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Abstract. Exhaled nitric oxide �NO� is an important biomarker in
asthma and other respiratory disorders. The optical performance of a
NO/CO2 sensor employing integrated cavity output spectroscopy
�ICOS� with a quantum cascade laser operating at 5.22 �m capable
of real-time NO and CO2 measurements in a single breath cycle is
reported. A NO noise-equivalent concentration of 0.4 ppb within a
1-sec integration time is achieved. The off-axis ICOS sensor perfor-
mance is compared to a chemiluminescent NO analyzer and a non-
dispersive infrared �NDIR� CO2 absorption capnograph. Differences
between the gas analyzers are assessed by the Bland-Altman method
to estimate the expected variability between the gas sensors. The off-
axis ICOS sensor measurements are in good agreement with the data
acquired with the two commercial gas analyzers. This work demon-
strates the performance characteristics and merits of mid-infrared
spectroscopy for exhaled breath analysis. © 2007 Society of Photo-Optical In-
strumentation Engineers. �DOI: 10.1117/1.2747608�
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Introduction
he presence of endogenous nitric oxide �NO� in exhaled
reath of humans and animals was first reported in 1991.1

ince then, with more than 1000 publications in the field, it is
ecoming increasingly apparent that measurements of exhaled
O constitute a new way to monitor the inflammatory status

n respiratory disorders, such as asthma and other pulmonary
onditions. Exhaled nitric oxide as a measure of inflammation
s suggested as providing the best combination of disease
valuation and practical implementation for improved asthma
utcomes.2 Exhaled nitric oxide has been successfully em-
loyed in chronic asthma treatment monitoring to reduce the
ose of inhaled corticosteroids, which have serious side ef-
ects, without compromising asthma control.3 In treating
sthma, which affects 19 million Americans, exhaled NO may
oon be incorporated into routine clinical care.4

Exhaled NO concentrations from the lower respiratory
ract exhibit significant expiratory flow rate dependence.5 Be-
ause of this, exhaled NO is commonly collected using a
ingle breath maneuver at a constant exhalation flow rate.
xhaled NO sharply rises and reaches a plateau, which can
ave a positive, negative, or near-zero slope. The plateau con-
entration is defined as the average concentration over a 3-sec
indow in the plateau region.6 The plateau level is reported as

he exhaled NO value. Measurements of the NO plateau at
ultiple flow rates allow for determination of the origin of

ddress all correspondence to Frank K. Tittel, Rice Quantum Institute, Rice
niversity, 6100 Main Street - Houston, TX 77005 United States of America; Tel:

13–348–4833; Fax: 713–348–5686; E-mail: fkt@rice.edu
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NO �proximal or distal lung� by estimating the flow-
independent exchange parameters.7

Both offline and online techniques are used to study ex-
haled NO. In offline sampling, a portion of the exhaled breath
is collected in a suitable reservoir for subsequent analysis. In
online sampling, NO is measured over time during exhalation.
Offline sampling has the advantages of remote collection, in-
dependence from instrument response time, and more efficient
use of the analyzer, because breath from several patients may
be rapidly analyzed in succession. Online sampling has the
advantages of immediate identification of contamination from
gas not derived from the lower airways, near-instantaneous
test results, and no error introduced by sample storage and
handling. Online NO analysis is generally preferred for the
rapid test result. In both on- and offline collection, breath
samples are typically collected at a standardized flow rate
using a single exhalation.6 Sampling during tidal breath, either
spontaneous or paced, is gaining momentum as a noninvasive
assessment of lung inflammation in infants and children less
than 5 years of age.8,9

The American Thoracic Society and European Respiratory
Society �ATS� jointly published requirements for a nitric ox-
ide analyzer.6 According to the requirements, a NO analyzer
should have a sensitivity of �1 ppbv with a response time of
�0.5 sec. Plateau NO measurements during tidal breathing
range from 1 to 10 ppb and occur over a short time �
�0.5 sec� at the end of a tidal exhalation.8,9 Therefore, inves-
tigations of NO measurements during tidal breathing require a
1083-3668/2007/12�3�/034034/9/$25.00 © 2007 SPIE
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O sensor with a �0.2-sec response time and an equal or
etter sensitivity than is required for sampling during a single
reath maneuver.

Simultaneous measurement of the exhaled CO2 profile can
e used as a marker of end-exhaled air when collecting breath
rom mechanically ventilated patients and subjects who are
reathing normally.10 A rapid rise in the inspiratory flow rate
nd a sharp decrease in end-tidal CO2 concentrations can be
sed to adjust and synchronize the NO and CO2 waveforms
oth during recording and data processing after NO and CO2
easurements.11 Additionally, end-tidal CO2 may be useful as

n internal standard to verify correct breath collection and as
normalization procedure to reduce variation in calculating

xhaled NO values, as proposed by Roller et al.12 This tech-
ique was used to measure exhaled NO in a diverse
opulation.13

Available Technologies for Exhaled Nitric
Oxide Detection

everal technologies for exhaled nitric oxide measurement
ave been reported and are summarized in Table 1. In elec-
rochemical analysis, a voltage potential is applied across two
lectrodes. NO sensing is achieved through oxidation of NO
t the electrode surface and measuring the resulting current
etween the electrodes. Recently, a portable electrochemical
nalyzer was introduced14 and compared to chemilumines-
ence analyzers described later.15,16 The electrochemical ana-
yzer showed good agreement with the chemiluminescent ana-
yzer in both studies. However, the 5-ppb sensitivity of the
lectrochemical analyzer prevents its use in determining the
ow-independent NO exchange parameters and for NO con-
entration measurement during spontaneous breathing.

Mass spectrometry relies on the nonselective ionization of
olecules within a sample, requiring a mass-selective appa-

atus to enhance selectivity. One selective ionization tech-
ique is resonance-enhanced multiphoton ionization
REMPI�. In this technique, a target species is photoionized
nd detected using time-of-flight mass spectrometry �TOF-
S�. Recently, a system combining REMPI with TOF-MS

echniques was reported capable of breath NO
easurements.17 Short, Frey, and Berter report sub-ppbv de-

ection sensitivity in less than 1 sec. A merit of this technique,
s well as the optical techniques discussed later, is that mul-

Table 1 Performance summary of five ex

Sensor
characteristics

ATS
required

specifications Chemiluminescen

Sensitivity 1 ppb �1 ppb

Response time �0.5 sec �0.1 sec

Calibration Every 14 days o
when restarted
iple target gas species can be detected. Another advantage is

ournal of Biomedical Optics 034034-
the capability to measure concentrations of isotopomers of
NO, which may be useful in metabolic studies.

The chemiluminescent technique is based on a gas-phase
reaction between NO and ozone �O3�.18 Oxygen supplied to
the instrument is converted to ozone via a high voltage dis-
charge. NO reacts with ozone in a reaction chamber at a pres-
sure of 4 to 7 torr to produce nitrogen dioxide in the excited
state, which releases its energy by emitting light in the visible
��600 nm� spectrum. A photomultiplier converts the emitted
light to an electrical current. The amount of light produced is
proportional to the amount of nitric oxide in the sample. Cur-
rent clinical and point-of-care chemiluminescent analyzers for
exhaled nitric oxide breath analysis are based on instrumen-
tion developed primarily by Aerocrine, Incorporated,19 �Provi-
dence, New Jersey� and Sievers, Limited �GE Analytical In-
struments, Boulder, Colorado�. The chemiluminescent
analyzer used in this work �model 280, Sievers� has a sensi-
tivity of �1 ppb. However, the need for frequent calibration
and high voltage operation has impacted the wide-scale use of
chemiluminescent instruments for exhaled NO monitoring in
clinics.

Optical techniques have been employed for exhaled nitric
oxide detection including photoacoustic, laser absorption, and
cavity-enhanced spectroscopy. A sensor using photoacoustic
spectroscopy was used to detect and quantify NO, but the
reported detection sensitivity was �500 ppb.20 The sensitiv-
ity of such a sensor can be improved by use of distributed
feedback �DFB�-QC lasers with higher output power, because
the photoacoustic signal detected by the microphones is di-
rectly proportional to the incident optical power.

Laser absorption spectroscopy allows sensitive, selective,
and fast-response NO concentration measurements. For ex-
ample, a lead salt laser-based system using a multipass cell
has achieved a detection sensitivity of 1.5 ppbv with a 4-sec
integration time and is commercially available.21 More re-
cently, two thermoelectrically cooled continuous-wave �cw�
quantum cascade laser �QCL�-based spectrometers, which
achieved sub-ppbv detection sensitivities22,23 using a multi-
pass cell, were reported. An innovative QCL-based sensor
technology that exploits magnetic field modulation in a Fara-
day rotation configuration24 has been reported, but so far a
minimum NO detection limit of 41 ppbv was observed,
which can be improved by using a QC laser targeting a ro-

nitric oxide measurement techniques.

ectro-chemical
REMPI

TOF-MS

Mid-IR
multipass

cell ICOS

5 ppb �1 ppb �1 ppb �1 ppb

2 min �total
easurement

time�

�1 sec �1 sec �1 sec

Not
required

External
calibration
standard

Not
required

Internal
haled

ce El

�
m

r

vibrational line in the Q-branch.
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Very sensitive trace gas measurements can be performed
sing cavity ring-down spectroscopy �CRDS�. This technique
ses a sample cell constructed of two ultra-low-loss dielectric
irrors �with reflectivities of R�99.99%�, which form a high
nesse cavity. A CRDS measurement consists of coupling the

aser radiation into the high finesse cavity, rapidly switching
ff the laser source, and measuring the decay rate of the cav-
ty output radiation. The advantages of CRDS are high sensi-
ivity at sub-ppbv levels25,26 due to a long effective optical
ath, immunity to laser power fluctuations, and self calibra-
ion. Halmer et al. used a cavity ring-down absorption spec-
rometer based on a continuous-wave CO laser to achieve a

inimum detectable concentration for NO of 0.8 ppb in
sec.27

Integrated cavity output spectroscopy �ICOS� is an alterna-
ive method, which also takes advantage of a high finesse
avity, but is less technically demanding than CRDS, as it
oes not require mode matching or high speed signal sam-
ling electronics required for precise ring-down event mea-
urements. In ICOS only the total laser intensity exiting the
igh finesse cavity is recorded and not its time dependence.
ence this method relies on exciting many cavity modes

imultaneously.25,28 Additional dithering of one of the cavity
irrors improves the cavity throughput and helps minimizing
ode noise in the resulting absorption spectra. Off-axis injec-

ion of the laser beam into ICOS cell provides an increase of
pectral density of cavity modes and thus further minimizes
he mode noise.29,30 Several ICOS-based NO detection sys-
ems have been reported.31–33 A mid-infrared, cw, thermoelec-
rically cooled, quantum cascade laser33–35 is an ideal spectro-
copic source for ICOS-based sensor platforms for medical
iagnostics because of its high power ��0.1 W� and narrow
aser spectral width ��3 MHz�, necessary for efficient cou-
ling of laser radiation into an ICOS cavity. In this work, we
sed an off-axis ICOS-based sensor employing a 50-cm-long
ptical cavity. Details of the performance characteristics of
he ICOS-based sensor using a quantum cascade laser operat-
ng at 5.47 �m �1828 cm−1� were reported previously by the
uthors.36 In this work, a liquid nitrogen cooled quantum cas-
ade laser operating at 5.22 �m �1915 cm−1� was used. We
eport what we believe to be the first quantum cascade laser-
ased sensor capable of combined tidal NO and CO2 concen-
ration measurements.

Experimental Method
.1 Gas Analysis
or simultaneous NO and CO2 analysis, a quantum cascade

aser-based sensor system employing a cw, DFB quantum cas-
ade laser operating at 5.22 �m �1915 cm−1�, and off-axis
COS was used.33 The performance of the ICOS sensor was
ssessed by evaluating the agreement between the ICOS sen-
or and two commercial gas sensors. NO was measured with
chemiluminescent nitric oxide analyzer �model 280, Siev-

rs�. CO2 was measured with a capnograph �model 8100, No-
ametrix�, which uses broadband infrared absorption spec-
roscopy �also referred to as nondispersive infrared absorption
NDIR��.

The ICOS sensor was always calibrated with a reference
ixture of 76 ppbv NO in N2 before analysis of a breath
ample. The sample flow rate into the ICOS system was set at

ournal of Biomedical Optics 034034-
300 mL/min. The scan rate was chosen to be 5.5 kHz. The
data acquisition and processing were realized using a National
Instruments LabView-based control platform. Concentration
measurements were performed by means of a least-squares
linear fitting algorithm of a preacquired spectrum of reference
gas mixture. This eliminates the need of taking into account
changes in optical pathlength in the ICOS QCL-based system,
which is necessary to consider during the synthesis of a spec-
trum using a spectroscopic database.

The Sievers model 280 was calibrated every two weeks
with the manufacturer’s recommended 45-ppm NO:N2 cali-
bration gas mixture and daily using air entrained via an NO
filter �Sievers Instruments� as an NO-free gas. The Sievers
was calibrated with the NO-free gas more frequently than
specified by the manufacturer and at least 20 min were al-
lowed to pass between the 45-ppm gas calibration and sample
analysis or NO-free gas calibration to achieve the best accu-
racy with the chemiluminescent technique. Based on the re-
sults of the two previous studies showing the importance of
calibration with a low concentration NO gas standard, the
chemiluminescent analyzer was calibrated daily with a low
concentration �76-ppb NO in N2� gas mixture.37,38 The sample
flow rate into the Sievers NO analyzer was 200 mL/min. The
NDIR capnograph was also calibrated daily according to the
manufacturer’s instructions by inserting reference and zero-
gas cells provided by the manufacturer into the infrared beam
path. The calibration was performed automatically by the cap-
nograph software.

3.2 Breath Collection
A custom-built breath-collection device was used to perform
exhaled breath measurements.36 The apparatus meets the
American Thoracic Guidelines6 for collecting breath for lower
airway NO measurement by: 1. providing a back pressure
�6 Torr to prevent nasal contamination, and 2. allowing the
subject to maintain a constant exhalation flow for online col-
lection. Mouth pressure was maintained by an adjustable stop-
cock valve and was monitored with a pressure sensor �model
860, Autotran�. A constant exhalation flow rate was main-
tained using feedback from an in-line mass flowmeter �model
4021, TSI Incorporated� displayed on a laptop personal com-
puter �PC� using a Labview interface. The exhalation flow
rates ranged from 0.5 to 15 L/min to provide a range of NO
concentrations in the breath samples. Only one sample was
collected at each flow rate from each subject. For offline col-
lection, the plateau region was determined by first obtaining
online NO profiles at each flow rate for each patient and es-
timating the plateau region based on the exhalation time for
each flow rate. Breath was collected at least 2 sec after the
estimated start of the plateau region.

3.3 Study Subjects
Subjects were recruited from the Pulmonary Clinic at the
Michael E. Debakey Veterans Affairs Medical Center �MED-
VAMC� and from Rice University �Houston, Texas�. The
breath collection protocol was approved by the Institutional
Review Boards of Baylor College of Medicine, MED-VAMC,
and Rice University. Written informed consent was obtained
from each enrolled patient prior to study entry. The inclusion

criteria were age equal to or greater than 21. The exclusion

May/June 2007 � Vol. 12�3�3
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riteria were the inability to adequately perform the breath
ollection maneuvers. MED-VAMC patients were included in
he study to obtain breath samples from individuals with pul-

onary diseases or conditions that alter NO levels �e.g.,
sthma, chronic obstructive pulminary disease �COPD�, and
moking�.

The study subjects were enrolled to obtain biogenic NO in
reath samples with varying NO concentrations to compare
he NO analyzers. Factors affecting NO such as acute respi-
atory infection, diet, and medications were not taken into
ccount, since no intra- or intersubject comparisons were
ade between subjects.

.4 Offline Nitric Oxide and Carbon Dioxide
reath samples were collected in 1-L Tedlar bags and mea-

ured with both the ICOS sensor and the chemiluminescent
ensor. Breath was sampled over a range of exhalation flow
ates �from 0.5 to 15 l /min� to produce a range of NO con-
entrations. To assess the performance agreement of the three
ensors, a statistical analysis was employed. We selected the
land-Altman method39 rather than the Pearson product-
oment correlation coefficient. The Pearson product-moment

orrelation coefficient, as an estimate of agreement between
wo techniques, can be misleading for several reasons39,40: 1.
wo sets of data can have high correlation if the points lie
long any straight line, not only unity; 2. correlation depends
n the range of values; and 3. data with limited agreement can
ave high correlations. For the Bland-Altman method, a plot
f the difference between a pair of measurements �in this case
COS minus chemiluminescence and ICOS minus NDIR� ver-
us their average is obtained. Subsequently, the limits of
greement between each pair of gas sensors can be deter-
ined as differences within ±2 standard deviations, provided

hat differences in this range are not clinically important.
Offline CO2 measurements were made from the same 1-L

edlar bags used in the previously mentioned offline NO con-
entration measurements. 28 breath samples were analyzed
ith the QCL-based ICOS sensor and the capnograph. The

COS sensor was calibrated with a reference mixture of 5%
O2 in N2 after analysis of five samples. The capnograph was

alibrated using a reference cell at the start of each measure-
ent session, as recommended by the manufacturer. The lim-

ts of agreement were determined using the Bland-Altman
ethod.

.5 Online and Tidal Nitric Oxide and Carbon
Dioxide

or online exhaled breath measurements, a single subject per-
ormed single breath maneuvers at six flow rates −0.5, 2, 3, 6,
, and 15 l /min. As mentioned previously, measurement of
he NO plateau for multiple flow rates allows an estimation of
ow independent parameters, which may provide additional
linical insight as to the NO output from the alveolar and
irway regions of the lung.7 Exhaled breath samples were
easured by only one instrument, since the sensors were in

wo different geographic locations and could not be relocated.
O measurements were made using the ICOS sensor and the

hemiluminescent sensor. CO2 measurements were made us-
ng the ICOS sensor and the NDIR capnograph. The average

nd standard deviation of the NO plateau and end-tidal CO2

ournal of Biomedical Optics 034034-
were determined for each set of exhaled breaths at each flow
rate. For tidal measurements, the flow restrictor was removed
from the breathing circuit to allow comfortable spontaneous
breathing.

4 Results
4.1 Study Subjects
Study subjects ranged from 29 to 72 years of age. The subject
group included five healthy subjects, three patients with
asthma, 14 exsmokers with chronic obstructive pulmonary
disease, and eight current smokers with chronic obstructive
pulmonary disease.

4.2 Offline Nitric Oxide and Carbon Dioxide
Comparison

72 breath samples were measured first with the ICOS-based
NO sensor followed by the chemiluminescent analyzer, and
65 breath samples were measured in the reverse order, with
several hours lapsing between measurements. For exhaled
NO, no change in agreement of the results obtained with dif-
ferent sensors was noted during the entire period of this study.
Offline NO measurements were performed with a 1.8-sec in-
tegration time with both NO sensors. The best to-date mini-
mum detectable NO concentration achieved with the ICOS
sensor is 0.4 ppbv with a 1-sec integration time, as deter-
mined by 1� of the Voigt fit residual using a 76-ppb NO
calibration gas in N2 as a balance gas. The average difference
in NO concentration measurements between the ICOS and
chemiluminescent analyzers �ICOS minus chemilumines-
cence� was −0.3 ppbv, and the limits of agreement �as ±2��
were −4.7 and 4.3 ppbv NO. It was observed that the NO
concentration gradually decreases with time in the collected
breath samples. To remove systematic errors, the offline NO
measurements were separated into two groups—those mea-
sured with ICOS and then chemiluminescence, and those
measured in the reverse order. Figure 1 shows Bland-Altman
plots for offline NO concentration measurements for the se-
quence of ICOS followed by chemiluminescence �Fig. 1�a��
and chemiluminescence followed by ICOS �Fig. 1�b��. NO
concentration measurements from samples measured by ICOS
first had an average difference �ICOS minus chemilumines-
cence� of 1.1 ppb and limits of precision of ±�2.9 ppb
�−1.2- and 4-ppb NO�. NO concentration measurements from
samples measured by the chemiluminescent analyzer first had
an average difference �ICOS minus chemiluminescence� of
−0.7 ppb and limits of precision of ±�2.9 ppb �−3.6- and
2.1-ppb NO�.

For exhaled CO2, 28 breath samples were collected during
a period of two weeks. Offline CO2 measurements were made
using a 1-sec averaging time. The average difference between
ICOS and NDIR shown in Fig. 2 was 0.01 % CO2, and the
limits of agreement were −0.12 and 0.14 % CO2.

4.3 Online Nitric Oxide and Carbon Dioxide
Comparison

Figure 3 shows exhaled NO at 3 l /min measured with ICOS
with a 2.4-sec averaging time and computation time, and
chemiluminescence with a 2.4-sec averaging time. The solid

line represents the average of 15 breath measurements with

May/June 2007 � Vol. 12�3�4
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he chemiluminescent analyzer at a 16 samples/sec rate after
pplying a 50-point Savitzky-Golay smoothing routine with a
rst-order polynomial. The squares represent the average NO
oncentration measured by the chemiluminescent analyzer af-
er a 2.4-sec averaging �wide cap error bars are 1 standard
eviation for the 15 chemiluminescent breath measurements�.
he solid circles connected with a dashed line represent aver-
ge NO measurements with ICOS using a 2.4-sec averaging
nd computation time �narrow cap error bars are 1 standard
eviation for the 15 ICOS breath measurements�.

The end-tidal CO2 did not vary significantly with exhala-
ion flow rate. The standard deviation of end-tidal CO2 values
as equivalent between sensors ��=0.2% CO2 for ICOS and
DIR�. Figure 4 shows exhaled CO2 at 2 l /min measured

ig. 1 Bland-Altman plots comparing ICOS and chemiluminescence
or offline NO analysis. Each data point represents a pair of measure-
ents plotted as the difference between measurements versus their

verage. �a� 72 offline NO samples measured with ICOS then chemi-
uminescence. Solid line represents the mean difference between val-
es �ICOS minus chemiluminescence� obtained using the two meth-
ds �1.1-ppbv NO�. Dashed lines represent the limits of agreement,
1.7- and 4-ppbv NO; SD is standard deviation. �b� 65 offline NO
amples measured with chemiluminescence then ICOS, with a mean
f difference of −0.7 ppbv and limits of agreement −2.1- and 3.6-
pbv NO.
ith off axis ICOS �1.8-sec data averaging and computation

ournal of Biomedical Optics 034034-
time� �Fig. 4�a�� and NDIR �1.8-sec data averaging� �Fig.
4�b��. A time delay between the start of the NDIR CO2 wave-
form and the ICOS waveform was observed for all exhalation
flow rates.

4.4 Tidal Nitric Oxide and Carbon Dioxide
Comparison

An NO waveform was obtained with both the ICOS and
chemiluminescence analyzers. Figure 5 shows exhaled NO
data collected from the ICOS with a 0.33-sec data averaging

Fig. 2 Bland-Altman plot comparing ICOS and NDIR for offline CO2
analysis. Each data point represents a pair of measurements plotted as
the difference between measurements versus their average. Solid line
represents the mean difference between values obtained using the two
methods �0.01 % CO2�; dashed lines represent the limits of agree-
ment, −0.12 % CO2 and 0.14 % CO2; and SD is standard deviation.

Fig. 3 Online nitric oxide concentrations at 3-l/min exhalation as a
function of time. 15 exhaled breaths were measured online with �a�
ICOS and �b� chemiluminescence each with 2.4-sec averaging/
computation time. Solid line represents Sievers data �16 samples/sec�
smoothed with a 50 point first-order Savitzky-Golay routine. Squares
with large cap error bars represent Sievers data after 2.4-sec averag-
ing; circles with dashed line and small cap error bars represent ICOS
data after 2.4-sec averaging and computation; and error bars are ±1

standard deviation.
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nd computation �3 samples/sec� �Fig. 5�a�� and chemilumi-
escence with a 16 samples/sec rate during tidal breathing
Fig. 5�b��. The chemiluminescent data were not averaged to
reserve rapid changes in NO over time. For tidal CO2, the
n-line NDIR capnograph detected rapid changes in CO2,
hereas the ICOS sensor had a response delay due to sample

ell filling. Figures 6�a� and 6�b� show exhaled CO2 data
ollected from the ICOS �0.15-sec averaging and computa-
ion� and NDIR �0.15-sec averaging time�, respectively. The
DIR capnograph sensor measured a typical expiratory CO2

aveform41 consisting of three phases: phase 1, a portion of
ero CO2; phase 2, a rapid rise in CO2; and phase 3, a plateau
egion with a small positive slope. The ICOS sensor measured

ramp waveform with end-tidal CO2 values in agreement
ith NDIR. Due to the slower gas delivery system, the stan-
ard CO2 phases visible in the waveform acquired by the
DIR capnograph were strongly distorted in the ICOS tidal

ig. 4 Online % CO2 at a 2-l/min exhalation flow rate. Five succes-
ive exhaled breaths were measured online with �a� ICOS and �b� a
ondispersive infrared �NDIR� capnograph each with a 1.8-sec aver-
ging time.
O2 waveform.

ournal of Biomedical Optics 034034-
5 Discussion
The ICOS offline measurements of exhaled NO and CO2 are
in good agreement with commercially available sensors. In
this work, the current gold standards are the chemilumines-
cence and NDIR methods. The purpose of the Bland-Altman
method is to assess the agreement of two methods, where one
method is the clinical gold standard and the true value is not
known or cannot be easily determined. The Bland-Altman
method does not compare the accuracy of the two methods.
Instead, the Bland-Altman method is used to determine if the

Fig. 5 Exhaled nitric oxide during normal tidal breathing measured
with �a� ICOS �0.33-sec averaging and computation time� and �b�
chemiluminescence �0.0625-sec averaging time�.

Fig. 6 Exhaled CO2 during normal tidal breathing measured with �a�
ICOS and �b� a nondispersive infrared �NDIR� capnograph using a
0.14-sec averaging time. The three phases of a standard CO2 expira-
tory waveform are indicated on the first NDIR expiratory waveform as
roman numerals with dashed lines as boundaries. Phase I is the first
portion of exhalation with zero CO2; phase II is the rapid rise in CO2
that occurs �1 sec after beginning of exhalation; and phase III is the

CO2 plateau region.
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ew method has readings sufficiently similar to the standard
echnique to allow the new technique to replace the standard
echnique in clinical decision making.

For the offline NO concentration measurements, a nar-
ower limit of precision �±2.9 ppbv� versus the entire dataset
±4 ppb� was obtained by dividing the offline NO samples
nto two groups according to the order of analysis: 1. ICOS
rst and chemiluminescence second, and 2. vice versa. To
erify the 2-� limits of precision determined using the Bland
ltman method, the standard deviations of both instruments
ere determined at the time of measurement, which yielded
=1.3 ppbv for the chemiluminescent analyzer and �
1.5 ppbv for the ICOS analyzer. The two standard devia-

ions were added quadratically, yielding 2 ppbv, which is in
easonably good agreement with the 1-� limits of precision
1.5 ppbv� estimated using the Bland-Altman method. The
tandard deviations of the chemiluminescent and ICOS ana-
yzers were determined using the 76-ppb NO:N2 calibration
as. The ICOS analyzer was undergoing continuous develop-
ent during the reported studies, and therefore our best to

ate minimum detectable NO concentration �0.4 ppbv� was
etter than the minimum detectable NO concentration mea-
ured at the time of intercomparison investigations for the
ffline measurements.

The limit of precision for each group individually had re-
arkably similar limits of precision �±�2.9 ppbv�, suggest-

ng that a different systematic error was introduced into each
roup of data. The systematic error in the offline comparison
ppeared to be due to a decreasing NO concentration over the
to 6 h between consecutive concentration measurements. In

he group measured by ICOS first �Fig. 1�a��, the average
ifference �ICOS minus chemiluminescence� was greater than
�1.1 ppbv NO�, whereas in the group measured by chemi-

uminescence first �Fig. 1�b��, the average difference �ICOS
inus chemiluminescence� was less than 0 �−0.7-ppbv NO�.
his finding suggests that NO is chemically unstable and de-
reases in Tedlar bags during a 4- to 6-h period.

The ICOS offline CO2 measurements were in good agree-
ent with the NDIR capnograph. The average difference was
.01 % CO2 and the limits of agreement were +/
0.13 % CO2. The percent CO2 differences are not large
nough to be clinically important, and ICOS CO2 measure-
ents can be used clinically.
For online analysis, the NO plateau concentrations were

stimated for breath measurements with both the ICOS and
hemiluminescent analyzers over a range of exhalation flow
ates �data not shown�. The average of 15 NO concentration
rofiles at a 3 l /min exhalation rate are shown in Fig. 3. The
-l/min exhalation flow rate was chosen, as it is recommended
y the lower airway NO guidelines.6 The NO plateau regions
or ICOS and chemiluminescence were in good agreement,
ith all data points within 1 standard deviation of the 15
easurements. The ICOS measurements had a larger standard

eviation for each averaged concentration.
Tidal breath NO measurements require subsecond time

esolution ��0.2 sec� with a detection sensitivity of
1 ppbv. From Fig. 5, it is evident that the chemiluminescent

ensors had adequate sensitivity to detect the plateau NO

rom the waveform. For tidal NO measurements, better detec-

ournal of Biomedical Optics 034034-
tion sensitivity of the ICOS sensor is required to improve
clinical decision making.

The ICOS sensor was found to be in good agreement with
the NDIR capnograph for online end-tidal CO2 measure-
ments. End-tidal CO2 varies with ventilation, where increased
ventilation produces a lower end-tidal CO2. Variation in ven-
tilation was minimized in this study by using paced breathing
during online and tidal CO2 measurements. For online CO2
measurements, the standard deviation of end-tidal CO2 values
was similar ��=0.2% CO2� for the ICOS and NDIR sensors.

The ICOS online CO2 waveforms began �2 sec after the
NDIR waveforms �see Fig. 4�. The delay was due to the dif-
ference in the position of the sensor in the breath collection
system. The NDIR sensor was positioned near the mouth in-
line with the exhalation flow, whereas the ICOS sensor drew
air from the exhalation flow into the sensor at a rate of
700 ml/min. The time lag is estimated to be �2.4 sec based
on the 700 ml/min sample flow rate, an �7-ml total gas cell
volume �at 40 torr�, and a 1.8-sec integration time. A time lag
was not observed between the chemiluminescent and ICOS
sensors because the chemiluminescent sensor also drew air
from the exhalation flow.

As with online CO2 analysis, the different positions of the
NDIR and ICOS sensors accounted for the faster response
time of the NDIR sensor. The NDIR sensor was able to rap-
idly detected changes in CO2 during tidal breathing, allowing
visualization of the three phases of exhaled CO2, labeled in
Fig. 6. The gas handling system of the ICOS sensor did not
have sufficient time response to resolve the three phases of
expiratory CO2.41 The maximum sample flow rate of
0.8 l /min into the ICOS sample cell restricted the system gas
exchange capability and was the limiting factor in the time
resolution of the CO2 measurement. At the flow rate of
0.8 l /min, the time required for a complete gas exchange
within the sampling cell is 2.5 sec. The volume of the ICOS
sensor system includes the sample cell and tubing connecting
the breath collection system, the sample cell, and the pump. A
higher gas flow and smaller total volume would improve the
time response of the ICOS sensor. In the case of breath mea-
surement, in which the expected CO2 concentrations are at
levels between 2 and 5%, it is important that the absorption
lines are strong enough to have high signal-to-noise ratio but
at the same time are not saturated. In this work we were able
to target optimal CO2 absorption lines in the 1915-cm−1 re-
gion that allowed for rapid and sensitive exhaled CO2 mea-
surements.

Simultaneous NO and CO2 measurements can be made
with the ICOS sensor by measuring the NO absorption line at
1915 cm−1 and the CO2 absorption line at 1915.57 cm−1, ac-
cessible within a single frequency scan of the QCL. The line-
width of the CO2 absorption feature is sufficiently low to
prevent spectral interference with the neighboring NO line.
No spectral interferences from other molecules are present in
this wavelength region.

Several improvements can be made to the ICOS sensor to
achieve better sensitivity of exhaled NO during tidal breath-
ing and to improve time resolution of CO2 measurement dur-
ing tidal breathing. Mirrors with higher reflectivity are avail-
able and would improve the sensitivity of both gases and

allow a smaller ICOS gas sample cell to be used. Quantum
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ascade lasers are available at 1900 cm−1, where the stron-
est, interference-free NO line in the R-branch of the funda-
ental ro-vibrational band is located. The 1900-cm−1 line is
1.4 times stronger than the 1915 cm−1 line used in this
ork. Wavelength modulation spectroscopy, where the QCL

urrent is modulated at a high frequency and a lock-in ampli-
er is used to detect the second harmonic frequency, can also
e used to improve the signal-to-noise ratio.42 Off-axis ICOS
ensors have benefited by applying this technique.32,33,43 Fur-
hermore, a concentration determination method applied in
his work, based on a fitting of the measurement data with the
abulated reference spectrum, can benefit from faster data ac-
uisition by increasing the number of points per laser fre-
uency scan, and thereby reducing the fitting uncertainty.

Summary
n this work an exhaled NO/CO2 sensor for breath analysis
sing mid-infrared QCL-based integrated cavity output spec-
roscopy is compared to a commercial chemiluminescence
O sensor and nondispersive infrared absorption CO2 sensor.
he ICOS sensor shows good agreement with the two com-
ercial sensors using offline, online, and tidal sampling tech-

iques. The ICOS sensor has a noise-equivalent sensitivity
1�� for NO of 0.4 ppbv with a 1-sec averaging time. Poten-
ial improvements to the ICOS sensor include incorporating
igher reflectivity mirrors and utilizing the NO absorption
ine at 1900 cm−1. A key advantage of the ICOS-QCL sensor
s its ability to simultaneously detect multiple clinically rel-
vant exhaled molecules, in this case NO and CO2.
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