed a consent form prior to breath donation.

The upper two plots of Fig. 4 show absorption trends for
eNO and eCO; over a single exhalation measured using the
TDLAS sensor, and the lower plot shows the corresponding
absolute eCO, concentration, as measured using the NDIR-
CO, sensor. It should be noted that the absolute CO, concen-
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range, which are not resolvable mainly due to the finite instru-
ment resolution ( 0.002 cm>1).

The ratio of eNO to etCO, peak intensity at the time of
breath testing is compared with the ratio of these molecules
when calibrated at known concentrations (references), which
were previously measured at the same conditions in terms
of temperature, pressure, and modulation amplitude. This
method is introduced to cancel out all spectroscopic parame-
ters and to improve the absorption cross section ratio as used
in our previous works [6, 7]. During routine breath testing, the
method only needs the absorption peak intensities, which is
sufficient to calculate the eNO concentration. Using (1), the
ratio of two gas mixtures of NO and CO,, one with known
concentrations (ref) in a gas mixture can be shown as:

Cno _ o, Ano 5)
Cco, No Aco,
and
CeefNOo _  refco, ArefNo ©)
Cretco, refNO  Arefco,
Then the ratio of (5) to (6) is:
CnoCretno €Oy refco,  ANO AretNO

= . (N
Cco,Creico, NO refNO Aco, Arefco,
Since remains unchanged for each gas molecule, and con-

sidering (2)—(4) above, (7) can be simplified as:

Vrefco, CrefNo }
Vietno Cretco,

VNo

Vco,

Crno = [ Cco, » (8)
where Vno, Vco, and Viemno, Viefco, represent the measured
2 f absorption signal magnitudes (in volts) for NO and CO, in
the breath sample and the signal magnitudes in a reference gas
of concentrations Crerno and Crerco, , respectively. The signal
to concentration ratio can be related to the absorption cross
section () as:

Vretco,! Cretco, 1efCO,

= . ©))

refNO

Vretno! CrefNo

In fact, the numerator and denominator in the right-hand side
of (9) represent the slopes of the linear calibration curves of
CO; and NO, respectively. This ratio provides a constant num-
ber for a pair of selected NO and CO, molecular absorption
lines at certain wavelengths stated in the previous section. At
the same experimental conditions, such as gas partial pres-
sure, temperature, and modulation amplitude, a variation in
the optical power does not change the ratio number. Equation
(9) can be rewritten as:

VNo
Vco,

Cco, - (10)

slope of CO; cal curve
Cno =

slope of NO cal curve

To calibrate the system using calibration curves, a mixture of
different but known concentrations of CO;, and NO (from zero
to 5% CO; and from zero to 200 ppb NO) using a combina-
tion of two precise mass flow controllers is sent to a mixing
chamber prior to the gas cell. During calibration, the TDLAS

remains under the same system conditions as when breath
testing. The procedure is repeated at least 10 times through-
out the day; the average of the slopes of the calibration curves
for each molecule is calculated and inserted in (10). In meas-
uring the absorption cross sections ratio, the ratio changes
slightly after each iteration, mainly due to slight variation in
gas dilution/ mixing, and system background noise/ fringes.
The uncertainty of ratio over the ten calibration procedures
was = 0.12% (1 ) for this work. The absolute concentration of
CO; (Cco,) is determined by the NDIR sensor. Once this pro-
cedure is complete, there is no need to re-calibrate in the field
using standard gases.

At the present time we apply the peak-to-peak voltage
of the 2 f signals to determine the absorption magnitudes,
which limits the minimum detectable concentration of NO to
the peak-to-peak spectral noise corresponding to  10-ppb.
Least squares fitting of the absorption features for NO and
CO; using a reference spectrum (as described in [6]) has been
found to improve the minimum detection limit to near 2-ppb.
However, the lack of a reference arm makes this technique
prone to error with changing laser tuning characteristics over
time, such that the line positions of NO and CO, change with
respect the reference H,O line used to align the spectra be-
fore coverage. Future work is needed to develop methods of
accurate line centering of absorption features near the detec-
tion limit without significantly increasing instrument costs
and complexities by the addition of a wavelength reference
arm in the optical beam path.

3 Results of field study using the breathmeter

The TDLAS instrument, referred to as the Breath-
meter, was used to measure the breath of 799 individuals over
a period of more than one year ranging between September
28t 2004 and November 23, 2005. Out of the 799 individuals
tested, 769 of the tests were considered valid (a 96% success
rate) in that two or more breath samples were successfully
analyzed. Of the non-valid tests, some were due to software
errors, but the majority were due to the volunteers’ inability
to donate breath properly according the procedures outlined
above. Measurement of eCO; using both the NDIR sensor and
the signal from the mid-IR laser absorption spectrum allowed
for easy identification of valid and non-valid breath sam-
ple measurements. Volunteers were recruited from asthma
screening events, health fairs, elementary and middle schools,
two medical clinics, and from various visitors to the labora-
tory. A breakdown of the sample population by race and age is
given in Table 1. Nurses, respiratory therapists, or instrument
technicians operated the TDLAS system, entered patient data
into the database, and explained the procedures for providing
breath samples to the volunteers. Each volunteer was asked to
give information regarding age, height, weight, gender, eth-
nicity, race, smoking status, health status regarding a prior
diagnosis of asthma and related symptoms, and if applicable,
the use of prescribed asthma medications (i.e., inhaled cor-
ticosteroids, rescue inhalers, etc.). A non-identifiable subject
number was assigned to each volunteer and used to store the
breath analysis measurement and self-reported data. Statis-
tical differences in means between groups (i.e., mean eNO
values for females vs. males) were determined using a t-test
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FIGURE 10 Bar chart of measured percentiles from the 10th to the 90th of
eNO from the study reported in [20] and the work reported here. Both pop-
ulations consisted of healthy individuals not reporting any lung disease or
symptoms

Healthy females had a mean eNO concentration of 19.7 +
7.9 ppb (n= 196) for aNO levels less than 20-ppb (12.6+
3.4 ppb) and a mean eNO concentration of 21.1+ 7.8 (n = 40)
when aNO was > 20-ppb (30.9+ 12.1 ppb). Healthy males
had a mean eNO concentration of 22.8 = 11.9 (n = 128) with
aNO < 20-ppb (12.6 % 3.7 ppb) and a mean eNO concentra-
tion of 24.4+ 10.3 ppb (n = 47) with aNO > 20-ppb (33.1+
18.0 ppb). Regardless of aNO concentration, there was no sig-
nificant difference in mean eNO values for healthy females
(p= 0.31) or healthy males (p= 0.21).

Examination of published literature suggests a close
agreement in measured eNO levels in the healthy population
reported here and reported elsewhere. Olin and coworkers
published results of eNO concentrations measured from 1187
randomly selected non-smoking volunteers without respira-
tory symptoms using a chemiluminescence analyzer (Aero-
crine’s NIOX ) with an exhalation flow rate of 50 mL/ s [20].
Figure 10 shows a comparison of the 10th through the 90th
percentiles of the results obtained in this work using a TDLAS
system (the Breathmeter) to the results published by Olin and
coworkers [20]. A linear regression shows a strong correla-
tion between the results (r2 = 0.99), however, the Breathmeter
measured, on average, an eNO concentration of 3.1+ 0.4 ppb
higher. A side-by-side instrument comparison using the same
standard NO calibration gas would be required to determine
if there exists any real differences in absolute measured eNO
concentrations.

To reduce the size, weight, and the complexity of the TD-
LAS sensor presented here, the most current version of the in-
strument incorporates a Stirling engine in place of the closed-
cycle cryogenic refrigerator unit. Figure 11 shows a 3-D ren-
dering of the new optical platform including the 36-meter
astigmatic Herriott cell, laser and detector housing with Stir-
ling cooler, and assorted optical components described pre-
viously. The dimensions of the optical platform are 55 cm x
60 cm (length x width). Coupling the system with custom
developed electronics for data acquisition, lock-in detection,
spectral analysis, and laser control tailored for laser spectro-
scopic absorption spectroscopy will further improve perform-
ance and reduce cost and size.

FIGURE 11 A 3-D rendering of the next generation Breathmeter TDLAS
system incorporating the use of a Stirling engine to provide cryogenic cool-
ing for the laser and the detector in the vacuum tight housing. Also depicted
are the various optics and 36-m Herriott cell. The red line represents the laser
beam path. The length of the Herriott cell and the total height are both about
30cm

4 Conclusion

Measurement of eNO concentrations in expired
breath were performed across a diverse population of 769
volunteers, both children and adults. The TDLAS instru-
ment operated without liquid nitrogen and without the need
for routine calibration using standard gases. Precisions and
accuracies determined in the laboratory were 2.8-ppb and
3.8-ppb (1 ), respectively. Analysis of collected breath data
showed a mean replicate precision of 1.7+ 1.89 ppb and
a mode of 0.91 ppb. Measured eNO levels were log-normal
and indicated a statistically significant difference in mean
eNO concentrations between healthy males and females.
Ambient NO levels did not significantly affect measured
eNO levels, but further investigations regarding this issue
are required. Additional collection and analysis of data to
help understand the affects of age, height, weight and race
on mean eNO levels are ongoing and will be published
elsewhere.
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