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Shin, Hye-Won, Peter Condorelli, and Steven C. George. Ex-
amining axial diffusion of nitric oxide in the lungs using heliox and
breath hold. J Appl Physiol 100: 623-630, 2006. First published
October 6, 2005; doi:10.1152/japplphysiol.00008.2005.—Exhaled ni-
tric oxide (NO) is highly dependent on exhalation flow; thus exchange
dynamics of NO have been described by multicompartment models
and a series of flow-independent parameters that describe airway and
alveolar exchange. Because the flow-independent NO airway param-
eters characterize features of the airway tissue (e.g., wall concentra-
tion), they should also be independent of the physical properties of the
insufflating gas. We measured the total mass of NO exhaled (A )
from the airways after five different breath-hold times (5-30 s) in
healthy adults (21-38 yr, n = 9) using air and heliox as the insufflat-
ing gas, and then modeled Ay as a function of breath-hold time to
determine airway NO exchange parameters. Increasing breath-hold
time results in an increase in Ay for both air and heliox, but Ay is
reduced by a mean (SD) of 31% (SD 6) (P < 0.04) in the presence of
heliox, independent of breath-hold time. However, mean (SD) values
(air, heliox) for the airway wall diffusing capacity [3.70 (SD 4.18),
3.56 pl-s—'-ppb~' (SD 3.20)], the airway wall concentration [1,439
(SD 487), 1,503 ppb (SD 644>)], and the maximum airway wall flux
[4,156 (SD 2,502), 4,412 pl/s (SD 2,906)] using a single-path trumpet-
shaped airway model that considers axial diffusion were independent
of the insufflating gas (P > 0.55). We conclude that a single-path
trumpet model that considers axial diffusion captures the essential
features of airway wall NO exchange and confirm earlier reports that
the airway wall concentration in healthy adults exceeds 1 ppm and
thus approaches physiological concentrations capable of modulating
smooth muscle tone.

gas exchange; trumpet model

NITRIC OXIDE (NO) can be detected in the exhaled breath, and
the concentration, FEno, may reflect the inflammatory status of
the lungs (1, 3, 9, 14, 16, 31). However, NO exchange dynam-
ics in the lungs are not yet fully developed, owing primarily to
the unique gas-exchange characteristics of NO that include
both airway and alveolar contributions (18, 27, 28).

Several techniques have been developed to partition FEno
into airway and alveolar contributions (6, 7, 10, 18, 27, 28, 30)
to provide information on region-specific pathobiology (8,
11-13, 17, 24-27). These methods include both vital capacity
maneuvers and tidal breathing and generally alter exhalation
flow to sample different gas-phase residence times in the
airways. By doing so, the alveolar and airway regions can be
characterized by flow-independent parameters which include
the steady-state alveolar concentration (Cano), the airway wall
diffusing capacity (Dawno), and either the airway wall con-

centration (Cawno) or the maximum airway wall flux (J;
equal to the product Dawno*Cawno) (6, 7).

Early models of NO exchange neglected axial diffusion of
NO in the gas phase, as well as the increasing cross-sectional
area of the airway tree with increasing airway generation (i.e.,
trumpet shape). These simplifications generated errors in the
estimation of Cawno and Jy,, (21-23, 32). In addition, the
variance of Dawno was larger than other parameters, and the
accuracy depends on the residence time of the air in the airway
compartment (25). A unique challenge in determining Dawno
is the need to sample very low (<50 ml/s) exhalation flows
(29). These very low exhalation flows can be difficult to
perform, especially for young subjects and people with com-
promised lung function. Accurate estimation of Dawno is
particularly interesting because initial studies suggest that it is
elevated in asthma but may be independent of steroid use (24,
27), unlike FEno and Cawno.

Recently, we have developed a new technique that focuses
on the determination of the airway wall NO parameters
(Cawno, Dawno, and Jiw,) (21). The technique uses a series
of different breath-holding times that significantly improves
the accuracy of determining Dawno and suggests that, indeed,
the estimation of Dawno also depends on axial diffusion and
airway geometry.

The goal of the present study is to alter the rate of axial
molecular diffusion of NO in the gas phase of the airway tree
by using heliox (80% helium, 20% oxygen) as the insufflating
gas and then accurately estimate airway wall NO parameters
using our recently described breath-holding technique. Be-
cause the airway NO parameters characterize features of the
airway wall or tissue, such as airway wall surface area, tissue
thickness, and net rate of tissue production (28), they should be
independent of the physical properties of the insufflating gas.
To investigate this premise, our model of NO exchange must
capture the relevant physical properties of the insufflating gas
(e.g., rate of molecular diffusion), including the space it occu-
pies (e.g., airway geometry).

WNo?

METHODS
Experiment

Subjects. Nine healthy adults (age 21-38 yr, five female) partici-
pated in the study (Table 1). All subjects had a ratio of forced
expiratory volume in 1 s to forced vital capacity (FEV/FVC)
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 Uni-
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Table 1. Physical characteristics of subjects

AIRWAY NO EXCHANGE WITH HELIOX AND BREATH HOLD

FvC FEV, FEVI/FVC
Subject No.  Gender  Age, yr  Height, in.  Body Weight, Ib  Iwgt,lb  Vaw, ml  *Vaw, ml Liters % Predicted Liters % Predicted % % Predicted
1 M 38 69 145 160 198 182 5.16 104 4.04 100 78 96
2 F 36 59 104 100 136 124 3.50 121 2.96 118 85 98
3 F 34 59 94 100 134 117 3.31 114 2.81 110 85 97
4 F 28 64 112 120 148 124 3.50 91 3.01 98 86 108
5 M 24 71 214 172 196 198 5.61 102 4.18 88 75 87
6 F 23 64 120 120 143 134 3.81 106 3.51 112 92 106
7 M 23 70 205 166 189 206 5.84 110 5.19 114 89 104
8 F 21 62 120 110 131 125 3.54 103 32 105 90 101
9 M 25 66 144 148 173 208 5.88 123 4.41 109 75 89
Mean 28.0 64.9 140 133 161 157 4.46 108 3.70 106 83.9 98.3

Iwgt, ideal body weight based on gender and ethnicity; 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 (Ib) (29); FVC, forced vital capacity; FEV,, forced expiratory volume in 1 s; M, male; F, female.

versity of California, Irvine approved the protocol, and written,
informed consent was obtained from all subjects.

Protocol. The breath-hold technique has been previously described
in detail (21). Briefly, each subject performed a series of breath-hold
maneuvers (5-, 10-, 15-, 20-, and 30-s breath hold) using either air or
heliox as the insufflating gas during inspiration from functional
residual capacity to total lung capacity. We have previously demon-
strated that a tidal breathing wash-in period of heliox for 2 min before
the inspiration of heliox and the breath hold does not significantly
impact exhaled NO concentration (22) and thus was not included in
the present protocol. The presence of heliox increases the molecular
diffusivity of NO in the gas phase from 0.23 to 0.52 cm?/s relative to
air (19). Exhalation flow after a breath hold was not controlled but was
generally >200 ml/s to ensure evacuation of the airway space in ~2
S. A positive pressure >5 cmH>O was maintained during the breath
hold and exhalation to prevent nasal contamination (2). A schematic
of the experimental apparatus has been previously presented (29).
After indexes of NO exchange dynamics were measured, general
spirometry including FVC and FEV, were measured in all subjects
(Vmax229; Sensormedics, Yorba Linda, CA) by using the best per-
formance (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 using a certified
NO gas (45 ppm NO in 100% N, for air calibration and 45 ppm NO
in 100% He for heliox calibration, Sievers). The zero-point calibration
was performed with an NO filter (Sievers) immediately before the
collection of a profile. Calibration with =80% of carrier gas (either
nitrogen or helium as in the case of air or heliox, respectively)
balanced with oxygen resulted in a negligible change in the response
of the instrument (<2% for helium). The flow rate and pressure
signals were measured by using a pneumotachometer (RSS100HR,
Hans Rudolph, Kansas City, MO). The pneumotachometer was cali-
brated before each subject and set to provide the flow in units of STPD
and pressure in units of cmH»O. The software of the pneumotachom-
eter accounts for changes in gas properties (e.g., viscosity) when using
heliox as the insufflating gas.

Empirical data analysis. Experimental exhalation profiles after
breath hold from air and heliox breathing were characterized empir-
ically (independent of a mathematical model or “model independent”)
by the peak or maximum observed concentration in phase I and II
(Fig. 2A) of the exhalation profile, Cxo peax; the width of phase I and
II, W50, defined as the exhaled volume in which the NO concentration
was greater than 50% of Cno peax; Vi, the total exhaled volume of
phase I and II; and Ay 1, the total mass or volume of NO (area under
the curve) in phase I and II.

Model Development and Simulation

Trumpet model. Mathematical models to estimate airway wall NO
parameters were developed for two cases: /) trumpet airway in the
absence of axial diffusion (T), and 2) trumpet airway in the presence
of axial diffusion (T-AD). Details of these models, including the
derivation of the governing equations and solutions, have been pre-
viously presented (21), and only the salient features will be described.
For each subject, airway geometry was characterized by appropriately
scaling the lengths and diameters of Weibel’s data of the human
airway tree (4, 33), on the basis of the conducting airway volume
(Vaw) of generations 0-17 of each subject (4, 33). The trumpet shape
of the airway (15, 20, 23) is shown in Fig. 1, and was captured using
the following relationship between airway cross-sectional area (Ac)

and axial position, z (21):
Z —m
Ac = Ac,l(i) (])

Z

where the exponent m = 2 provides an excellent match to the data of
Weibel (33). The remaining generations (generations 18-23), includ-
ing the respiratory and terminal bronchioles and the alveoli, are
lumped together and assumed to be at CAno. Because reported values
of Cano are generally <2 parts per billion (ppb), much lower than
those observed in the airway tree during the breath-hold times of the
present technique, CAno was set to zero as one of the boundary
conditions (21).

Parameter estimation using different breath-hold times. Utilizing
five different breath-hold times, two model-dependent, airway wall
NO exchange parameters (Dawno and Cawno) from the two different
models (i.e., T and T-AD) were uniquely determined (21) for each
subject by matching the total mass of NO (A1) accumulated in the
airway gas phase during breath hold as a function of breath-hold time.
The model-predicted values of the area under the curve in phase I and
II, Afy, are referenced to the experimental data, Ay, by minimizing
the root mean square error between the model prediction and exper-
imental data. On the basis of the governing equations of the model,
Afn depends on the airway wall NO parameters Dawno and Cawno
(21). Once Dawno and Cawno were determined, JZ,WNO was calculated
as the product of Cawno and Dawno.

Statistics. Data were analyzed by one-way and two-way repeat-
ed-measures ANOVA, followed by paired or unpaired z-tests as
appropriate, if the ANOVA analysis demonstrated statistical sig-
nificance (P < 0.05). All variables were assumed to be normally
distributed, and all statistical tests were performed on raw data
scores. Outliers were defined by raw values that exceed three standard
deviations from the mean. A P value < 0.05 was considered statisti-
cally significant.
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Fig. 1. Schematic of the trumpet-shaped human airway tree
through 17 generations based on the symmetric bifurcating

z, structure of Weibel (33). The cumulative cross-sectional area
for any axial position, z, for the trumpet is calculated on the
l basis of the cumulative cross-sectional area of all of the airways

Ac2)

at that position. As z approaches zero, exhaled nitric oxide
| (NO) concentration in the gas phase of the airways [Cno, in

RESULTS

Figure 2B presents a representative single tracing for the
exhaled NO concentration profile as observed by the analytical
instrument (Cno obs), €xhalation flow, and pressure for inspi-
ration of air using 20-s breath-hold time. Figure 2C presents
the representative composite (average of all subjects) Cno obs
for air and heliox using a 20-s breath-hold time. The composite
profile was attained by taking the mean exhaled concentration
at equivalent exhaled volume intervals in the nine healthy
subjects. A decrease in total mass of NO exhaled in phases I
and II (Arn) was observed when heliox was used as the
insufflating gas (36% reduction in heliox breathing), although
Cno peak Was not statistically lower.

Cno peaks Wso0, Vi, and App for all nine subjects are
presented in Fig. 3 to demonstrate model-independent dif-
ferences in the exhaled NO profile as a function of breath-
hold time as well as the differences between air and heliox
breathing. For both air and heliox breathing, Cno peax (Fig.
3A) and Ay q1 (Fig. 3D) were both strong positive functions of
breath-hold times for all nine subjects. However, breath-
hold time did not impact Wso or Vi (Fig. 3, B and C).
Cno peak did not depend on the presence of heliox; however,
Wso and Ay pp (except 5-s breath hold) were all significantly
reduced in the presence of heliox, independent of breath-hold
times. Vi tended to be lower in the presence of heliox but
only reached statistical significance for breath-hold times of 15
and 20 s.

The determined airway wall NO parameters using a model
which accounted for or neglected axial diffusion (T and T-AD)
are presented in Fig. 4 for both air and heliox. Both models can
accurately simulate the increase in Ay y with increasing breath-
hold time. For air, the maximum deviation between Afy and
Ayq for any of the breath-hold times were 14.9 and 18.6% for
T and T-AD, respectively. R? (coefficient of determination)
values were 0.92 and 0.96 for T and T-AD, respectively. For
heliox, the maximum deviation between Afy and Ay for any

parts per billion (ppb)] approaches the steady-state alveolar
T concentration (CAno). For simplicity, CAno is set to zero for
_ the present simulations. Dawno, airway wall diffusing capac-
V=161 ml . . . .
ity; Cawno, airway wall concentration; Jawy,, airway wall flux;
Jiwno, Maximum airway wall flux; V, volume; A., airway
cross-sectional area.

of the breath-hold times were 10.9 and 11.2% for T and T-AD,
respectively, and R* values were 0.92 and 0.97.

The impact of axial diffusion for the trumpet geometry
(T-AD) was substantial. For air, Cawno and J;WNO were sig-
nificantly (P < 0.001 for Cawno and P = 0.003 for JQWNO)
increased by more than eightfold and threefold, respectively;
Dawno was (P = 0.06) decreased by ~75%. For heliox,
Cawno and J;WNO were also significantly (P < 0.001 for Cawno
and P < 0.001 for J;WNO) increased by more than 22-fold and
4-fold, respectively; Dawno was (P = 0.005) decreased by
~80%. Of note is the observation that determined airway wall
parameters are independent of the insufflating gas when axial
diffusion is included in the model (i.e., T-AD).

NO concentration as a function of airway volumetric posi-
tion is shown in Fig. 5 for the T-AD model for both air and
heliox breathing when breath-hold time was set to 30 s. Recall,
for both cases, that total mass of NO within the airway tree is
not different because this is the experimental variable for
which the determined model parameters are chosen to match.
Because estimated NO parameters do not depend on the insuf-
flating gas for model T-AD, the mean parameter set determined
from air (1,439 ppb for Cawno and 3.70 pl-s~!-ppb~! for
Dawno) was used to generate the NO profile within the airway
tree. The presence of heliox reduces the concentration of NO
along the airway tree during breath hold but does not impact
CNO peak-

During exhalation, the NO concentration profile in the air-
way tree exits the mouth and enters the sampling system. CExo
represents the NO concentration exiting the mouth, whereas
Cno obs(?) represents the observed NO concentration by the
instrument. As previously reported (21), Cno obs(f) predicted
by the model determined airway wall NO parameters (mean for
all nine subjects, shown in Fig. 6) for T-AD (solid circles,
calculated on the basis of experimental NO tracing results
described in the AppENDIX) agrees well with that observed
experimentally (open circles) for both air (Fig. 6A) and heliox
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breathing (Fig. 6B). Although the total mass of NO exhaled
from the airway tree is not changed, the maximum Cno obs(?)
(i.e., Cno peax) 18 only 9-16% of the maximum Ceno for air
and only 3—6% for heliox breathing, depending on the breath-
hold time.

“—Phase | and [|—>—> Phase Ill

)
g
~ Increasing preathold time

K

2
O Copeak froeeerees .- Ay
50% of Cyq peak freseescorch NI .o dccoueeneiiinnnnontennnsontennnsonsennnsns
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Fig. 2. A: model-independent parameters characteristic of the exhalation
profile in phase I and II are defined schematically. Cno obs, €xhaled NO
concentration observed experimentally from the analytical instrument;
CNo peak, maximum concentration of NO in phase I and II; Wso, width of the
phase I and II peak calculated by taking the volume at which the exhaled
concentration is larger than 50% of Cno peax; Vi, volume of phase I and II;
Arn, total mass of NO (area under the curve, which is shown as a shaded
region) in phase I and II. The distinction between phase I and II and phase IIT
is the point of zero slope (minimum point) in the exhalation profile as
previously described (29). Upper curve is a schematic representation of the
exhalation profile for a longer breath-hold time. B: representative experimental
exhaled profile after 20-s breath hold to present NO, flow rate, and pressure
tracing. C: composite or mean of the 9 healthy subjects, experimental NO
exhalation profile (error bars are standard deviation) is presented for 20-s
breath-hold maneuver for air and for heliox.

AIRWAY NO EXCHANGE WITH HELIOX AND BREATH HOLD
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Fig. 3. Four parameters characteristic of phase I and II of the exhalation profile
(Fig. 2A) that are model independent are presented for each of the different
breath-hold times: Cno peak (A), Wso (B), Vi (C) and A (D). Open circles
with lines represent the mean and standard deviation from air breathing, and
solid circles with lines represent the mean and standard deviation from heliox
breathing. #Statistically significant changes with breath-hold time (1-way
ANOVA, P < 0.05). *Statistically significant difference between air and
heliox breathing (paired #-test, P < 0.05).

DISCUSSION

This study characterized airway wall NO exchange dynam-
ics using a newly developed breath-hold technique (21) that
can more accurately determine the airway wall parameters
(Cawno, Dawno, and J;WNO), in particular Dawno. The airway
NO parameters should be independent of the physical proper-
ties of the insufflating gas (e.g., molecular diffusion coeffi-
cient) because they describe features of the airway wall or
tissue. We utilized a trumpet model of the airway tree that
considers axial diffusion of NO in the gas phase and demon-
strated that a single set of airway wall parameters could
simulate NO exchange dynamics with either air or heliox as the
insufflating gas. We conclude that a trumpet model of the
airway tree that considers axial diffusion captures the essential
features of NO exchange in the airways. In addition, our results
confirm earlier reports that loss of NO from the airways to the
alveolar region by axial diffusion profoundly impacts airway
wall NO characterization (21-23, 32) and that the airway wall
concentration is more than an order of magnitude larger than
previous estimates in healthy adults (21) utilizing models that
neglected axial diffusion and the trumpet geometry of the
airways.

Impact of Insufflating Gas

When heliox was used as the insufflating gas in the present
study, exhaled NO concentration and thus the total mass of NO
exhaled (Ar ) was decreased (Figs. 2 and 3). The reduced Ay
is due primarily to the reduced Wso (thinner peak causes a
small area) because Cno peak 1S independent of the insufflating
gas (Fig. 2). Molecular diffusion of NO in helium is enhanced
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Fig. 4. Determined airway wall NO exchange parameters from trumpet-
shaped airway: Cawno (A), Dawno (B), and Jiwy, (C) in the absence or
presence of axial diffusion; T, trumpet model in the absence of axial diffusion;
T-AD, trumpet model in the presence of axial diffusion. O, Each individual
data point from model T; @, each individual data point from model T-AD. Bars
represent the mean. §Statistically significant difference among models (paired
t-test, P < 0.05). *Statistically significant difference between air and heliox
(paired t-test, P < 0.05).

relative to nitrogen. Thus, in the presence of heliox, the rate of
molecular diffusion of NO is increased 2.3-fold. The reduced
Wi represents depletion of NO in the smaller airways due to
enhanced axial diffusion of NO from the airways to the
alveolar region. Cno peak Occurs in the first part of the exhaled
breath, which is far away from the sink (i.e., the alveolar
region) and is therefore not impacted by altering the rate of
axial diffusion. This result is consistent with the concentration
profile of NO in the airway tree as predicted by the trumpet
model (Fig. 5) as well as previous reports (22, 23).

Vi represents the volume of phase I and II of the exhaled
profile as defined by the point of zero slope in the exhalation
profile (Fig. 2A) and is therefore an estimate of that point in the
exhalation when all airway gas has been expired by convec-
tion, including that in the respiratory transition region (i.e.,
generations 18-23). Vi was statistically reduced in the pres-
ence of heliox for two of the five breath-hold times (Fig. 3C),
and thus this trend may also explain the reduced Ay observed
for heliox. The trumpet model describes an abrupt transition
between the airway and alveolar region, and this boundary is at
a fixed concentration of CaAno = 0. Thus the trumpet model
structure, including the boundary conditions, dictates that a
zero slope occurs at an exhaled volume equal to the volume of
the trumpet (see Fig. 5) and that this volume would be inde-

627

pendent of the insufflating gas. However, it is also evident from
Fig. 5 that the slope of the concentration profile becomes flatter
at smaller volumes in the presence of heliox because of
enhanced loss of NO to the alveolar region. This observation,
combined with normal experimental noise and the fact that an
abrupt transition between the airways and the alveolar region
does not occur, may account for the experimental observations.

As shown in Fig. 4, airway wall NO parameters depend
strongly on the insufflating gas when axial diffusion is ne-
glected in the model (model T). In contrast, when axial diffu-
sion is included (model T-AD), the airway wall NO parameters
are independent of the insufflating gas. The airway wall NO
parameters describe the airway wall tissue and depend on such
characteristics as wall surface area, tissue thickness, and net
rate of tissue production (28). Thus determined values for the
airway wall NO parameters should be independent of the
properties of the gas phase, such as the molecular diffusion
coefficient. Indeed, we have previously demonstrated theoret-
ically that the rate of radial diffusion of NO from the airway
wall is independent of the gas phase (28). Our result suggests
that a model of the airways that considers both trumpet geom-
etry and axial diffusion captures the essential features of
airway NO exchange.

Validity of the Model Assumptions and Structure

We assume that as z approaches zero, exhaled NO concen-
tration in the gas phase of the airways (Cno) approaches the
steady-state alveolar concentration, Cano (Fig. 1). Although
Cano has been shown by many investigators to be nonzero, the
values are generally <2 ppb, much lower than those observed
in the airway tree during the breath hold. Thus, for simplicity,
Cano is set to zero as one of the boundary conditions. Van
Muylem et al. (32) also explored the impact of axial diffusion
of NO exchange by accounting for the trumpet shape of the
airway tree. In their simulation, a zero Cano had minimal
impact on the estimated steady-state NO concentration at 50
ml/s exhalation flow compared with Cano = 1.8 ppb (28.7 ppb
vs. 29.8 ppb, respectively). Thus setting Cano to zero in the
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Fig. 5. Cno as a function of volumetric position in the airway tree is shown for
the T-AD model (see Fig. 1) for both air and heliox breathing when breath-hold
time was set to 30 s. Cawno was 1,439 ppb and Dawno was 3.70 pl-s™ ' -ppb ™!
for the simulation and represented the mean values of the 9 healthy subjects
when breathing air. The presence of heliox (by changing the molecular
diffusivity of NO from 0.23 to 0.52 cm?/s) reduces the concentration of NO
along the airway tree during breath hold but does not impact the maximum
concentration of the NO within the airway.
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