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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~'-parts per billion (ppb)~'], 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 /) 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
A Area under the curve in phases I and II of the
exhaled NO profile [parts per billion (ppb)/ml]
Ac(2) Cross-sectional area of airway space (cm?)
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1870 AIRWAY NO EXCHANGE AND BREATH HOLD
Cano Mixed or average fractional concentration of METHODS
NO in the gas phase of the alveolar region Exeri
. . Xperiment
(ppb). A steady-state concentration is
achieved for breath-hold or exhalation times Subjects. Eight healthy adults (age 20-38 yr, two women) partic-
>10 s. ipated in the study (Table 1). All subjects had a ratio of forced
Cawno Airway wall concentration of NO (ppb) expiratory volume in 1 s to forced vital capacity of >0.75 at the time
CEno Exhaled NO concentration at the mouth (ppb) qf testing. In addition, all subjects had no history of smoking at any
C., Exhaled NO concentration (ppb) which enters ~time. and no history of cardiovascular, pulmonary, or neurological
NO the analytical instrument diseases. The Institutional Review Board at the University of Cali-
Cro Exhaled NO concentration (ppb) in the gas fornia, Iryme, approved the protocol, and written, informed consent
hase of the airways was obtained from all subjects.
p ways Protocol. Each subject performed a series of breath-hold maneu-
C"'”NO Exhaled NO .conc.entratlon (ppb) observed from vers (5-, 10-, 15-, 20-, and 30-s breath hold), followed by an exhala-
C E tﬁlel ???gcal mstrturlt].ent b) which ent tion in which the flow rate was not controlled but was generally >300
SNO Xhale _concentration (ppb) whic CNEerS /s to ensure evacuation of the airway space in <2 s. A positive
Fhe sampling line leading to the analytical pressure > 5 cmH,O was maintained during the breath hold and
mstrument exhalation to prevent nasal contamination (1). A schematic of the
CpeakNo The. maximum or peak exhaled NO .Con(fentra— experimental apparatus has been previously presented (24). In addi-
tion (ppb) observed by the analytical instru-  jon, each subject performed a single-breath maneuver (a 20-s
ment breath hold followed by a decreasing flow rate maneuver), as previ-
Dawno Diffusing capacity (ml/s) of NO in the entire ously described (24), to determine airway NO parameters as a “gold
airway tree, which is expressed as the vol- standard” for comparison to our new technique. After measuring
ume of NO per second per fractional concen-  the indexes of NO exchange dynamics, general spirometry, including
tration of NO in the gas phase [ml forced vital capacity and forced expiratory volume in 1 s, was
NO-s~!-(ml NO/ml gas)'] and is equiva- measured in all subjects (Vmax229; Sensormedics, Yorba Linda, CA)
lent to pl-s~'-ppb~! by using the best performance (Table 1) from three consecutive
Dnoair  Molecular diffusivity (diffusion coefficient) of =~ Maneuvers. . .
NO in air ( cm? /s) Airstream analysis. A chemiluminescence NO analyzer (NOA280,
, . . 1 Sievers, Boulder, CO) was used to measure the exhaled NO concen-
J'awno Maximum total volumetric flux (ppb-ml-s™ " or . . . . . .
1 £NO f he ai tration. The instrument was calibrated on a daily basis by using a
pl/s) of NO from the airways certified NO gas [45 parts/million (ppm) NO in 100% Na: Sievers].
Jaxial The rate of axial dlffus%on of NO (pl/s) across  pe zero-point calibration was performed with an NO filter (Sievers)
the boundary of the airway compartment and  jmmediately before the collection of a profile. The flow rate and
alveolar compartment defined by Fick’s first  pressure signals were measured by using a pneumotachometer
law of diffusion (RSS100, Hans Rudolph, Kansas City, MO). The pneumotachometer
RMS Root mean square error between experimental ~ was calibrated daily and set to provide the flow in units of sTPD.
data and model prediction Empirical data analysis. Experimental exhalation profiles follow-
Vin Exhaled volume in phases I and II of the exha- ing breath hold were characterized empirically (mf)del independent)
lati fil 1 by the peak or maximum observed concentration in phases I and II
v v la tion prci ef(trtrll ) . ¢ defined by th (Fig. 1) of the exhalation profile (C.y,); the width of phases I and II
aw olume (m) 0 ¢ airway 'ree cline y, ¢ (Ws0) defined as the exhaled volume in which the NO concentra-
cumulative Volume' of airway gener anons — tion was >50% of Cpeakyoi the total exhaled volume of phases I
9—17 based qn Weibel (27) or .the subjects  and 11 (Vin); and the total mass or volume of NO (area under the
ideal body weight (Ibs.) plus age in years (24)  curve) in phases I and II (A;y). Each of these parameters are defined
Z Axial position in the lungs (cm) in Fig. 1.

Table 1. Physical characteristics of subjects
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Body FvC FEV, FEV1/FVC
Subject Age, Height, Weight, Ideal Body Vaw, Vaw*,
No. Gender yr in. Ib. Weight, 1b. ml ml liter Jopred liter Jopred liter Jopred
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 275 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 1bs. (24); FVC, forced vital capacity; FEV, forced expiratory volume in 1 s; FEV/FVC,
ratio of FEV, to FVC; %pred, percent predicted.
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AIRWAY NO EXCHANGE AND BREATH HOLD

<“—Phase | and [I=>—> Phase IIl

Increasing breathhold time
/ A|,||

n yum point (dCobsyo/dV=0)

Cobsyo (PPb)

Cpeakyg

50% of Cpeaky,

W50 vI.II
Exhaled volume (ml)
Fig. 1. Model-independent parameters characteristic of the observed exhala-
tion profile in phases I and II are defined schematically. Cy ., maximum
concentration of nitric oxide (NO) in phases I and IT; Wso, width of phase I and
II peak calculated by taking the volume at which the exhaled concentration is
larger than 50% of Ciy; Vi, volume of phases I and II; Ay, total mass of

NO (area under the curve, which is shown as a shaded region) in phases I and
IT; Cypyy,» €xhaled 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.

Model Development and Simulation

Mathematical models to estimate airway NO parameters were
developed for four cases: ) 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 (V.w) 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 V,, that are not
statistically different than estimating V.. using the subject’s ideal
body weight (Ibs.) 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 V.. (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 (A.) and axial position, z, was used to model the trumpet
shape:

Innovative Methodology
1871

A=A <Z>7m 1

c c,l Z[ ( )
where m = 2 provides an excellent match (Fig. 3) to the data of
Weibel (27). V.w 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 (Arn) 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 (A1) are referenced to the experimental data, Ay, by minimizing
the root mean square (RMS) error between the model prediction and
experimental data defined by:

A Cylinder model (C)

Z, (Gen 17) iz
As z—0, A
then Cy, —constant CANO' c
V=0 ml V=Vaw ml

Jaw, o= Dawyo(Cawyo-C
B Trumpet model (T) no= Dawno(Cawno-Cro)

= Jawyg-DawyoCho

Z,(Gen 17)

As z—0,
then Cyo —>constant CAyq

V=Vaw ml

!

V=0 ml

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 18 set to zero for the current simulations. Ac, cross-sectional area of
airway space. All other parameters are as defined in the Glossary.
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