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Tsoukias, Nikolaos M., Hye-Won Shin, Archie F. Wil-
son, and Steven C. George. A single-breath technique with
variable flow rate to characterize nitric oxide exchange dy-
namics in the lungs. J Appl Physiol 91: 477-487,
2001.—Current techniques to estimate nitric oxide (NO) pro-
duction and elimination in the lungs are inherently nonspe-
cific or are cumbersome to perform (multiple-breathing ma-
neuvers). We present a new technique capable of estimating
key flow-independent parameters characteristic of NO ex-
change in the lungs: 1) the steady-state alveolar concentra-
tion (Calv.ss), 2) the maximum flux of NO from the airways
(JNO,max), and 3) the diffusing capacity of NO in the airways
(DNo,air)- Importantly, the parameters were estimated from a
single experimental single-exhalation maneuver that con-
sisted of a preexpiratory breath hold, followed by an exhala-
tion in which the flow rate progressively decreased. The
mean values for JNo,max, DNO,air, a0d Calv,ss do not depend on
breath-hold time and range from 280-600 pl/s, 3.7-7.1
pl-s~!-parts per billion (ppb)~%, and 0.73-2.2 ppb, respec-
tively, in two healthy human subjects. A priori estimates of
the parameter confidence intervals demonstrate that a
breath hold no longer than 20 s may be adequate and that
JNO,max €an be estimated with the smallest uncertainty and
Dyo,air with the largest, which is consistent with theoretical
predictions. We conclude that our new technique can be used
to characterize flow-independent NO exchange parameters
from a single experimental single-exhalation breathing ma-
neuver.

parameter estimation; diffusing capacity; airways; inflam-
mation

THE CONCENTRATION OF NITRIC oxide (NO) that appears in
the exhaled breath depends strongly on several factors,
including the presence of inflammation (1, 9). The fact
that inflammatory diseases, such as bronchial asthma,
elevate exhaled NO has generated great interest in

using exhaled NO as a noninvasive index of pulmonary
inflammation (2). Unfortunately, many early reports
collected NO levels under different experimental con-
ditions, and the absolute concentrations, as well as the
conclusions, were not consistent. Subsequent work
demonstrated that the exhaled NO level also depends
on many additional factors, including the exhalation
flow rate and the position of the soft palate (which
affects nasal cavity contribution) (10, 15). These find-
ings generated formal recommendations by both the
American Thoracic Society (ATS) and the European
Respiratory Society (ERS) on the conditions under
which exhaled NO should be collected (8, 17). Both
reports recommend a constant exhalation flow rate
during the maneuver (ERS recommends 250 ml/s, the
ATS recommends 50 ml/s).

Recently, several groups have demonstrated that
exhaled NO arises from both the alveolar and airway
regions of the lungs (12, 16, 19, 20); this conclusion is
supported by the presence of nitric oxide synthase
(NOS) in cells present in both regions (6, 13, 18, 21).
The flow rate dependence is due to the source of NO in
the airways, and this finding prompted the recommen-
dation of a single constant flow rate in all experimental
protocols. However, this recommendation presents a
critical limitation in the interpretation of the exhaled
NO. Namely, the constant flow rate maneuver cannot
provide information regarding the origin of the endog-
enous NO production (i.e., the relative contribution
from the airways and the alveoli). As a result, a single
exhalation with a constant exhalation flow rate is in-
herently nonspecific, since two subjects can potentially
have the same exhaled NO concentration yet have
different relative contributions from the airways and
alveoli. For example, two subjects with different in-
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flammatory diseases (i.e., asthma and interstitial
pneumonia) could have identical exhaled NO levels at
a constant exhalation flow. The exhaled NO from the
patient with asthma would largely arise from the air-
ways, whereas the exhaled NO from the patient with
allergic alveolitis (11) (alveolar inflammation) would
largely arise from the alveolar region. However, by
using only the exhaled concentration at a single expi-
ratory flow as an index, the diseases could not be
distinguished.

To avoid this problem, we have previously presented
a technique that utilized multiple single-exhalation
maneuvers at different constant exhalation flow rates
as a means of separately determining airway and al-
veolar contributions (19, 20). The airway contribution
was characterized by the flux from the airway wall
(mol NO/s or ml NO/s) and the alveolar contribution by
the steady-state alveolar concentration (parts per bil-
lion; ppb). Recently, two research groups reported an
alternative technique in which the flux from the airway
compartment was characterized by two terms: the air-
way diffusing capacity and either the airway wall con-
centration (16) or the maximum rate of production of
NO by the airways that enters the airstream (maxi-
mum flux of NO from the airways) (12, 16). This was
achieved by utilizing very low constant expiratory flow
rate maneuvers. All of the previous techniques require
multiple single exhalations, and the accuracy (or con-
fidence level) of the estimated parameters is positively
correlated with the number of single exhalations uti-
lized. Multiple breathing maneuvers are cumbersome
and time consuming. Furthermore, constant flow rate
maneuvers can be difficult to perform, especially at
very low flows and by young subjects.

The goal of this study is to present a new technique
to characterize NO exchange parameters. The method
involves an appropriate analysis of an individual Gi.e.,
not multiple) single-exhalation maneuver with a vari-
able flow rate. The technique allows 1) estimation of
flow-independent parameters characteristic of NO ex-
change dynamics from a single maneuver and 2) pre-
diction of the plateau NO concentration at a constant
exhalation flow rate. The new method of analysis is
more versatile because it provides a means to analyze
exhaled NO data when flow rate is not necessarily
constant. Furthermore, by inducing specific changes in
flow rate during a single exhalation, the technique
renders a single-exhalation maneuver sufficient to ac-
quire all the necessary information. The focus of this
manuscript is to describe the theory underlying the
technique, test the technique in two normal subjects
(one experienced and one naive to breathing maneu-
vers), and characterize the intrinsic intramaneuver
and intrasubject variability, in particular, the effect of
breath-hold time on the variability of the estimated
parameters.

Glossary

Cair Concentration (ppb) of NO in the airway

compartment

SINGLE-BREATH TECHNIQUE FOR EXHALED NO

Calv,ss Steady-state alveolar concentration of NO
(ppb)
Cexh Exhaled concentration (ppb)
Cixh Model-predicted exhaled concentration (ppb)

C1 Inspired concentration (ppb)

Cliss,air Mean (over radial position) concentration
of NO within the tissue phase (ppb)
Dnoair  Diffusing capacity (ml-s 1-ppb~1) of NO

in the airways
F F statistic test

JAY ' Intramaneuver 100(1 — )% confidence in-
_ terval
AL — o Intrasubject 100(1 — a)% confidence inter-
val
JNo Volumetric flux per unit airway volume
(ml-s~1-ml~! = ppb/s X 1079) of NO
JNO max Maximum total molar flux (ml/s) of NO
from the airway wall
n Number of data points
P Covariance matrix
Ssr Semi-relative sensitivity index
tos Convective transport delay time in the
dead space volume
Tres Residence time of each differential gas bo-

lus in the airway compartment

A% Axial (or longitudinal) position from the
distal region of the airway to the mouth
(units of cumulative volume)

Vair Volume of the airway compartment (ml)
VC Vital capacity (ml)
Vbs Dead space volume (volume expired before
) observation of NO signal) (ml)
VE Volumetric flow rate of air during expira-
tion
Vi Volumetric flow rate of air during inspira-
tion
Yis 100(1 — a)% confidence region for the vec-
tor of inputs
METHODS

Two-compartment model. A simple two-compartment
mathematical model has been previously developed to de-
scribe the exchange dynamics of NO in the human lungs (19).
We will utilize the governing equations of this model in our
parameter estimation algorithm and will review only the
salient features here. The model is summarized pictorially in
Fig. 1 and consists of a rigid tubular compartment represent-
ing the airways (trachea-airway generation 17) and a well-
mixed expansile compartment representing the alveoli (air-
way generation 18 and beyond). A tissue layer representing
the bronchial mucosa surrounds the airway. Exterior to the
tissue is a layer of blood representing the bronchial circula-
tion and serves as an infinite sink for NO (i.e., zero concen-
tration of NO).

The axial gas-phase transport is characterized by bulk
convection (advection). The tissue phase produces NO uni-
formly, and at a constant rate, and consumes NO in a first-
order fashion. The outer boundary of the tissue is assumed to
be blood. Because the reaction of NO with hemoglobin within
the red blood cell is very rapid and there are abundant
protein thiols (e.g., albumin) in plasma, the concentration of
free NO in the blood is assumed to be zero. Transport be-
tween the tissue and gas phase is described with Fick’s first
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Fig. 1. Schematic of two-compartment model used to describe nitric
oxide (NO) exchange dynamics. The alveolar compartment has been
simplified to represent only the steady-state concentration during
exhalation. Parameters are described in the text.

law of diffusion. The concentration profile in the tissue has
been shown to rapidly (< 0.6 s) reach a steady state (19); thus
the mass balance in the airway compartment retains an
analytical solution. The second compartment represents the
alveolar regions of the lungs and is thus expansile and
considered to have a uniform concentration spatially. The
model is meant to simulate the oral exhalation profile and
thus assumes that there is no nasal contribution to exhaled
NO.

We, as well as other researchers, have previously demon-
strated that alveolar concentration reaches a steady-state
concentration in <10 s following inspiration (7, 19). Thus, in
the development of our current technique, we have simplified
the alveolar compartment and will characterize the alveolar
region by the steady-state alveolar concentration, Caiy,ss.
This simplification is justified for inspiration of NO-free air
and for exhalation following at least a 10-s breath hold.

A mass balance in the airway compartment produces the
following differential equation

a(-Jair g a(jair

= -V
ot vV

+ Jko (@))
where JNo is the volumetric flux per unit airway volume
(ml-s 1t ml~ ! = ppb/s X 10~?) of NO between the tissue and
gas phases in the airway compartment and depends on Cair
and V is volumetric flow rate of air (negative during VI and
positive during VE), which can depend on time.

Flux of NO from airway wall. A previously described de-
scription of the exchange dynamics in the airway tissue
layer, which incorporates endogenous production, reaction,
and diffusion, predicts Jxo to be a linear function of the bulk
gas concentration (19). In agreement with earlier works (12,
16, 19), we assume a uniform distribution for Jyo along the
airway tree (i.e., the same linear dependence between Jxo
and Cair holds throughout the airways). The following linear
relationship between Jyo and C,ir then holds (19)

JNO max) (DNO air)
Tho = | Thomer | _ (ZX0ar) ¢,
o ( Vair Vai o

Thus we will characterize Jyo with two parameters: Jxo max
and DNO,air-

2)
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Model solution. Assuming a spatially uniform distribution
of JNo, the solution for Cexn, which follows from Egs. I and 2,
has the following form

Cexh(t + tDs) = Cair(tav = Vair)

JNO,max

. Tres(t) + ( 3)

JN O,max Do jair
= (Cm(t - Tres) - ’ e Vai

D NO,air D NO,air

where C;, is the inlet concentration to the airway compart-
ment. We can distinguish two different cases

t + s

Case I (phases I and II of exhalation): .[ VeHhdt =0 (4)

£ = Tres(t)

t +tpg

Case II (phase I1I of exhalation): f VE@)dt’

t = Tres(t)

=V, +VDs (5)

Case I represents the emptying of the gas in phases I and II
of the exhalation profile (see below). This exhaled gas con-
sists of the inspired gas that has resided only in the airway
compartment and has not reached the alveoli. For this case,
Cin 1s simply C1 (C1 = 0 by ATS guidelines) and Tres(t) is
calculated from Eq. 4. In other words, the net volume tran-
spired by each bolus is zero and is given by the integral of the
flow rate over the time period of interest. The flow signal
during this time period would include inspiration (negative
flow rate), breath hold (zero flow rate), and expiration (posi-
tive flow rate).

Case II represents the emptying of the gas in phase III of
the exhalation profile or the alveolar plateau. Phase II is not
described by the model because axial diffusion is neglected to
preserve an analytical solution; the compensation for this
simplification is described below in Parameter estimation.
During phase III, the expired air originates primarily from
the alveolar compartment. Thus Ci, is equivalent to Caiy ss,
and Tres(?) is calculated from Eq. 5. In this case, the flow
signal is provided entirely by the expiratory flow rate.

Figure 2 depicts a schematic of the method used for ana-
lyzing the experimental data (Eqs. 3-5). The flow and NO
signal were first synchronized to account for the delay of the
NO analyzer relative to the flowmeter. Then, for a bolus of
gas that reaches the sampling port of the analyzer at time ¢ +
tos, tos and Tres can be estimated using backward integration
of the expiratory flow signal if VDs and V., are known. Vps is
approximated from the volume the subject needs to expire

-
w -~
> - Cexh(Tres)
8 Flow
=
[
o
o

T, U tH,  time

Fig. 2. Schematic demonstrating the “backward” integration of the
flow signal to convert exhalation time to residence time of each
exhaled bolus of gas. The concentration of a gas bolus is determined
at time ¢ + tps. By using the flow rate history of the bolus, one can
integrate the flow rate signal backward until the volume of the dead
space and the airway volume have been traversed. In doing so, one
can determine the residence time in the airway compartment. Math-
ematical details are presented in the text.
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before a change in Cexn is observed (after the signals have
been synchronized). A first approximation of V,; will be the
physiological dead space in milliliters, as approximated by
the weight (assuming normal body fat) of the subject in
pounds plus the age of the subject in years (5). During the
backward integration, each exhaled bolus is treated accord-
ing to case I or I, depending on which condition of Egs. 4 and
5 is satisfied. Equation 3 can be used to simulate the exper-
imental profiles.

Equations 3-5 allow analysis of a single exhalation with a
variable flow rate. Together, the equations simply state that,
in the absence of interaction between neighboring differen-
tial boluses of gas (i.e., no axial diffusion) and for a uniformly
distributed JNo, Cexn(?) will depend on only five unknown
parameters: Calv,ss, DNO,airs JNO,maxs Vair, and Tres(?). If one
has a previous estimate of V.ir, one can then determine 7,es(¢)
from Egs. 4 and 5, and the problem is reduced to estimating
three flow-independent parameters (Caly ss, DNO air, JNO, max)
from Cexn as a function of Tres().

Sensitivity analysis. We define the semirelative sensitivity
of Cexn with respect to the unknown parameters in the
following fashion

aC
Sfr _ Y exh (6)

LaYL

where Y is one of the unknown parameters and the subscript
“1” represents the specific parameter. The derivatives are
estimated at the nominal values of each parameter. S** rep-
resents the absolute change of Cexn per fractional change of
the corresponding parameter and is useful for 1) providing a
useful relative index of comparison between the unknown
parameters and their impact on Cexn and 2) determining the
confidence region of the estimated parameters. The partial
derivatives can be calculated analytically by differentiation
of Eq. 2 with respect to the corresponding variable. A neces-
sary condition for an accurate estimation of the parameters
of interest is that the model’s output should be sensitive
enough relative to the intrinsic error of the experimental
measurement.

In Fig. 3, we plot S** as a function of Tres. It is clear that
Cexn is quite sensitive to Jxo max and Caiy ss; however, SO0
is high only for high ... The analysis suggests that resi-
dence times >10 s are required to achieve a similar sensitiv-
ity index (and thus confidence in the estimate) as that ob-
tained for Jxo max and Cavss at a residence of time of ~1 s.
This is consistent with the need to utilize very small flow

100 £ - T

J NO,ma X

T (s€C)

Fig. 3. Semirelative sensitivity of Cexn to the 3 input parameters.
The shaded region represents the range of airway compartment
residence times achieved during a decreasing flow rate maneuver
that spans an exhalation flow rate of 300 to 50 ml/s for an airway
compartment volume of 200 ml.
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Fig. 4. Schematic of the experimental setup used to collect the
exhalation profiles. The flow, pressure, and NO analog signals are
captured by the analytical instruments and converted to a digital
signal. A series of valves allows NO-free air to be stored in a Mylar
bag for inspiration. During the breath hold, the NO analyzer samples
from the NO-free air reservoir and the subject maintains a positive
pressure of >5 ¢cmH2O by attempting to exhale against a closed
valve. As exhalation begins, the NO analyzer then samples from the
exhalate and the flow rate is manipulated by a variable Starling
resistor while the expiratory effort of the subject remains constant.

rates (<10 ml/s) in previous attempts to estimate Dno,air (12,
16). In practice, we found that it is difficult to perform such
a maneuver, especially by young subjects, and accurately
record such low flow rates. Alternatively, we will utilize a
preexpiratory breath hold to produce large enough residence
times to accurately estimate Dno.air-

Experimental protocol. A series of single exhalation ma-
neuvers were performed on two subjects, one experienced
and one naive to performing breathing maneuvers, to deter-
mine the feasibility of the new technique. The protocol was
approved by the Institutional Review Board at the University
of California, Irvine, and the schematic is shown in Fig. 4.
The first subject was a healthy male, age 28 yr, body weight
172 1b., vital capacity 5,000 ml, an author on this manuscript
(Tsoukias), and experienced at performing breathing maneu-
vers. The second subject was a healthy male, age 23 yr, body
weight 175 1b., and vital capacity 5,200 ml but was not
experienced at performing breathing maneuvers. The ana-
tomic airway volume was thus estimated to be 200 ml and
198 ml for the two subjects, respectively (5).

The subjects performed a series of single oral exhalation
breathing maneuvers against a small resistance (>5 cmH>0)
for the isolation of the nasal cavity (17). The subjects first
performed vital capacity maneuvers at a constant exhalation
flow of ~50 ml/s and ~250 ml/s as described by the ATS and
ERS guidelines to determine the plateau concentration of
NO. A constant flow was facilitated by a Starling resistor
(Hans-Rudolph, Kansas City, MO) in which the resistance
could be altered to achieve the desired flow rate. The subjects
then performed a series of single exhalations after a period of
breath holding. The period of breath holding was either 10,
20, 30, or 45 s, and each maneuver was repeated five times.
During the breath hold, the subject exerted an expiratory
effort against a closed valve to maintain a positive pressure
of >5 cmH20, and the NO sampling line sampled air from
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the zero NO reservoir. Then, just before exhalation, a valve
on the NO sampling line was changed to sample from the
exhaled breath and the exhalation valve was opened, al-
lowing the patient to expire. The expiratory flow rate
progressively decreased during the exhalation from an
initial value of ~300 ml/s (~6% of the vital capacity per
second) to ~50 ml/s (~1% of the vital capacity per second),
and a positive pressure >5 cmH>O was maintained. To
facilitate such a flow rate pattern, the expiratory resis-
tance was altered throughout the maneuver while the
subject was instructed not to change the expiratory effort.
By monitoring online the flow signal and by progressively
increasing the resistance, we were able to produce the
desired flow rate pattern.

An exponentially decreasing flow rate with volume that
ranges from ~6% of the vital capacity per second to ~1% of
the vital capacity per second was set as a target (see APPEN-
DIx), although this is not required. This choice satisfies two
basic requirements for the flow rate pattern: 1) a uniform
residence time distribution of the exhaled gas in the airways
and 2) minimal acceleration of a single bolus of gas inside the
airways (see DISCUSSION and APPENDIX).

NO concentration was measured using a chemilumines-
cence NO analyzer (NOA280, Sievers, Boulder, CO). An
operating reaction cell pressure was maintained at 7.5
Torr, which provided a sampling flow rate of 250 ml/min
(Fig. 4). The instrument was calibrated on a daily basis
using a certified NO gas (25 ppm in N2, INO max Sensor-
medics). The zero point calibration was performed with an
NO filter (Sievers). Due to a small drift in the calibration
of the instrument during the day, we performed zero point
calibration immediately before the collection of a profile.
The flow rate was measured using a pneumotachometer
(RSS100, Hans-Rudolph). The pneumotachometer was cal-
ibrated daily and was set to provide the flow in units of
sTpD. The analog signals of flow and NO were digitized
using an A/D card at a rate of 50 Hz and stored on a
personal computer for further analysis.

Parameter estimation. Identification of the unknown pa-
rameters (Caiv ss; DNO,airs JNO,max) 18 accomplished by non-
linear least-square minimization. Assuming a constant
variance error in the measurement renders ordinary least
squares sufficient for parameter estimation. Least square
minimization of the sum of the residuals (Ris) between the
model’s prediction and the experimental data was accom-
plished with the use of a conjugated direction minimiza-
tion algorithm.

Figure 5 presents a representative exhalation profile from
subject 1 simulated by the model. The model does not pre-
cisely predict phases I and II of the exhalation profile, in
which the accumulated NO during breath holding in the
conducting airways and transition region of the lungs exits
the mouth. This discrepancy is attributed to axial diffusion
that our model neglects. Although the precise shape of phase
I cannot be accurately simulated with the model, the absolute
amount of NO in phases I and II can be predicted. Thus our
technique utilizes the information from phases I and II
(where T,es is large and hence the sensitivity to DNo air 1S
high) by forcing the model to simulate the total amount of NO
exiting in phases I and II of the exhalation in addition to
simulating the precise Cexn over phase III. Thus the fitting of
the experimental data will include minimization of the sum
of two terms: 1) the squared residual in the average concen-
trations in phases I and II weighted by the number of data
points and 2) the sum of the squared residual of Cexn in phase
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Fig. 5. Representative exhaled NO concentration profile following a
20-s breath hold shown as a function of exhaled volume (A) or time
(B). The light line represents exhaled NO concentration (parts/
billion; ppb), and the dashed line represents the exhalation flow rate
(A) or pressure (B). The heavy line represents the best-fit model
prediction of the exhalation curve using nonlinear least squares
regression. The optimal values for 3 unknown input parameters
(Calv,ssy DNOair, and JNo max) are shown for this particular maneuver.
Parameters and mathematical details are presented in the text.

IIT of the exhalation profile according to the following rela-
tionship

2
nLI nLI

Ecjxh,i : AVLII VLH - Ecexh,i : AVLII VLH

i=1

Ris = nymn*
i=1
NI

+ z (ijh,i -

i=1

Cexh,i)2 (7)

where nir and Vi are the number of data points and
volume in phases I and II, ni1 and Vir are the number of
data points and volume in phase III, and AVy is the change
in volume between consecutive data points (VE X d¢). To
ensure complete emptying of the airway compartment follow-
ing breath hold, we define the transition from phases II and
IIT as the point in the exhalation for which the slope (dCexn/
dV) of the exhalation profile is zero.
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Identifiability and uncertainty analysis. A high sensitivity
is a necessary but not sufficient condition for an accurate
estimation of the parameters. Dependence between the pa-
rameters may render them unidentifiable even when their
sensitivities are significant. Thus, although the sensitivity
analysis suggests experimental conditions for improving the
estimation of the parameters, a better index is needed to
describe the accuracy of our estimation.

Once the matrix X of the sensitivity coefficients at every ¢;
can be estimated [i.e., X;; = S§"(¢))], a confidence region for
the estimated parameters can be acquired from the variance-
covariance matrix of the estimation (3). Assuming additive
zero mean and normally distributed measurement errors and
errorless measured inputs, the 100(1 — «)% confidence region
for the ordinary least square estimation of the vector of
inputs, YLs, is approximated from

(YLS_B)TPil(YLS —B) =pFi_.p,n—p)

where B is their expected true value, superscript T denotes
transpose, and F1_,, is the F statistic test for the number of
estimated parameters, p, (i.e., 3 in our case), and the number
of data points, n. For an ordinary least square estimation
with the additional assumption of constant variance, and
uncorrelated errors, the covariance matrix P is

P - X'X)"lo?

(€]

9)

and an unbiased estimation of the constant variance o? is
given by

s? = E(o?) = Rig/(n — p). (10)
The approximate confidence regions are the interior of the
hyperellipsoids provided by Eq. 9. The maximum range of the
parameters in these contours can be estimated from the
eigenvalues of P as follows

AT, = (+pF; _(p,n — ples(N) ™), o Y,

where \; is the smaller eigenvalue of the P matrix and e; is
the corresponding eigenvector (3). Thus AIf . ; provides the
normalized (by the estimated value of parameter i) confi-
dence region of the estimated parameters for a single maneu-
ver or an intramaneuver confidence interval.

We can also define a normalized intrasubject (intermaneu-
ver) confidence interval by using the standard deviation (SD)
of the estimate of each of the parameters for the five repeated
maneuvers

(11)

S

o

AT ==+ toJY, (12)

ﬂ

/

=

m

where n., is the number of breathing maneuvers and ¢;—, is
the critical ¢-value for n,, — 1 degrees of freedom.

RESULTS

Figure 6 presents the estimated parameters (Jno max,
Do air, and Cayyss, respectively) for each of the five
repeated breathing maneuvers (four maneuvers for a
45-s breath hold) for both subjects (subject 1 is shown
on left). The mean estimated value with error bars
representing the mean Alfys; (Eq. 11) is also shown.
That is, for each maneuver, an independent estimate of
the confidence region is estimated from Eq. 11, and the
error bar represents the mean of these intramaneuver
confidence region estimates. Figure 6 also shows the
mean estimated value, with error bars representing
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the mean Al§gs5; (Eq. 12, or intrasubject variability).
The mean values for Jxo max; DNO air, a0d Caly,ss do not
depend on breath-hold time and range from 580 to 600
pl/s, 4.6 to 7.1 pl-s 1-ppb~!, and 1.8 to 2.2 ppb for
subject 1 and 280 to 440 pl/s, 3.7 to 4.1 pl:s !-ppb 1,
and 0.73 to 1.5 ppb for subject 2. These values compare
favorably with those previously reported by our group
(19, 20), Pietropaoli et al. (12), and Silkoff et al. (16)
using techniques that require multiple-breathing ma-
neuvers.

The intramaneuver estimate of JNo max Steadily im-
proves (as evidenced by a decreasing confidence inter-
val) as the breath-hold time increases from 10 to 30 s.
The mean Al§gs, is 17 and 89% for subjects 1 and 2,
respectively, at a 10-s breath hold and decreases to 6.5
and 19%, respectively, for a 30-s breath hold. No sig-
nificant improvement is seen with a 45-s breath hold.
The same trend is observed for Dno.air e€xcept the
magnitude of the uncertainty is larger. The mean
Al 95,c,),., 1S 89 and 941% for subjects 1 and 2, respec-
tively, at a 10-s breath hold and decreases to 19 and
159%, respectively, for a 30-s breath hold.

A similar, although more modest, trend with breath-
hold time is observed for Cayss. The mean Al 95,c,, ..
improves by increasing the breath-hold time from 10 to
20 s (34 and 280% to 26 and 78% for subjects 1 and 2,
respectively) but then remains nearly constant for
breath-hold times >20 s. Importantly, there is no sta-
tistical difference between the estimated values for any
of the parameters at different breath-hold times, only a
change in the estimated confidence interval.

The intrasubject estimate of the three parameters
consistently improves (as evidenced by a decreas-
ing confidence interval) as the breath-hold time in-
creases from 10 to 20 s with modest or no significant
improvement for breath-hold times >20 s. The mean
AI%)r_lgf,,JNoymax is 25 and 41% for subjects 1 and 2 at a 10-s
breath hold that decreases to 13 and 8.3% for a 20-s
breath hold, respectively. The mean A5 p,, ., 1s 114
and 90% for subjects 1 and 2, respectively, for a 10-s
breath hold and decreases to 45 and 32%, respectively,
for a 20-s breath hold. For C,jy s, the mean Alglos c,, ..
is 47 and 63% for subjects 1 and 2, respectively, for a
10-s breath hold and decreases to 28 and 24%, respec-
tively, for a 20-s breath hold. ~

In general, the mean value for AI§gs; differs from
the mean value of AIfgs; because Alfgs,; depends in-
versely on the square root of the number of maneuvers
performed (Eq. 12) and on the reproducibility of the
experimental conditions and measurements. In addi-
tion, it is also of interest to note that the intramaneu-
ver confidence intervals for subject 1 are much smaller
than for subject 2, yet the intrasubject confidence in-
tervals are, in general, larger.

In Fig. 7, NO plateau concentration (Cexh ee, cOncen-
tration at end exhalation) from a constant exhalation
flow rate is plotted as a function of VE. The model
prediction (solid line) is calculated using the mean
estimated parameters from the five repeated 20-s
breath-hold maneuvers. Mean Cexhee values (£95%
confidence interval) from the experimental maneuvers
with the recommended (8, 17) constant flow rates are
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also presented. The predicted NO plateau concentra-
tions are in close agreement with the experimental
measurements. Importantly, this figure demonstrates
that, once the unknown flow-independent parameters
have been estimated, the model can be utilized to
accurately predict the NO plateau concentration, at
least for constant flow rates between 50 and 300 ml/s.

In Fig. 8, the effect of V,i, in the estimation of the
unknown parameters of interest is investigated. The
20-, 30-, and 45-s breath-hold maneuvers were reana-
lyzed for subject 1 with two smaller values for V;, (100
and 150 ml) instead of the control value of 200 ml.
There is a statistically significant difference in the
estimation of all three parameters (P < 0.01) with
decreasing V., at each breath-hold time. There is a
positive correlation between the estimated values of

20

30 40 50

Breathhold time (sec)

JNO.max and Dnoair With Vair and a negative correla-
tion for Caiv,ss. The percent change in the estimated
parameters per milliliter change in V,;, has averaged
values of 0.2, 1.5, and —0.3% for Jno,max, DNO,air, and
Calv ss, respectively.

DISCUSSION

In this manuscript, we present a new method for the
analysis and interpretation of exhaled NO data. This
new technique can estimate three flow-independent
parameters (JNO,max, DNO,air, and Caly,ss) from a single-
exhalation maneuver that can comprehensively char-
acterize the exhalation NO profile. The technique
requires only a single-breathing maneuver and is
therefore less cumbersome to perform than other tech-
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Fig. 7. Cexn at end exhalation is shown as a function of the constant
exhalation flow rate for both subjects. Error bars in the experimental
data points represent 95% confidence intervals. Two exhalation flow
rates are shown (~50 and ~250 ml/s) based on American Thoracic
Society and European Respiratory Society recommendations. The
solid lines are the model prediction of the end-exhalation Cexn at a
constant exhalation flow rate using the mean value of the optimal
parameter values determined from the flow rate maneuvers follow-
ing 20-s breath hold.

niques, which require multiple-breathing maneuvers.
Thus the technique has the potential to be applied to
many different diseases and gather information on
parameters that will likely provide more specific and
sensitive information about NO metabolism and thus
inflammation.

The backward integration of the flow signal (Egs. 4
and 5) provides powerful flexibility, as a specific flow
rate profile is not required. One requires knowledge of
only the specific exhalation flow rate profile such that
the backward integration is possible. Thus the method
is very general and can be applied essentially to any
given single exhalation profile. However, we utilized
an exhalation maneuver with the following character-
istics such that our model assumptions and simplifica-
tions were still valid, yet we were still able to accu-
rately determine the unknown parameters: 1) the
exhalation flow rate pattern produces exhaled boluses
of gas with a wide range of uniformly distributed res-
idence times to distinguish alveolar and airway contri-
butions to exhaled NO (i.e., uniquely determine the
three unknown parameters), 2) the rate of change in
exhalation flow rate is small enough that each bolus of
air resides for approximately the same amount of time
in the different parts of the airways (i.e., minimal
acceleration requirement, see DISCUSSION and APPENDIX
below), and 3) easy to perform.

In agreement with the models described by Pietropa-
oli et al. (12) and Silkoff et al (16), we assumed in this
study that the linear dependence of Jio on Cgi is
constant along the airway tree. In fact, at any given
axial position, the flux of NO will depend on many
variables in addition to C,; such as tissue thickness,
endogenous production and consumption rates, and
airway diameter; thus the dependence of Jo on Ca;r
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does not necessarily remain the same with axial posi-
tion. Silkoff et al (16) recently demonstrated that
Dxoair for asthmatics was increased relative to
healthy subjects even after treatment with corticoste-
roids. In an earlier study, Silkoff et al. (14) also re-
ported that, in healthy lungs, a significant fraction of
exhaled NO arises from the trachea (~45%), suggest-
ing that the larger airways and mouth (~7%) were the
primary sources of orally exhaled NO. This does not
exclude the lower airways from contributing NO. In
fact, the lower airways, together with the alveolar
region, must account for the remaining ~48%. Our
model (as well as previous models) assumes that the
contribution of NO from airways is evenly distributed
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Fig. 8. The three estimated parameters [/NO,max (A), DNo,air (B), and
Calv,ss (C)] are shown as a function of the choice for V,i. for each of
three breath-hold times (20, 30, and 45 s); 200 ml is the estimated
value of the anatomic dead space for the subject based on the subjects
ideal body weight in Ib. plus the age in yr. *Statistically different
from Vair = 200 ml. *Statistically different from V., = 150 ml.
Statistical significance was determined using a paired Student ¢-test
and P < 0.05.
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per unit airway volume. The volume of the trachea
(~35-40 ml) accounts for ~20—25% of the physiologi-
cal dead space (V,i). Thus the larger airways are likely
contributing a greater share per unit airway volume in
healthy lungs, and the distribution of NO flux (/N0 max
and Dno ir) may change in disease states. This feature
of NO exchange does not invalidate our governing
equation but does place a requirement that the exha-
lation flow rate not change rapidly during the exhala-
tion maneuver.

Rapid changes in the flow will result in significant
acceleration (or deceleration) of a differential bolus of
gas while traversing the airways. As a result, the bolus
of gas will reside for different amounts of time in
different parts of the airways, thus rendering our gov-
erning equation invalid. The appENDIX predicts the
maximum change in the flow rate during exhalation
such that the residence time of any differential gas
bolus not change by >10%. Because we cannot pre-
clude a nonuniform NO exchange distribution, such a
flow profile minimizes the potential error in the esti-
mation of DNo air a0d JNO max-

Our sensitivity analysis (Fig. 3) demonstrates that a
range of flow rates (or residence times) is necessary to
uniquely determine the three parameters. This can be
understood if one considers the limiting cases. At very
high flow rates, the residence time in the airway com-
partment approaches zero, and thus very little NO is
absorbed by the exhalate. Thus the exhaled NO con-
centration approaches that of Cayy ss. The sensitivity is
therefore highest for C,ivss at very small airway com-
partment residence times; however, very little infor-
mation can be extracted about the airway compart-
ment. Conversely, as the residence time increases, a
progressively increasing proportion of the exhaled NO
is derived from the airway compartment; thus the
parameters that characterize the airway compartment
(JNO,max and Dno.air) can be uniquely determined.

To estimate Do air, much longer residence times are
necessary. This is observed in Fig. 3 and can be ex-
plained by Eq. 3. Dxo air only becomes significant (or
impacts JNo) when C,;, is large enough such that the
second term in Eq. 3 becomes significant. Thus the
exhalation flow rate must be low such that NO can
accumulate in the airways. This increases C,;; and
decreases the driving force for diffusion of NO in the
airstream. One choice in handling this problem is to
increase the flow rate range by including smaller flows
(higher residence times). Pietropaoli et al (12) and
Silkoff et al (16) utilized flows less than 10 ml/s to
accomplish estimation of Dno air- Alternatively, we uti-
lized a preexpiratory breath hold (limit of zero exhala-
tion flow rate) to achieve long residence times. We
believe this alternative provides equivalent informa-
tion about the airway compartment and is more easily
performed by the subject, as well as more easily re-
corded by the investigator.

An exhalation that spans a wide range of flows may
not however be sufficient unless each flow is sustained
for a sufficient time to allow a bolus of air to traverse
the airways at a specific flow rate. For example a 10
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ml/s flow rate in a 150-ml airway will result in an
exhaled bolus of gas with a residence time of 15 s.
Thus, to characterize the concentration of such a bolus,
the flow rate should be sustained for at least 15s. In a
single-exhalation maneuver with a dynamically chang-
ing flow rate, lower flows should be sustained for more
time than high flows to collect exhaled concentrations
that accurately span a wide range of residence times.
Ideally, the residence time should also be distributed
uniformly over this wide range such as to acquire the
same amount of data at any given residence time.

On the basis of the above specifications, we propose a
single-exhalation maneuver that includes a preexpira-
tory breath-hold time, followed by a flow rate pattern
that decreases approximately exponentially with vol-
ume (see APPENDIX) from ~6% of the VC per second (300
ml/s in our subjects) to ~1% of the VC per second (50
ml/s in our subjects). Such a pattern provides exhaled
boluses of gas whose flow rates do not change signifi-
cantly during their passage through the airways (dif-
ference of entering to exiting velocity <10%, see APPEN-
pDIX). At the same time, the residence times of the
exiting boluses are approximately uniformly distrib-
uted over a range between 0.5 and 3 s (see shaded area
in Fig. 3). This provides the necessary sensitivity for
the estimation of Caiy,ss and JNo,max-

The dependence of our parameter estimation on the
choice of V;, presents a potential problem (Fig. 8). The
dependence of the parameters, particularly Do air, ON
V.ir is because the model’s prediction for the NO con-
centration in the airways during breath holding de-
pends on the choice of V. For example, if V;, values
decrease from 200 to 100 ml, the concentration in the
airway compartment will increase more rapidly; thus,
to predict the experimental concentration, Jno max and
Dno.air would need to decrease (Fig. 8).

However, the parameter most impacted by the choice
of Vair 18 DNoO,air, Which is determined primarily from
the shape of the exhalation profile in phases I and II (or
the breath hold). During a breath hold, the NO emitted
into the airway compartment will disperse in either
direction due to molecular diffusion and cardiac mix-
ing. On the basis of a molecular diffusion coefficient of
0.27 cm?/s for NO in the gas phase (4), a conservative
length for dispersion during the breath hold is 2—4 cm.
This axial distance is approximately equal to that
between generations 6—15 based on Weibel’s symmetric
lung model (22). Thus axial dispersion will tend to
create a shape for phases I and II similar to that
generated if the NO flux was uniformly distributed,
thus mitigating the impact of a nonuniform distribu-
tion in NO flux. Hence, even if the distribution of NO
flux is altered in disease, the choice for V,;- should not
have a significant impact on the relative change in the
parameter estimates due to disease.

Covariance analysis (Eq. 8) provides an a priori es-
timate (i.e., without the need of multiple maneuvers)
for the accuracy of our predictions. Thus it can be
utilized as a criterion for rejecting a profile or for
specifying sufficient experimental conditions for pa-
rameter estimation (flow rate range, breath-hold time).
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The covariance analysis suggests that a breath-hold
time of 20 s in combination with the specific flow rate
pattern are adequate for the specific subject in deter-
mining the parameters of interest. This theoretical
prediction was validated by repeated measurements.
Although a longer breath hold time may provide in-
creased accuracy of the estimate of Do air, the gain is
minimal and the effort on the part of the patient
increases dramatically. A 20-s breath hold may not be
possible for those subjects with more advanced lung
disease who are hypoxic or hypercarbic, and an alter-
native technique may be necessary. For example, fur-
ther characterization of this technique in a given lung
disease population may determine that Jxo max 1S as
good an indicator of disease status as Dno air, and thus
the breath hold may not be necessary in all patient
populations. Additional studies on more normal sub-
jects and those with inflammatory diseases are neces-
sary before a formal recommendation can be made.

Although there was not a significant variation in the
mean values of the parameters between subjects 1 and
2, there were differences in the confidence intervals.
For subject 2, the intramaneuver confidence intervals
were significantly larger than for subject 1. The intra-
maneuver confidence interval is a positive function of
Ris. Thus a large Alfgs,; reflects a large Rrs and,
provided that the instrument error did not change
between subject testing, can be considered an index of
the accuracy or appropriateness of the two-compart-
ment model. Thus there may be significant variation
among the normal population in how well the two-
compartment model can simulate NO exchange dy-
namics. In contrast, intrasubject confidence intervals
for subject 2 were very similar, or slightly improved,
compared with subject 1. AI§ 95, is a positive function of
the deviation of the estimate from the population mean
(Eq. 12); thus it provides an index of the maneuver-to-
maneuver reproducibility. Thus our naive subject (sub-
Ject 2) was able to reproduce the breathing maneuvers
to a similar degree as our experienced subject (subject
1). This finding suggests that the maneuver is rela-
tively simple to perform and that patients from many
subpopulations may be able to perform the maneuver
with minimal training.

Recently, ATS provided recommendations for stan-
dardized procedures for the measurement of exhaled
NO. They recommended a constant exhalation flow
rate maneuver of 50 ml/s and recording of the NO
plateau value. The flow rate should be maintained
within 10% of this value throughout the exhalation.
The recommendations acknowledged that theoretical
predictions from our earlier work and others (12, 19)
suggest that derivation of additional parameters of
potential physiological importance, by analyzing the
dependence of Cexn on VE, may be achievable.

The significance and utility of the parameters esti-
mated in this study for identification and/or monitoring
of inflammatory diseases need to be examined through
extensive application of these methods. At this point,
such experimental data are limited. Silkoff et al. (16)
applied their method in asthmatic subjects with some
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intriguing results. They found that Dno.air is fourfold
higher in asthmatic patients and that this increase is
independent of steroid treatment. In contrast, the NO
plateau concentration does not change dramatically
between normal subjects and asthmatic patients
treated with steroids (9). Perhaps the most promising
utility of this technique is to follow patients longitudi-
nally and correlate intrasubject changes in these pa-
rameters with important clinical decisions such as
therapeutic dose. Thus, if the same V,;, is used for a
given subject over time [i.e., V. (ml) = subjects ideal
body weight in 1b. + age in yr], one should be able to
accurately determine changes in NO exchange param-
eters over time. Finally, there are other techniques
such as the single-exhalation COq profile that might be
used in conjunction with this technique as an indepen-
dent assessment of physiological dead space.

An alternative method of describing the linear de-
pendence of Jio on the bulk gas phase concentration is
to utilize a mass transfer coefficient (or transfer factor)
and a concentration difference (16)

D air | , ~
\I\;O, )(Ctiss,air - Cair) (13)

Jrno = (
where Ciiss,air 18 the mean (over radial position) con-
centration within the tissue phase and Do ir is equiv-
alent to a mass transfer coefficient or transfer factor.
Mathematically, this representation of NO flux is
equivalent to Eq. 3, in which JNOmax = DNOair X
Ctiss,air- Thus the airway compartment is now alterna-
tively characterized by Dno,air and Ciiss air- We can esti-
mate Ciiss air by taking the ratio of /N0 max t0 DNo air-
For subject 1, the mean values of Ciiss air (With inter-
maneuver 95% confidence intervals) are 89 ppb (68%),
155 ppb (92%), 152 ppb (63%), and 144 ppb (64%) for
10-, 20-, 30-, and 45-s breath holds, respectively. One
estimate from the 10-s breathing maneuver was dis-
carded because it produced a large negative value that
greatly skewed the estimate. For subject 2, the mean
values of Ciiss air (With intermaneuver 95% confidence
intervals) are 85 ppb (124%), 112 ppb (26%), 133 ppb
(28%), and 95 ppb (28%) for 10-, 20-, 30-, and 45-s
breath holds, respectively. The variance of Ciiss air 1S
similar to the other three parameters, and the mean
value does not depend strongly on breath-hold time.
Although the mean values for the two subjects are
similar to those recently predicted by Silkoff et al. (16),
the variance of this data cannot be compared because
they report only a intersubject variability for a tech-
nique that utilizes multiple-breathing maneuvers.

In conclusion, this study describes a new technique
to characterize flow-independent parameters (JNo max,
DNoair, and Calyvss), which can characterize NO ex-
change dynamics in the lungs. The maneuver entails
appropriate analysis of only a single-exhalation
breathing maneuver that should be tolerated by a wide
range of subjects. In addition, our results suggest that
the stringent requirements on the flow rate that ATS
and ERS recommends are not needed. With proper
analysis of a variable flow rate maneuver, one can
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estimate flow-independent parameters that potentially
provide more specificity and sensitivity to disease sta-
tus. If necessary, one can then use the model to predict
the NO plateau concentration at a constant flow (Fig.
7). This could be of importance, especially for young
and diseased subjects that have difficulty sustaining a
constant expiratory flow. Future studies must address
intersubject variability and also must apply this tech-
nique in a variety of key populations, including healthy
adults and children, and for inflammatory diseases
such as bronchial asthma, chronic obstructive pulmo-
nary disease, and cystic fibrosis before its true utility is
characterized.

APPENDIX

To achieve an even distribution for the residence times
sampled during an exhalation flow maneuver, one needs the
Tres(t) for any differential bolus of air to be a linear function
of time. Thus it is easily demonstrated that, if the exhalation
flow rate decreases exponentially with exhaled volume, one
can achieve this linear dependence between T..s(¢) and t.

By specifying an exponentially decreasing VE with V and
by using the relationship VE = dV/d¢, one can establish the
following relationship

VE = VEe ¥ = 1/(VE, ' + ct) (AD)

where VE, is the initial flow rate and ¢ is a linear multiplier.
Any differential bolus entering at time ¢ will reside in Tyes(¢)
such that the following relationship holds (similar to Eq. 5)

£+ Tres(t) |
Vair = f VEdt (A2)
t

One can then insert Eq. Al into Eq. A2 and derive the
following linear relationship between T,es(¢) and ¢

Tres(t) = (€5 — D[(cVEg) ~* + ] (A3)

In addition, it follows from Eq. A1 that the ratio of exiting
and entering velocities is the same for every differential
bolus of gas

VE(t + Tro)
VEE®)

Thus the particular flow rate profile described by Eq. Al
provides the same relative change between the entering and
exiting flow rates of any exhaled gas bolus. For our experi-
ments, in which flow rate change is from ~300 to ~50 ml/s
over a period of 15—-20 s and 3—4 liters of exhaled volume, the
approximate values of VEo and ¢ are ~300 ml/s and ~0.50
liter 1, respectively. Thus, from Eq. A4, the exiting velocity is
~90% of the entering velocity, thus providing support for the
key assumption made in our governing equation as described
in METHODS and in DISCUSSION.

= cVair

(A4)
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