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and more accurate technique to characterize airway nitric oxide using
different breath-hold times. J Appl Physiol 98: 1869–1877, 2005. First
published December 23, 2004; doi:10.1152/japplphysiol.01002.2004.—
Exhaled nitric oxide (NO) arises from both airway and alveolar
regions of the lungs, which provides an opportunity to characterize
region-specific inflammation. Current methodologies rely on vital
capacity breathing maneuvers and controlled exhalation flow rates,
which can be difficult to perform, especially for young children and
individuals with compromised lung function. In addition, recent
theoretical and experimental studies demonstrate that gas-phase axial
diffusion of NO has a significant impact on the exhaled NO signal. We
have developed a new technique to characterize airway NO, which
requires a series of progressively increasing breath-hold times fol-
lowed by exhalation of only the airway compartment. Using our new
technique, we determined values (means � SE) in healthy adults
(20–38 yr, n � 8) for the airway diffusing capacity [4.5 � 1.6
pl �s�1 �parts per billion (ppb)�1], the airway wall concentration
(1,340 � 213 ppb), and the maximum airway wall flux (4,350 � 811
pl/s). The new technique is simple to perform, and application of this
data to simpler models with cylindrical airways and no axial diffusion
yields parameters consistent with previous methods. Inclusion of axial
diffusion as well as an anatomically correct trumpet-shaped airway
geometry results in significant loss of NO from the airways to the
alveolar region, profoundly impacting airway NO characterization. In
particular, the airway wall concentration is more than an order of
magnitude larger than previous estimates in healthy adults and may
approach concentrations (�5 nM) that can influence physiologi-
cal processes such as smooth muscle tone in disease states such
as asthma.

gas exchange; axial diffusion; model

NITRIC OXIDE (NO) CAN BE DETECTED in the exhaled breath and is
a potential noninvasive index of lung inflammation (2). How-
ever, NO exchange dynamics in the lungs are not yet fully
developed, due primarily to the unique gas exchange charac-
teristics of NO that include both airway and alveolar contribu-
tions (9, 15, 22, 23).

Current methodologies for partitioning exhaled NO into
airway and alveolar contributions rely on vital capacity breath-
ing maneuvers, which utilize a controlled exhalation flow rate
(7), or a tidal breathing pattern (5). The techniques characterize
the alveolar region with an alveolar concentration (CANO) and
the airway region with two parameters, the airway diffusing
capacity (DawNO) and either the airway wall concentration
(CawNO) or the maximum airway wall flux (J�awNO; equal to
the product DawNO �CawNO). The techniques have been used

successfully to characterize NO gas exchange dynamics for
healthy subjects, as well as a wide range of lung diseases (8,
10–12, 14, 19–22).

Important limitations remain in the characterization of NO
exchange for both the experimental breathing maneuvers and
the theoretical models. For example, DawNO can only be
measured if a very low exhalation flow rate (�50 ml/s) is
sampled. This requires long (�20 s) and controlled (i.e.,
constant flow) exhalation phases, which can be difficult to
perform for young children and subjects with compromised
lung function. Importantly, DawNO may potentially provide
unique structural information about the airways in lung dis-
eases such as asthma (19, 22). In addition, the most widely
used analytical methods invoke a two-compartment model,
which assumes a simple cylinder geometry to represent the
airway anatomy, and neglects gas-phase axial diffusion of NO.
Although these assumptions preserve mathematical simplicity,
they likely generate significant errors in characterizing NO
exchange (17, 18, 26).

Therefore, the purpose of this study is 1) to develop a new
technique that is simple to perform and focuses on determining
airway NO parameters (CawNO, DawNO, and J�awNO), and 2)
to define important sources of errors, such as axial diffusion
and the branching structure of the airway tree, that exist in
some of the currently used methods to characterize NO ex-
change in the lung. To achieve these aims, our new technique
utilizes a series of different breath-hold times (5–30 s) and
analyzes only the expired air from the airways, thus shortening
and simplifying the analysis of the exhalation phase. When
axial diffusion is neglected, and a cylindrical airway geometry
is used, the airway NO parameters determined from the new
technique are consistent with those determined from a previ-
ously described single-breath technique (24). However, when
axial diffusion and a trumpet-shaped geometry are considered,
airway NO parameters are significantly different. In particular,
CawNO is increased by more than 14-fold to compensate for
losses of NO from the airways to the alveolar region due to
axial diffusion. This finding has important implications per-
taining to physiological processes in disease states such as
smooth muscle tone in asthma.

Glossary

AI,II Area under the curve in phases I and II of the
exhaled NO profile [parts per billion (ppb)/ml]

Ac(z) Cross-sectional area of airway space (cm2)
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CANO Mixed or average fractional concentration of
NO in the gas phase of the alveolar region
(ppb). A steady-state concentration is
achieved for breath-hold or exhalation times
�10 s.

CawNO Airway wall concentration of NO (ppb)
CENO Exhaled NO concentration at the mouth (ppb)
CinNO

Exhaled NO concentration (ppb) which enters
the analytical instrument

CNO Exhaled NO concentration (ppb) in the gas
phase of the airways

CobsNO
Exhaled NO concentration (ppb) observed from

the analytical instrument
CsNO

Exhaled NO concentration (ppb) which enters
the sampling line leading to the analytical
instrument

CpeakNO
The maximum or peak exhaled NO concentra-

tion (ppb) observed by the analytical instru-
ment

DawNO Diffusing capacity (ml/s) of NO in the entire
airway tree, which is expressed as the vol-
ume of NO per second per fractional concen-
tration of NO in the gas phase [ml
NO �s�1 � (ml NO/ml gas)�1] and is equiva-
lent to pl �s�1 �ppb�1

DNO,air Molecular diffusivity (diffusion coefficient) of
NO in air (cm2/s)

J�awNO Maximum total volumetric flux (ppb �ml �s�1 or
pl/s) of NO from the airways

Jaxial The rate of axial diffusion of NO (pl/s) across
the boundary of the airway compartment and
alveolar compartment defined by Fick’s first
law of diffusion

RMS Root mean square error between experimental
data and model prediction

VI,II Exhaled volume in phases I and II of the exha-
lation profile (ml)

Vaw Volume (ml) of the airway tree defined by the
cumulative volume of airway generations
0–17 based on Weibel (27) or the subjects
ideal body weight (lbs.) plus age in years (24)

z Axial position in the lungs (cm)

METHODS

Experiment

Subjects. Eight healthy adults (age 20–38 yr, two women) partic-
ipated in the study (Table 1). All subjects had a ratio of forced
expiratory volume in 1 s to forced vital capacity of �0.75 at the time
of testing. In addition, all subjects had no history of smoking at any
time, and no history of cardiovascular, pulmonary, or neurological
diseases. The Institutional Review Board at the University of Cali-
fornia, Irvine, approved the protocol, and written, informed consent
was obtained from all subjects.

Protocol. Each subject performed a series of breath-hold maneu-
vers (5-, 10-, 15-, 20-, and 30-s breath hold), followed by an exhala-
tion in which the flow rate was not controlled but was generally �300
ml/s to ensure evacuation of the airway space in �2 s. A positive
pressure � 5 cmH2O was maintained during the breath hold and
exhalation to prevent nasal contamination (1). A schematic of the
experimental apparatus has been previously presented (24). In addi-
tion, each subject performed a single-breath maneuver (a 20-s
breath hold followed by a decreasing flow rate maneuver), as previ-
ously described (24), to determine airway NO parameters as a “gold
standard” for comparison to our new technique. After measuring
the indexes of NO exchange dynamics, general spirometry, including
forced vital capacity and forced expiratory volume in 1 s, was
measured in all subjects (Vmax229; Sensormedics, Yorba Linda, CA)
by using the best performance (Table 1) from three consecutive
maneuvers.

Airstream analysis. A chemiluminescence NO analyzer (NOA280,
Sievers, Boulder, CO) was used to measure the exhaled NO concen-
tration. The instrument was calibrated on a daily basis by using a
certified NO gas [45 parts/million (ppm) NO in 100% N2; Sievers].
The zero-point calibration was performed with an NO filter (Sievers)
immediately before the collection of a profile. The flow rate and
pressure signals were measured by using a pneumotachometer
(RSS100, Hans Rudolph, Kansas City, MO). The pneumotachometer
was calibrated daily and set to provide the flow in units of STPD.

Empirical data analysis. Experimental exhalation profiles follow-
ing breath hold were characterized empirically (model independent)
by the peak or maximum observed concentration in phases I and II
(Fig. 1) of the exhalation profile (CpeakNO

); the width of phases I and II
(W50) defined as the exhaled volume in which the NO concentra-
tion was �50% of CpeakNO

; the total exhaled volume of phases I
and II (VI,II); and the total mass or volume of NO (area under the
curve) in phases I and II (AI,II). Each of these parameters are defined
in Fig. 1.

Table 1. Physical characteristics of subjects

Subject
No. Gender

Age,
yr

Height,
in.

Body
Weight,

lb.
Ideal Body
Weight, lb.

Vaw,
ml

Vaw*,
ml

FVC FEV1 FEV1/FVC

liter %pred liter %pred liter %pred

1 M 38 69 145 160 182 198 5.16 104 4.04 100 78 96
2 F 36 59 104 100 124 136 3.50 121 2.96 118 85 98
3 M 24 71 214 172 198 196 5.61 102 4.18 88 75 87
4 M 23 70 205 166 206 189 5.84 110 5.19 114 89 104
5 F 21 62 120 110 125 131 3.54 103 3.20 105 90 101
6 M 30 67 157 148 144 178 4.08 87 3.72 95 91 109
7 M 20 75 161 177 173 197 4.90 84 4.16 83 85 99
8 M 28 66 121 145 165 173 4.68 104 3.92 104 84 100

Mean 27.5 67.4 153 147 165 175 4.66 102 3.92 101 85 99

Ideal body weight is based on gender and ethnicity. M, male; F, female; Vaw, airway volume defined by the cumulative volume of generations 0–17; Vaw*,
airway volume defined by the subject age (yr) plus ideal body weight in lbs. (24); FVC, forced vital capacity; FEV1, forced expiratory volume in 1 s; FEV1/FVC,
ratio of FEV1 to FVC; %pred, percent predicted.
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Model Development and Simulation

Mathematical models to estimate airway NO parameters were
developed for four cases: 1) cylinder airway in the absence of axial
diffusion (C); 2) cylinder airway in the presence of axial diffusion
(C-AD); 3) trumpet airway in the absence of axial diffusion (T); and
4) trumpet airway in the presence of axial diffusion (T-AD). The
salient features of each model are presented below as well as in
APPENDIX A.

Cylinder model. In this model, the airway tree is represented by a
perfect cylinder (Fig. 2A) and is consistent with previous analytical
methods to characterize NO exchange (9, 15, 22, 24). The impact of
axial diffusion was quantified by comparing simulations which ex-
cluded (C) and included (C-AD) axial diffusion. The mathematical
details are presented in APPENDIX A. The performance of our new
technique was evaluated by comparing airway model parameters,
determined using model C, to those determined using a single-breath
technique (24), which also employed model C. For each subject, we
characterized airway geometry by appropriately scaling the lengths
and diameters of Weibel’s data of the human airway tree (27), based
on the conducting airway volume (Vaw) of generations 0–17, and
assuming a symmetric branching pattern. The scaling procedure is
based on the ratio of each subject’s vital capacity to the vital capacity
of the Weibel lung (3, 27) and yields values for Vaw that are not
statistically different than estimating Vaw using the subject’s ideal
body weight (lbs.) plus age in yr (24) (Table 1). The length of the
cylinder is set to the cumulative length of generations 0–17, which
fixes the constant cross-sectional area by matching Vaw (Fig. 2A).
Although CANO has been shown by many investigators to be nonzero,
the values are generally �2 ppb, which are much lower than those
observed in the airway tree during the breath-hold times of the current
technique; thus CANO is set to zero as one of the boundary conditions.
A detailed description of the mathematical model is presented in
APPENDIX A.

Trumpet model. According to Weibel’s data, the cross-sectional
area of the airway tree increases with distance from the mouth. Thus
a more anatomically realistic model of the airway tree is a “trumpet”
shape (Fig. 2B), as described previously by several investigators (13,
16, 18). The following simple relationship between airway cross-
sectional area (Ac) and axial position, z, was used to model the trumpet
shape:

Ac � Ac,1 �Z

Z1
��m

(1)

where m � 2 provides an excellent match (Fig. 3) to the data of
Weibel (27). Vaw and total length (i.e., z1) through generation 17 was
determined using the same scaling relationship described above.
Generations 17–23, which include the respiratory and terminal bron-
chioles, and the alveoli are lumped together to become a single
boundary, and CANO is set to zero. Additional details of the mathe-
matical model are presented in APPENDIX A.

Parameter estimation using different breath-hold times. Utilizing
five different breath-hold times, two airway NO exchange parameters
(DawNO and CawNO) were determined for each subject and for each
of the four models (i.e., C, C-AD, T, and T-AD) by matching the total
mass of NO (AI,II) accumulated in the airways during breath hold as
a function of breath-hold time. Once DawNO and CawNO were
determined, J�awNO was calculated as the product CawNO �DawNO.
The model-predicted values of the area under the curve in phases I and
II (A*I,II) are referenced to the experimental data, AI,II, by minimizing
the root mean square (RMS) error between the model prediction and
experimental data defined by:

Fig. 2. Schematic of the human airway tree through 17 generations based on
a cylinder model (A) and a trumpet model (B). The trumpet model is based on
the symmetric bifurcating structure of Weibel (27). The cumulative cross-
sectional area for any axial position, z, for the trumpet is calculated based on
the cumulative cross-sectional area of all of the airways at that position. As z
approaches zero, exhaled NO concentration in the gas phase of the airways
(CNO) approaches the constant alveolar concentration (CANO). For simplicity,
CANO is set to zero for the current simulations. Ac, cross-sectional area of
airway space. All other parameters are as defined in the Glossary.

Fig. 1. Model-independent parameters characteristic of the observed exhala-
tion profile in phases I and II are defined schematically. CpeakNO

, maximum
concentration of nitric oxide (NO) in phases I and II; W50, width of phase I and
II peak calculated by taking the volume at which the exhaled concentration is
larger than 50% of CpeakNO

; VI,II, volume of phases I and II; AI,II, total mass of
NO (area under the curve, which is shown as a shaded region) in phases I and
II; CobsNO

, exhaled NO concentration observed from the analytical instrument;
ppb, parts per billion. The distinction between phase I and II and phase III is
the point of zero slope (minimum point) in the exhalation profile, as previously
described (24). Top curve is a schematic representation of the exhalation
profile for a larger breath-hold time.
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RMS � ��
i�1

n

	A*I,II,n � AI,II,n

2/n (2)

where n is the number of different breath-hold times. A*I,II depends on
the airway NO parameters DawNO and CawNO, as defined in APPENDIX

A, and AI,II for each breath-hold time was the mean of the three
repeated experimental maneuvers.

Statistics. Data were analyzed by using one-way and two-way
repeated-measure ANOVA, followed by paired or unpaired t-tests,
where appropriate, if the ANOVA analysis demonstrated statistical
significance (P � 0.05). All variables were assumed to be normally
distributed, and all statistical tests were performed on raw data scores.
A P value � 0.05 was considered statistically significant. The intra-
maneuver and intrapopulation variability have been described (24)
and are characterized by the 95% confidence interval expressed as a
percentage of the estimated parameter value. The intramaneuver
confidence interval describes the variability in a determined parameter
within a single subject following the experimental protocol described
above, whereas the intrapopulation confidence interval describes the
anticipated range of a determined parameter within a normally dis-
tributed healthy adult population.

RESULTS

CpeakNO
, W50, VI,II, and AI,II for all eight subjects are pre-

sented in Fig. 4 to demonstrate model-independent differences
in the exhaled NO profile as a function of breath-hold time.
CpeakNO

(Fig. 4A) and AI,II (Fig. 4D) were both a strong function
of breath-hold time for all eight subjects. However, breath-hold
time did not impact W50 or VI,II (Fig. 4, B and C).

The determined airway NO parameters for each of the four
different models (C, C-AD, T, and T-AD) are presented in Fig.
5, left. All four models can accurately simulate the increase in
AI,II with increasing breath-hold time. The maximum deviation
between A*I,II and AI,II for any of the breath-hold times are 10.0,
9.96, 10.0, and 6.00% for C, C-AD, T, and T-AD, respectively.
Corresponding R2 (coefficient of determination) values are
0.94, 0.95, 0.94, and 0.98 for C, C-AD, T, and T-AD, respec-
tively. In the absence of axial diffusion, the trumpet model (T)
is identical to the cylinder model (C). In the presence of axial
diffusion for the cylinder geometry (C-AD), the airway NO
parameters are altered by �6% (maximum deviation is a 5.8%
increase for CawNO). However, the impact of axial diffusion
for the trumpet geometry (T-AD) is substantial. CawNO and

J�awNO are significantly (two-way ANOVA, followed by a
paired t-test, P � 0.001 for CawNO and P � 0.01 for J�awNO)
increased by more than 10-fold and 2-fold, respectively;
DawNO is significantly (P � 0.01) decreased by �75%. For
T-AD, the mean 95% intramaneuver and intrapopulation con-
fidence intervals (20, 24) for CawNO and DawNO are 10.5 and
11.5%, and 37.5 and 83.4%, respectively.

To determine the accuracy of the breath-hold technique
(independent of model), the airway NO parameters from model
C were compared with those obtained from the single-breath
maneuver, which also utilizes model C (Fig. 5, right). The
determined airway NO exchange parameters were not signifi-
cantly different (P � 0.05).

NO concentration as a function of airway volumetric posi-
tion is shown in Fig. 6A for each of the four models when
breath-hold time was set to 20 s. Recall, for all four cases, that
total mass of NO within the airway tree is not different, as this
is the experimental variable for which the determined model
parameters are chosen to match. In the absence of axial
diffusion, the trumpet model (T) and cylinder model (C)
predict identical and uniform (i.e., independent of volumetric
position) concentration profiles. For C-AD, the concentration
of NO below generation 5 begins to decrease due to loss of NO
to the alveolar region. The presence of axial diffusion com-
bined with the trumpet geometry further reduces the concen-
tration of NO in the lower airway region, but this is compen-
sated by a large increase in exhaled NO concentration in the
gas phase of the airways (CNO) in the upper airways (above
generation 12). The relative magnitude of the axial flux of NO
at generation 17 (Jaxial) utilizing a 20-s breath hold is presented
in Fig. 6B. In the presence of axial diffusion (flux is zero in the
absence of axial diffusion), the trumpet geometry increases the

Fig. 3. Ac is shown as a function of generation number. Dotted line represents
the data from Weibel (27), and the solid line represents the best fit using the
power-law relation A � A1(z/z1)�2, where A1 is the cross-sectional area, and z1

is the airway axial position at generation 17 (volumetric position, V, equal to
0, Fig. 1).

Fig. 4. Four parameters characteristic of phases I and II of the exhalation
profile (Fig. 1), which are model independent, are presented for each of the
different breath-hold times: CpeakNO

(A), W50 (B), VI,II (C), and AI,II (D). The
open circles and lines represent individual subjects, and the bars represent the
mean. #Statistically significant changes with breath-hold time (one-way
ANOVA, P � 0.05).
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loss of NO to the alveolar region by 47-fold (Jaxial is 2,895 vs.
62 pl/s). At very long breath-hold times, a steady state is
reached, and the loss of NO to the alveolar region in the
presence of the trumpet geometry is 72-fold larger than the
cylinder geometry (5,364 vs. 75 pl/s).

The sampling system has previously been shown to distort
the exhaled NO by introducing a lag or delay from the
mouthpiece and other valving (tlag), but also a significant
dispersion due to the laminar flow within the sampling line that
leads to the analytical instrument (5). Both of these phenomena
are easily accounted for, as detailed mathematically in APPENDIX B

and demonstrated in Fig. 7A. In this simulation, the model-
determined airway NO parameters (mean for all eight subjects)
for T-AD are used to simulate breath-hold times from 5 to 30 s.
The NO concentration profile in the airway tree then exits the
mouth (CENO) and enters the sampling system. Note the sim-
ilarity in shape of this profile (Fig. 7A) for a 20-s breath hold
to that presented in Fig. 6A. The sampling system then intro-
duces a lag (tlag � 1.25 s for an exhalation flow of 300 ml/s)
and also significantly flattens and broadens the shape of the
profile observed by the instrument [denoted CobsNO

(t) due to
dispersion in the sampling line (Fig. 7A)]. The total mass of
NO exhaled from the airway tree is not changed, but CpeakNO

is
reduced to 14–25% of the maximum concentration within the
airway tree, depending on the breath-hold time. CobsNO

(t) pre-

dicted by the model (light shaded bars, Fig. 7B) agrees well
with that observed experimentally (open bars).

DISCUSSION

This study presents a new method utilizing a series of
different breath-hold times to characterize airway NO ex-
change using three parameters (CawNO, DawNO, and J�awNO).
The parameters can be determined by matching a model to
experimentally observed values of the total mass of NO ex-
haled from the airway following a breath hold. Four different
model cases explored the impact of both axial diffusion of NO
in the gas phase and airway geometry. The results demonstrate
two major findings. First, the NO parameters from the new
technique are not different from values of a previously de-
scribed single-breath technique using a cylinder geometry in
the absence of axial diffusion. Second, CawNO is more than
14-fold higher when axial diffusion and a trumpet-shaped
airway geometry are considered. Thus we conclude that our
new breath-hold technique has the potential to characterize
airway NO exchange and that previous model simplifications
regarding transport mechanisms (i.e., neglecting axial diffu-
sion) and airway geometry (i.e., simple cylinder) have pro-
found implications in the interpretation of airway NO exchange
mechanisms. The latter emphasizes the importance of consid-
ering axial diffusion and the trumpet shape of the airway tree
in models that seek to describe endogenous NO production and
elimination.

Fig. 6. A: CNO as a function of volumetric position in the airway tree is shown
for four cases: C, C-AD, T, and T-AD. B: axial flux of NO from diffusion
(Jaxial) at generation 17 based on Fick’s first law of diffusion is shown for both
C-AD and T-AD. The significant difference is due to increased cross-sectional
area at generation 17 in the trumpet shape (Fig. 2).

Fig. 5. Left: determined airway NO exchange parameters: CawNO (A), DawNO

(B), and J�awNO (C) for four different cases are shown. C, cylinder model in
the absence of axial diffusion; C-AD, cylinder model in the presence of axial
diffusion; T, trumpet model in the absence of axial diffusion; T-AD, trumpet
model in the presence of axial diffusion. Right: determined airway NO
exchange parameters from model C, compared with the determined values
from a previously reported single-breath technique (24). The open circles and
lines represent individual subjects, and the shaded bars represent the mean.
#Statistical significance among models (two-way or one-way ANOVA, P � 0.05).
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Efficacy of Breath-hold Technique

Relative to previously described single-breath techniques (9,
15, 22, 24, 25), our new breath-hold technique has two distinct
advantages. First, the exhalation flow need not be controlled,
providing a simpler maneuver to complete for both the subject
and the investigator or clinician. Second, the technique pro-
vides improved accuracy (smaller confidence interval) for
estimating DawNO relative to the single-breath technique with
a 20-s breath hold and decreasing exhalation flow (24). The
intramaneuver confidence interval for the single-breath tech-
nique is 168% (20, 24), compared with 11.5% for the new
breath-hold technique. The improved confidence interval is due
to two factors. First, the new breath-hold technique requires
more individual breathing maneuvers (five breath-hold times)
than the single-breath technique (one maneuver); however,
each maneuver may be easier to complete for both the subject
and the investigator. Second, the new technique samples a
wider range of residence times (5–30 s) within the airway tree
compared with the single-breath technique (20 s only). A
disadvantage of the new technique is the inability to charac-

terize the alveolar region, simply because air originating from
this space is not sampled.

Finally, to preserve simplicity, the new technique considers
only the total mass of NO exhaled in phases I and II and does
not analyze phase III. Further refinements to the technique
might include a more detailed analysis of the precise shape of
the exhalation NO profile in phases I and II. For example,
analysis of the width or skewness of the phase I and II peak
might provide more detailed information on the location of NO
production within the airway tree, which could be relevant in
disease states such as asthma (19, 22). In addition, our current
estimates of DawNO and CawNO are averages over the entire
airway tree and do not account for dependence on transport
properties of surrounding tissue (e.g., tissue thickness), which
may vary with axial position.

Impact of Geometry and Diffusion on Airway
NO Parameters

Axial diffusion is a fundamental mode of transport for gases
in the lungs, and its relative importance depends on the com-
peting mechanisms of transport, namely forced convection (or
bulk fluid flow). The relative importance of axial diffusion
increases with position into the airway tree due to the branch-
ing structure of the airway tree and thus a decreasing bulk fluid
flow rate within an individual airway. Recent theoretical and
experimental studies clearly demonstrate that axial diffusion
has a significant impact on the exhaled NO signal and thus the
characterization of NO exchange dynamics (17, 18, 26). By
comparing different airway geometries in the presence and
absence of axial diffusion, it is evident that axial diffusion
results in a significant loss of NO to the alveolar region for the
trumpet-shaped airway. This tremendous increase relative to
the cylinder geometry (Fig. 6B) is due to the substantial
increase in the cross-sectional area available for diffusion in
the small airways (283 cm2 compared with 6 cm2 at generation
17). Thus, to simulate the experimentally observed total mass
of NO accumulated in the airways during breath hold, the
model must increase the J�awNO to offset the loss to the
alveolar region.

To increase the airway wall flux to compensate for losses to
the alveolar region, the model can either increase the conduc-
tance (i.e., increase DawNO), increase the concentration differ-
ence between the airway wall and the gas phase in the airway
lumen (i.e., increase CawNO), or some combination of both.
This is described mathematically in APPENDIX A (Eq. A1). These
options can be uniquely distinguished from each other by using
the breath-hold technique. During a breath hold, NO accumu-
lates in the gas phase, thus increasing the concentration. The
final (or steady-state) concentration is determined by CawNO,
and the rate at which the concentration changes is determined
by DawNO (see APPENDIX A).

Figure 8 demonstrates why both CawNO and DawNO must
both be changed to simulate the experimental observations.
The dotted line demonstrates the best fit of the average AI,II as
a function of breath-hold time for all eight subjects when
DawNO is held constant at the best value when axial diffusion
is neglected, and only CawNO is increased to increase the
airway wall flux when axial diffusion is considered. Note that
the mass of NO in the airway rises too quickly (too large of a
conductance) to a steady-state value that is too small. Any

Fig. 7. A: using the mean value for the best-fit airway NO parameters (DawNO �
4.5 pl � s�1 �ppb�1, CawNO � 1,340 ppb), the exhaled concentration at the
mouth (CENO; before entering the sampling system) is shown for a series of
breath-hold (BH) times. The shape of this profile exactly replicates the NO
concentration profile with volumetric position in the airway tree at the end of
the breath hold. CENO then enters the sampling system, which introduces a time
lag (tlag � 1.25 s) as well as a significant flattening and broadening of the peak
due to dispersion within the laminar flow of the sampling line to the analytical
instrument. The result is the observed concentration profile, CobsNO

, by the
instrument. B: maximum NO concentrations in the exhaled profile are shown
for three cases at each of the different breath-hold times. Dark shaded bar
represents the calculated maximum CENO concentration from the model sim-
ulation in A; light shaded bar represents the calculated maximum CobsNO
(CpeakNO

) from the model simulation in A; and the open bar represents CpeakNO
from the experimental observation. CpeakNO

as a fraction of the maximum
CENO are shown as percentages in parentheses.
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further increases in CawNO to match the experimental obser-
vations at higher breath-hold times result in a poorer match at
shorter breath-hold times. Thus, to match the experimental
observations, both an increase in CawNO and a decrease in
DawNO (smaller conductance) are necessary.

In the presence of axial diffusion and a trumpet-shaped
airway geometry, the predicted increase in the maximum
airway wall flux (J�awNO � CawNO �DawNO) is 2.6-fold (4,346
compared with 1,704 pl/s), which is consistent with previous
reports that utilized models that considered axial diffusion and
reported increases in J�awNO that ranged from 1.5- to 5-fold
(17, 18, 26). The major difference in our current simulations is
the ability to more accurately separate the terms that com-
prise J�awNO (i.e., CawNO and DawNO). The result is a mean
CawNO � 1.3 ppm, which is more than 14-fold higher than
current (mean 91 ppb) and previous estimates (range 75–225
ppb) from models that neglect axial diffusion (7).

DuBois and colleagues (6) have employed a similar exper-
imental approach and calculated the gas-phase equilibrium NO
concentrations in different regions of the airway tree, which are
equivalent to CawNO. Their results are based on a model that is
identical to the current model T; that is, the model is based on
a trumpet-shaped geometry to determine volumetric positions
and total airway volume and neglects axial diffusion. Thus the
technique utilizes a simple exponential solution for the time
dependence of the gas-phase concentration in the airways
during a breath hold, which is equivalent to Eq. A13 (see
APPENDIX A). Based on a fit through two data points (e.g., 0- and
10-s breath hold), they report equilibrium (or CawNO) concen-
trations that range from 16 to 56 ppb in healthy young adults
from the respiratory bronchioles to the trachea, which are
consistent with our reported CawNO using model T. The
reported lower concentrations in the lower airways by DuBois
et al. (6) may be due to increased loss of NO to the alveolar
region by axial diffusion.

This much larger wall concentration has potentially im-
portant implications for physiological processes in the air-
way wall, which are concentration dependent, such as the
activation of soluble guanylate cyclase, which has recently
been shown to be activated at concentrations as low as 3
ppm (�5 nM) (4). Thus, in asthma, where exhaled NO con-
centrations can be increased more than fivefold, CawNO values
may reach levels that impact airway and vascular smooth
muscle tone.

Gas Phase Relative to Tissue-Phase Concentration

During a breath hold, the concentration of NO in the airways
increases because the concentration in the tissue phase (i.e.,
wall concentration, CawNO) is larger than that in the gas phase.
For a very long breath-hold time, the gas-phase concentration,
CNO, would eventually reach CawNO. Our estimated mean
CawNO is 1,340 ppb, which is much larger than the experi-
mentally observed peak concentration of 71 ppb following the
largest breath-hold time of 30 s. This discrepancy is due to two
phenomena. First, the sampling system introduces significant
distortion of the observed exhaled profile due to axial disper-
sion of the gas within the sampling line leading to the NO
analyzer. This causes a pulse of NO to be significantly flattened
(thus lowering the peak concentration) and broadened without
altering the total mass of NO in the peak. This effect can be
accurately simulated using a well-studied and validated con-
volution for laminar flow in a tube, as described in APPENDIX B.
The result is a four- to sevenfold reduction in maximum or
peak concentration. For the 30-s breath hold, the T-AD model
predicts a maximum concentration of 526 ppb within the
airways, but a CpeakNO

(observed at the instrument) of only 72
ppb, which agrees very well with the experimentally observed
value of 71 ppb.

The second reason why the observed gas concentration is
less than CawNO is due to the observation that a steady state
has not been reached with the gas phase. In other words, the
gas phase is not at equilibrium with the tissue phase. This can
be observed by simply noting that CpeakNO

following a 30-s
breath-hold time is significantly larger than that following the
20-s breath-hold time. The natural question then becomes: how
long does it take for the gas phase to reach equilibrium with the
tissue phase? This can be estimated from the T-AD model and
determining the time is takes to reach 95% of the final equi-
librium concentration (i.e., CawNO). This time (mean � SD) to
equilibrium is 226 � 168 s (3.75 min) for the eight healthy
subjects.

Conclusions

We have presented a new technique based on progressively
increasing breath-hold times to characterize airway NO ex-
change. The technique is relatively simple to perform and does
not require monitoring or control of exhalation flow, and
determined airway NO parameters agree well with a previously
described single-breath technique. In addition, the impact of
two important physical and anatomical features, neglected for
simplicity in previous models, have been included; namely,
axial diffusion of NO in the gas phase and an increasing
cross-sectional area of the airway tree with axial position (i.e.,
trumpet shape). In the presence of axial diffusion and a trumpet
shape, the model predicts a significant back diffusion of NO

Fig. 8. Mean values of the eight healthy subjects for AI,II are shown as a
function of breath-hold time (solid circles). The error bars represent the SD.
The solid line is the best fit of these data points (R2 � 0.99) using the model
with a trumpet-shaped airway geometry and considering axial diffusion
(T-AD) when both DawNO and CawNO are adjusted. Best-fit values for
parameters DawNO and CawNO are 2.69 pl � s�1 �ppb�1 and 1,603 ppb, respec-
tively (J�awNO � DawNO �CawNO� 4,312 pl/s). The dashed line represents the
best fit for the T-AD model when DawNO is held constant at the best value
(18.4 pl � s�1 �ppb) when the cylinder-shaped airway model is used and axial
diffusion is neglected, and then only CawNO is adjusted to determine the best
fit. In this case, the best value for CawNO is 335 ppb, but the overall fit of the
data is significantly worse (R2 � 0.86), demonstrating the need to adjust both
parameters to achieve the best fit of the data.
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from the airways into the alveolar region, which profoundly
impacts the determination of airway NO parameters. In partic-
ular, the wall concentration of NO in healthy adults is more
than an order of magnitude larger than previous estimates. This
concentration (�1,300 ppb) approaches that capable of acti-
vating soluble guanylate cyclase and thus smooth muscle
relaxation, particularly in disease states such as asthma. We
conclude that the new breath-hold technique may have poten-
tial to characterize airway NO exchange in subjects unable to
perform single-breath exhalations. In addition, accurate char-
acterization of airway NO exchange must include mathemati-
cal models, which consider axial diffusion of NO in the gas
phase as well as the trumpet shape of the airway tree.

APPENDIX A: MATHEMATICAL MODEL DEVELOPMENT

Governing Equation

The unsteady-state diffusion equation during breath hold in the
airway (through generation 17) compartment is derived by the fol-
lowing mass balance for NO, which includes the relationship between
airway cross-sectional area and axial position (Eq. A2):

dCNO

dt
� DNO,air

d

dz
�Ac

dCNO

dz
� �

DawNO

Vair

	CNO � CawNO
 (A1)

Ac � Ac,1 �Z

Z1
��m

(A2)

where DNO,air is molecular diffusivity of NO in air. The left side of Eq.
A1 represents NO accumulation in the gas phase. The first term on the
right side of Eq. A1 represents axial diffusion with variable cross-
sectional area, and the second term represents the radial flux of NO
from the airways. Beyond generation 17, the airways and alveoli are
lumped together to become a single boundary. For Eq. A2, m � 0 for
a cylinder, and m � 2 for the best-fit trumpet-shaped airway (27) (Fig.
2). The initial condition for Eq. A1 is CNO(z, t � 0) � 0, and the
boundary conditions for Eq. A1 are as follows:

CNO	z1, t
 � 0 	zero alveoli concentration
 (A3)

dCNO	z2, t


dz
� 0 	no diffusional flux at end of airway
 (A4)

For Eq. A3, we assume that, as z approaches zero, CNO approaches the
constant CANO. For simplicity, CANO is set to zero, as airway con-
centrations during a breath hold are much larger than reported values
for the alveolar region [CNO(z1, t) � CNO(z � 0, t) � CANO � 0].

Dimensionless Form of Governing Equation

The unsteady boundary value problem of Eq. A1 is expressed in the
following dimensionless form:

d�

d�
�

d2�

dx2 �
m

x

d�

dx
� � (A5)

Ac � Ac,1x
�m (A6)

where x �
z

z1

, � �
CNO � CawNO

�CawNO

, � �
DNO,airt

Z 1
2 ,  �

DawNOz1
2

DNO,airVair

, and

Initial condition: �	x, � � 0
 � 0 (A7)

Boundary condition: �	x � 0, �
 � 1 (A8)

d�	x2, �


dx
� 0 (A9)

Model Solution

For each of the four cases (C, C-AD, T, and T-AD), the solution of
the governing equation (Eq. A1) has the following form

CNO � CawNO	1 � �
 (A10)

where the closed form expression for � depends on the model as
follows.

1) Cylinder airway geometry (m � 0) in the absence of axial
diffusion (C)

� � e�� (A11)

where  depends on DawNO and is define above.
2) Cylinder airway geometry (m � 0) in the presence of axial

diffusion (C-AD)

� � �
sinh 	�x2)

cosh 	�x2)
sinh 	�x) � cosh 	�x) ��

n�1

�

Cne
��2�x0.5J0.5	�x


(A12)

where, � � ��2 �  � �n�0
� 	n � 0.5
�

x2

, J is the Bessel function

of the first kind, and

Cn �

�
0

x2�1 ���sinh 	�x2


cosh 	�x2

sinh 	�x
 � cosh 	�x
�� x0.5J0.5	�x
dx

�
0

x2

xJ 0.5
2 	�x
dx

3) Trumpet airway geometry (m � 2) in the absence of axial
diffusion (T)

� � e�� (A13)

4) Trumpet airway geometry (m � 2) in the presence of axial
diffusion (T-AD)

� � �
cosh 	�x2


sinh 	�x2

�sinh 	�x
 ��x cosh 	�x)]

��x sinh 	�x)�cosh 	�x)��
n�1

�

Cne
��2�x1.5J1.5	�x


(A14)

where, � � ��2 �  � �n�0
� 	n � 1
�

x2

, and

Cn �

�
0

x2�1 � ��
cosh 	�x2


sinh 	�x2

�sinh 	�x
 � �x cosh 	�x
� � �x sinh 	�x
 � cosh 	�x
�� x�0.5J1.5	�x
dx

�
0

x2

xJ1.5
2 	�x
dx
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APPENDIX B: DISTORTION OF EXHALED NO
CONCENTRATION PROFILE BY SAMPLING SYSTEM

The experimental monitoring system, characterized in previous
work (5, 24), continuously collects a small sampling flow (V̇s � 4.2
ml/s) of expired air through a 1.8-mm-diameter line (volume, Vs �
5.5 ml, and space-time, �s � Vs/V̇s � 1.3 s). Since the sample line is
maintained at laminar flow, the resulting concentration input to the
NO analyzer, CinNO

(t), is delayed and distorted, and this effect can be
approximated in terms of a convolution integral (5):

t � �s/2: CinNO
	t
 � 0 (B1)

t � �s/2: CinNO
	t
 � 	�s

2/2
 �
0

t��s/2 CsNO
	u


	t � u
3 du (B2)

where CsNO
(t) is the NO concentration at the sampling point.

In addition, before exhaled air from the mouth (concentration,
CENO) is sampled, it traverses a dead space region (characterized by
plug flow) within the mouthpiece assembly (volume, Vds � 135 ml).
Thus the concentration entering the sampling line, CsNO

, is delayed by
space-time, �ds � Vds/V̇E, relative to CENO, or CsNO

(t) � CENO (t �
�ds). V̇E represents exhalation flow rate (ml/s). Although the analyz-
er’s response may also be characterized by a convolution integral, the
instrument imparts minimal distortion on the signal; thus the instru-
ment response is modeled as a brief additional lag of 0.15 s (5). Thus
numerical integration of CsNO

(t) � CENO (t � �ds) using Eqs. B1 and
B2 yields CinNO

(t), which is translated in time to obtain the observed
NO concentration from the instrument, CobsNO

(t).
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