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FLOW-INDEPENDENT PARAMETER
ESTIMATION BASED ON TIDAL BREATHING
EXHALATION PROFILES

The application is a divisional of application Ser. No.
10/358.,802, filed Feb. 5, 2003, now U.S. Pat. No. 7,156,813,
which claims priority from U.S. provisional patent applica-
tion Ser. No. 60/354,781 filed Feb. 5, 2002 and entitled
FLOW-INDEPENDENT PARAMETER ESTIMATION
BASED ON TIDAL BREATHING EXHALATION PRO-
FILES, and U.S. provisional patent application Ser. No.
60/380,175 filed May 13, 2002 and entitled CHARACTER-
IZING NITRIC OXIDE EXCHANGE DYNAMICS DUR-
ING TIDAL BREATHING, both of which are incorporated
herein by reference and to which priority is claimed pursuant
to 5USC 119.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention relates to a method and apparatus for deter-
mining physiological parameters indicative of lung condi-
tion, which parameters are independent of air flow rates based
on nitrogen monoxide content in exhalation, which content is
dependent on air flow rates.

2. Description of the Prior Art

It is known that nitric oxide (NO) is produced in the lung
and appears in the exhaled breath. The exhaled concentration
is elevated in important inflammatory diseases such as
asthma. A significant fraction of exhaled NO which is unique
among endogenous gases comes from the airways. A single
breath technique has been invented by one of the inventors
and is the subject of a copending application in a prior appli-
cation, which technique required inhalation to total lung
capacity followed by a breath hold of up to 20 seconds fol-
lowed by an exhalation with a decreasing flow rate which
lasted approximately 15 seconds. Thus approximately 35 sec-
onds was required to complete the maneuver. This duration is
not possible for subjects who cannot follow directions (i.e.,
small children or subjects who are unconscious) or who have
compromised lung function.

BRIEF SUMMARY OF THE INVENTION

The present invention is a technique to characterize nitric
oxide exchange dynamics in the lungs during tidal breathing
and thus represents a potentially robust technique that a wide
range of subjects, including children, can perform. The tech-
nique is a breathing maneuver combined with a mathematical
model, data filtering, and parameter estimation techniques to
characterize the exchange dynamics of nitric oxide (NO) in
the lungs.

In order to perform the technique, the subject breathes
normally (tidally) into a mouthpiece while exhaled nitric
oxide concentration and flow rate are recorded simulta-
neously. During the tidal breathing, the subject inspires NO-
free air and the soft palate is either closed voluntarily or by
applying a small negative pressure in the nasal cavity.

The exhaled NO concentration is separately simulated with
a two-compartment model. The first compartment corre-
sponds to the airways and the second compartment corre-
sponds to the aveolar regions of the lungs. After data filtering
and nonlinear least squares regression on the simulated
exhaled NO concentration, the optimal values of three to six
parameters were obtained. An objective of the simulation was
to characterize NO exchange dynamics in both the airways
and the alveolar regions.
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Changes in lung volume for tidal breathing (400-800 ml)
are smaller than for single breath maneuvers. A single cycle
(inhalation and exhalation) occurs over a relatively short time
frame (4-8 sec.), and exhalation profiles are observed in a
narrow window (2-4 sec.). Over a single exhalation, there is
little time to accumulate appreciable amounts of NO in the
airway and alveolar components. Hence, tidal breathing pro-
files are flatter and lack the easily recognizable characteristics
of the single breath maneuvers of the accepted techniques of
the recent past. Furthermore, expired NO levels for tidal
breathing are roughly 4-fold lower (5-10 ppb) than those
observed for single breath maneuvers. Yet, the present tech-
nique provides a way of characterizing the NO exchange
dynamics while the subject breathes tidally. That is, the sub-
ject breathes slowly and normally while at rest. Thus, advan-
tageously, essentially any subject who can breathe into a
mouthpiece can perform the test maneuver with no special
training or skills (i.e., breath holding).

The invention can be used to quantify NO exchange
dynamics and thus characterize metabolic and structural fea-
tures not characterized by currently accepted techniques. The
technique of the present invention is potentially most useful
for longitudinally following subjects with inflammatory dis-
eases. For example, a subject with asthma may breath tidally
for two minutes while the NO concentration and flow rate are
monitored. Our mathematical model and parameter estima-
tion techniques would then estimate the flow-independent
NO parameters. The subject may repeat this maneuver at
regular intervals thereafter. Changes in the parameters in
subsequent test maneuvers might prompt therapeutic inter-
vention. This technique is also useful in achieving additional
objectives with subjects having inflammatory diseases, such
as monitoring the efficacy of the therapy during treatment.

In one aspect, the invention characterizes the same
exchange dynamics while the subject breathes tidally, and in
particular identifies the optimal breathing pattern. Thus,
although other breathing patterns may be possible, they may
require effort or time on the part of the subject.

As discussed above, nitric oxide (NO) is produced in the
lung and appears in the exhaled breath. The exhaled concen-
tration is elevated in important inflammatory diseases such as
asthma. A significant fraction of exhaled NO arises from the
airways, which NO is unique amongst endogenous gases.
This aspect of the invention comprises a theoretical analysis
to predict the optimum tidal breathing pattern to characterize
nitric oxide exchange dynamics in the lungs.

Parametric characterization of nitric oxide (NO) gas
exchange using a two-component model of the lungs as dis-
cussed above is a potentially promising, non-invasive tech-
nique to characterize inflammatory lung diseases. Until the
advances of the present invention, this technique was limited
to single breath maneuvers, including pre-expiratory breath
hold, which is cumbersome for children and individuals with
compromised lung function. The present invention applies
the two-compartment model to parametric characterization of
NO gas exchange from a tidal breathing pattern. This model’s
potential to estimate up to six flow-independent parameters.
The model also aid in studying alternate breathing patterns,
such as varying breathing frequency and inspiratory/expira-
tory flow rate ratio at constant alveolar ventilation rate. We
identify four easily characterized flow-independent param-
eters, which include maximum airway flux, steady state
alveolar concentration, airway volume, and deadspace vol-
ume (uncertainty <10%). Rapid inhalation followed by slow
(long duration) exhalation as well as increasing the number of
observed tidal breaths facilitates estimates of all flow inde-
pendent parameters. The results demonstrate that a paramet-
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ric analysis of tidal breathing data can be utilized to charac-
terize NO pulmonary exchange.

While the apparatus and method has or will be described
for the sake of grammatical fluidity with functional explana-
tions, it is to be expressly understood that the claims, unless
expressly formulated under 35 USC 112, are not to be con-
strued as necessarily limited in any way by the construction of
“means” or “steps” limitations, but are to be accorded the full
scope of the meaning and equivalents of the definition pro-
vided by the claims under the judicial doctrine of equivalents,
and in the case where the claims are expressly formulated
under 35 USC 112 are to be accorded full statutory equiva-
lents under 35 USC 112. The invention can be better visual-
ized by turning now to the following drawings wherein like
elements are referenced by like numerals.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A is a graph showing a comparison between the
model and the experimental data.

FIG. 1B is a graph similar to FIG. 1A having a different
breath profile.

FIG. 2A is a detailed graph of the third breath of FIG. 1A
and including filtered results.

FIG. 2B is a detailed graph similar to FIG. 2A showing a
special case of filtering.

FIG. 3 is a table summarizing the data shown in FIGS. 1A
and 2A.

FIG. 4is a graph showing the reduction in parameter uncer-
tainty with the number of tidal breaths monitored.

FIG. 5 is a schematic representation of the two-compart-
ment model wherein exhaled nitric oxide has sources in both
the alveolar (J,;,n0) and the airway (J,,,v0) regions of the
lungs, which represent the two compartments.

FIG. 6A is a graph depicting how the flow rate profile can
be generally represented by a square wave in which the flow
rates during inspiration and expiration are assumed constant.

FIG. 6B is a schematic representation of a single tidal
breath flow rate profile.

FIG. 6C is a schematic representation of a single tidal
breath exhalation profile.

FIG. 7 is a table showing central, upper, and lower limits in
accordance with the graph of FIG. 7 of the flow-independent
parameter values I',\ v, D, nvos Danwvor Catyssr Vaws @04
A\

FIG. 8 is a graph showing fractional uncertainties, Ax,, of
the flow-independent parameters, I 0, Daowve: Canso
D,1vos Vs and V., for one minute of tidal breathing with
q=Q,/Q~t/t=2 and £,=12 min™".

FIGS. 9A-9F are graphs showing the influence of each of
the flow-independent parameters, respectively, upon the
exhalation profile, C.(t), for a single tidal breath with g=:Q,/
Qgt./t,=2 and £,~=12 min™" in accordance with FIGS. 7 and
8;

FIG. 10 is a graph showing dependence of the fractional
uncertainties, Ax,, upon total monitoring time with all flow-
independent parameters at their central values, and q=Q,/
Qg =t/t,=2 and f,=12 min~".

FIGS. 11A-11C are graphs showing dependence of the
fractional uncertainties, Ax,, upon the flow rate ratio, ¢=Q,/
Qgtg/t, and breathing frequency, f(min™) for the flow-
independent parameters D, 50, C and D, at their
central values.

The invention and its various embodiments can now be
better understood by turning to the following detailed
description of the preferred embodiments which are pre-
sented as illustrated examples of the invention defined in the

aw?

alv,ss>

15

20

25

30

40

45

60

65

4

claims. It is expressly understood that the invention as defined
by the claims may be broader than the illustrated embodi-
ments described below.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Single breath maneuvers can distinguish inflammatory dis-
eases, such as asthma, cystic fibrosis, and allergic alveolitis,
using either exhaled concentration alone, or more positional
specific parametric characterization, such as airway diffusing
capacity (D, vo), maximum airway flux (I',, o) and steady
state alveolar concentration (C,, ). Single breath maneu-
vers may be difficult to perform, especially for children and
individuals with compromised lung function. Hence the util-
ity of tidal breathing to characterize NO exchange has been
explored and is described herein.

Analysis of tidal breathing exhalation profiles presents new
challenges relative to single breath maneuvers, such as
smaller changes in lung volume and a shorter duration for
exhalation. The shorter duration of exhalation reduces accu-
mulation of NO in the airway compartment, resulting in
expired NO levels, which are more than four-fold lower than
those observed for single-breath maneuvers. Analyzing mul-
tiple consecutive tidal breaths potentially offsets this limita-
tion.

The two-compartment model for tidal breathing includes
both inhalation and exhalation intervals, as well as the time
dependence of the alveolar concentration during exhalation.
The initial alveolar concentration (at the start of the first full
exhalation) is estimated by assuming all previous (unob-
served) cycles (breaths) to be identical and consistent with the
first cycle. Axial diffusion and detailed airway geometry are
not included in the current version of the model. In addition,
inhalation and exhalation flow rate profiles are approximated
as constant over their respective intervals. The current version
of the two-compartment model predicts a discontinuity in the
expired NO profile at the end of airway evacuation, where the
alveolar phase of exhalation begins. This discontinuity is
most likely an artifact resulting from the assumptions of
negligible axial diffusion, simplified airway geometry and
ideal flow in the simulated system. If necessary, axial diffu-
sion, more complex airway geometry, and less ideal flow can
be incorporated into the model after its preliminary assess-
ment using this simpler model.

Two typical NO concentration profiles, each from 12 tidal
breaths of an actual human subject, are illustrated in FIGS. 1A
and 1B as identified by the peaks in NO against time. The
subject was experienced at performing breathing maneuvers.
Hence, minimal nasal contamination can be assumed. The
observed data was sampled at 50 Hz and fitted to the model.
FIGS. 1A and 1B compare the experimental data (indicated
by x’s 10) with the exhalation profiles predicted by the fitted
two-compartment model (indicated by a solid line 15). The
data set illustrated in FIG. 1A corresponds to normal tidal
breathing (2,000-3,000 ml lung volume). In FIG. 1B, the first
three breaths correspond to normal tidal breathing. However,
breaths 4-10 of FIG. 1B correspond to higher lung volume
(3,500-4,000 ml), with a prolonged expiration in the eleventh
breath. Elevated levels of exhaled NO in breaths 4-11 are
evident on inspection of FIG. 1B.

FIG. 2A compares the experimental data (represented by
x’s 10) for the third breath of FIG. 1A with the exhalation
profile predicted by the fitted two-compartment model (solid
line 15). Expired NO concentrations are close to the lower
detection limit. At these low levels, baseline fluctuations and
noise, originating within analytical instrumentation, cause
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significant data scatter. Hence, uncertainties in observed NO
concentrations significantly limit how close the parameter
estimates come to the experimental data. Consequently, sev-
eral different sets of parameter values are generally consistent
with these data, although a high degree of uncertainty is
associated with the parameter estimates.

Several techniques are available to minimize uncertainty in
parameter estimates resulting from data scatter. The appro-
priate solution depends upon the source(s) of the error. Dur-
ing data acquisition, electronic noise (e.g., electromagnetic
interference, smearing, aliasing, amplifier distortion, etc.)
may be added to the signal. If the noise consists primarily of
high frequency components, the signal may be filtered to
resolve the underlying exhalation profile. This approach is
called “low pass filtering”, and the frequency at which the
signal power is attenuated by 50% is referred to as the reso-
lution bandwidth.

The dashed lines 20, 25 in FIG. 2A depict filtered data at
resolution bandwidths of 1 and 2 Hz, respectively, and the
filtered data show substantial improvement in their correla-
tion with the fitted two-compartment model. This technique is
useful for identification of data acquisition problems, and can
increase the degree of confidence in parameter estimates,
provided it is justified. However, since the true frequency
spectrum of the signal is not known in advance, low pass
filtering may inadvertently remove subtle features of the
exhalation profile and is rigorously applicable only when the
signal is contaminated by known systematic errors. In fact,
spectral analysis of the NO analyzer baseline suggests that the
dependence of noise amplitude upon frequency is subtle, with
a broad spectrum typical for random (“white”) noise rather
than systematic errors.

In this case, a more efficacious approach is the Kalman
Filter algorithm, which estimates the most probable exhala-
tion profiles based on comparison of experimental observa-
tions with the model. It also forecasts probable values of
physically meaningful system characteristics, called the state
variables, which may not be directly observable. The state
estimation feature ofthe Kalman Filter is potentially useful as
a diagnostic tool to assess conditions within pulmonary tis-
sue. Herein we consider only the basic Kalman Filter, which
is applied for “on-line” removal of random error.

Kalman filtered data (indicated as a dot-dash line 30 in
FIG. 2B) is reasonably consistent with the fitted two-com-
partment model over the airway and alveolar evacuation
phases of exhalation. However, during the airway evacuation
phase, the exhalation profile predicted by the model lies
above the filtered data, which implies systematic deviation
from the model. Sinusoidal deviation from the model is evi-
dent during the alveolar evacuation phase. This may result
from systematic errors (e.g., electronic noise, inadequacies in
the model, etc), random errors (“white-noise”), or a combi-
nation of both.

We estimated six parameters (D, xos 1 ownvos Dannvos
Catvss ¥ @04 V ;) by minimizing a “score function”, com-
prised of the sum of two appropriately scaled, mean-squared
error terms. Both of these terms are fractions of the differ-
ences between observed and predicted NO concentrations for
each of the 12 tidal breaths. The first term is the sum of the
squared-differences between each sampled exhalation con-
centration and the model prediction. The second term com-
pares the total amount of NO expired for each breath, as
computed from the experimental data, with that predicted by
the model. Selection of a score function should be made to
reflect the most appropriate criterion for robust parameter
estimation.
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Predicted exhalation profiles are highly sensitive to the
airway volume, V,,  and the dead space volume, V ;.. Several
parameter sets which fit the data, were found with vV, and
V, in the ranges: 180-220 and 20-50 ml, respectively. To
simplify the statistical analysis presented herein, we fixed
V,,,andV , at 200 ml and 40 ml. respectively. Hence, uncer-
tainties were determined only for four parameters (Do
J'awNOS DaZvNOS Calv,ss)'

Parameter estimates from the data depicted in FIGS. 1A
and 2A are summarized in the table of FIG. 3, based on a
minimum squared-error fit of the model with the data
observed from 12 tidal breaths. We performed uncertainty
analysis to compute 90% confidence intervals based on a joint
parameter hypotheses. The unfiltered parameter estimates 35
depicted in the table of FIG. 3 show reasonable precision for
T, ~oandD o Theparameter estimates for both shown in
Range column 40 were within +20% at 90% confidence limits
after 12 breaths. However, large uncertainties are associated
with D, and C,,, .. By extrapolating the available data,
we estimated the number of tidal breaths required to achieve
parameter uncertainties within 5, 10, 25 and 50% of their
mean values in column 45 (see the last four columns 50 of the
table of FIG. 3). These estimates are based on joint parameter
hypotheses at 90% confidence. Thus, I' v 1s easily charac-
terized since its uncertainty is reduced to within 5% in only
two breaths. However, to achieve the same precision, 120
breaths (more than 1,500 sampled exhalation concentrations)
are required to characterize D, and 1,100 breaths are
required for C,;, ... However, 12 breaths correspond to only
about 2 minutes of sampling time. Thus, after 7 minutes
(roughly 40 breaths) the uncertainty of C,, _, is reduced to
within 25%, and to within 10% after 45 minutes (260
breaths). Extrapolation of the unfiltered data suggests that
D,..~o can not be estimated for in the unfiltered scenario,
irregardless of how many tidal breaths are monitored.

Reducing the parameter uncertainty was attempted by cor-
relating the model with Kalman filtered data, which is shown
by the parameter estimates 55. In principle the Kalman filter
reduces “white noise”, which in turn can reduce the “leverage
effect” of outliers on parameter estimates. This method
resulted in an increase in the correlation coefficient (r*-value)
from 0.50 to 0.87 (see dot-dash line in FIG. 2B) and signifi-
cant reduction in the 90% confidence intervals for parameter
estimates (see Kalman filtered results in the table of FI1G. 3).
This method also reduces the required number of tidal breaths
to achieve the various parameter uncertainties ranges (see the
last four columns 50 of the table of FIG. 3). For example, in
contrast to the unfiltered results 35, only 8 breaths (less than
2 minutes) are required to determine D, ,,,/V ;, at a preci-
sion of £10% in the filtered results 55. Although to achieve the
same precision for D, v, and C, , would require 5,400
breaths (about 15 hours) and 250 breaths (about 45 minutes),
respectively, these results are encouraging since both random
and systematic errors can be reduced further by applying
more advanced versions of the Kalman Filter.

The reduction in parameter uncertainty with the number of
tidal breaths monitored is illustrated graphically in FIG. 4
which is a graph which shows for Dyo 4. Ino,mae Pyo,ar!
V., and C,, ., the percent deviation from mean at 90%
confidence for one breath, 12 breaths and 100 breaths, which
is based on the joint parameter hypotheses at 90% confidence
for both the unfiltered (UF) and the Kalman filtered (KF)
correlations. Percentiles for 100 tidal breaths were extrapo-
lated from the data for 12 tidal breaths and are shown at 60 in
FIG. 4. After 100 breaths (roughly 20 minutes), the uncer-
tainties of I',,xver Danao/Vans and C,y, . are reduced to
reasonable levels. However, D, o remains poorly charac-
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terized. It is evident that D, and C,;, ., exhibit skewed
distributions. Although this may be an artifact of the data
extrapolation, it also suggests systematic deviation of the
model in terms of its dependence on these parameters.

In the case of systematic deviation of the model from the
observed exhalation profiles, more accurate parameter esti-
mates can be achieved by upgrading the model to incorporate
some of the additional features described above. On the other
hand, if specific sources of electronic noise are identified,
techniques, such as the low pass filtering scheme described
above, can be applied. The Kalman Filter is the best way to
minimize the adverse effect of random error. Finally, if all of
the above sources of error are important, more advanced
versions of the Kalman Filter are available to provide
smoother estimates by combining the basic algorithm with
other concepts, such as spectral analysis and the Principle of
Maximum Likelihood. By using this “hybrid” approach, the
most likely sources of error can be identified, and the most
probable parameter estimates and their uncertainties can
thereby be obtained.

Implementation of the Analysis

We have two primary goals. First, we explore the feasibility
of estimating six flow-independent parameters, characteristic
of NO gas exchange during tidal breathing, by fitting the
two-compartment model to representative experimental tidal
breathing data. In this assessment, we assume some knowl-
edge of the extent of random noise introduced into experi-
mental tidal breathing data, which result from the limitations
of atypical analytical monitoring system. Our ultimate goal is
to obtain estimates of the following flow-independent param-
eters from experimental tidal breathing data: airway diffusing
capacity (Do), maximum volumetric airway flux (I' ., vo),
steady state alveolar concentration (C,, ), alveolar diffus-
ing capacity per unit alveolar volume (D, xo), and the air-
way compartment and dead space volumes, V,, and V
respectively.

Second, we explore a range of physiologically relevant
tidal breathing patterns, and identify the pattern(s) that mini-
mizes the uncertainty in parameter estimates per unit sam-
pling time.

Model Structure and Assumptions

We utilize the previously described two-compartment
model with minor modifications. Only the salient features of
the model and its modifications are presented here. As shown
in FIG. 5, we model the conducting airways (i.e., the trachea
and the first 17 airway generations) and the respiratory bron-
chioles/alveolar region (generations 18 and beyond) as rigid
and flexible compartments 65 and 70, respectively. These
compartments together form the airspace 72. The bronchial
mucosa 75 and alveolar membrane 80, respectively, provide
airway tissue and alveolar tissue and surround the airway and
alveolar compartments 65 and 70. Together, these tissues
make up the exterior pulmonary tissue 82. NOis consumed by
hemoglobin and other substrates present in pulmonary blood
vessels, such that the NO concentration is zero at the exterior
pulmonary tissue boundary 85 (located distal to the air space).
Arrows 90 and 95 indicate net fluxes of endogenously pro-
duced NO, which diffuse into the air space 72 of the airway
and alveolar compartments 65 and 70, are denoted J _, ., and
J..vo» tespectively. On exhalation, NO is transported to the
mouth by the convection of the bulk air stream, where it
appears in expired breath.

Airway Region
A differential mass balance for the airway compartment 65
describes NO concentration in the airway gas space,
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C,_;,=C_.,(tV), as a function of time, t, and axial position in
units of cumulative volume, V, as derived in previous work.
The airway compartment 65 is modeled as a cylinder with
total volume V., and axial diffusion is neglected. Thus, for
both inhalation and exhalation:

acair
ar

aCair IS

(Equation 1)
av + DaWNO [CawNO - Cair]

=-¢

where Q is the volumetric flow rate of air (Q=Q(t) for inha-
lation and Q=Q(t) for exhalation). The net flux of NO into
the airway is approximated as a linear function of C,,, as

3 T .
ShOWIl preV10u51y5 Jam{NOiJ a.\4/NO_DL.1wNO.Cair7DaW.NO
[C,..vo=C.:ls where D, o 1s the airway diffusing capacity,
I, ~o 1s the maximum volumetric airway flux,

C oo™ o/ Do 18 the equivalent gas phase airway tis-
sue concentration, and D,,,..o=D,..vo/ Y aw-

We assume that the initial condition for each exhalation is
the final condition of the preceding inhalation, and the con-
verse. From FIG. 5, appropriate boundary conditions are:
C,,(tV=0)=C_ (1), for exhalation, and C_, (t,V=V  +
V ;=0 for inhalation (NO free air source). For arbitrary flow
rate profiles, a rigorous solution to Equation 1 above is
obtained in terms of airway residence time functions, as
described previously. Herein, we approximate the inhalation
and exhalation flow rate profiles, Q,(t) and Qx(t), as square-
wave functions, represented by their respective time-
weighted-averages, Q; and Q, over each time interval as
depicted in the graphs of FIGS. 6A and 6B. Thus, C,,(t.V),
can be expressed as an array of algebraic expressions within
the airway (O<V<V_) and the dead space regions
(V,,,<V<V_ +V ), over the inhalation and exhalation time
intervals (see the Model Solution for Square-wave Flow Rate
Profiles section below). The exhalation profile, C (1), is deter-
mined by evaluating C_,(t V=V +V ) on the exhalation
time interval.

air’

Alveolar Region

A differential mass balance for NO in a well-mixed alveo-
lar compartment, valid for both inhalation and exhalation was
derived. The time dependence volume of NO concentration in
the alveolar gas space, C,,(t), is governed by:

AC,1 /=D i Cotrss=Catel- O Coirona=Can) Vart) - (Equation 2)

where C,,, ,,,—C,,(t,V=0) for inhalation, and C,,, .,,..~C,;,
(t) for exhalation. The alveolar volume, V_, (t), is related to
the flow rate by: dV,,/dt=—Q, where Q=Q), for inhalation and
Q=Q;, for exhalation (see FIG. 5). We approximate the net
flux of NO into the alveolar tissue gas space as:
Jarwo™d atnoDannoCan™Dannol Cary,ss=Can (D], Where
T w0 18 the maximum volumetric flux of NO into the alveo-
lar compartment and C,,, ... is the steady state, mixed alveolar
concentration. D, is the diffusing capacity of NO in the
alveolar region, which we express per unit alveolar volume

as: Dal\fNO:DaZvNo/VyaZv'
Previous work has demonstrated that C

(1) approaches
Cazy.ss Tor breath-hold times exceeding 10 s. However, for
tidal breathing, we must determine the time dependence of
C;,(1). Other studies have shown that D, ., is roughly pro-
portional to (V_, }*>. Thus, alveolar diffusing capacity per
unit alveolar volume, D, v, is proportional to (V). A
rough sensitivity assessment implies that the percent varia-
tion in D, 18 roughly one-third of the relative change in
tidal volume, AV,,,/V . Thus, for a typical tidal breath,
where AV, /V ,, is 15%, we expect only 5% variation in
Do, Which is comparable to current experimental esti-
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mates. Herein, we assume D, is a constant (flow-inde-
pendent) parameter. Systematic etrors, resulting from this
assumption increase in significance as AV, /V ,, increases.

Model Solution for Identical Breaths

Allof our analysis assumes that each breath isidentical and
a dynamic steady state is maintained in vivo. This results in a
periodic exhalation profile. However, this is usually not
observed in practice. A more general solution, which allows
the flow rates and time intervals of inhalation and exhalation
to vary with each breath, can be derived to model actual tidal
breathing data (see the Model Solution for Square-wave Flow
Rate Profiles section below). For identical breaths, we model
only the first observed breath, and denote the flow rates and
time intervals as simply Q;, Qg, t; and t, for inhalation and
exhalation, respectively (see FIGS. 6 A and 6B). Square-wave
flow rate profiles are shown in FIG. 6A. FIG. 6B shows one
period of the square-wave profile of FIG. 6 A. The residence
times for the airway (a) and dead space (ds) compartments
are: T, =V,,/Qrandt,, =V /Qy (exhalation),and T, =V, /
Q; and 7., =V ,/Q; (inhalation). We assume that the tidal
volume change, AV ,,,, exceeds the sum of the airway and
dead space volumes, V,_, +V ; (1.e., t:>T5, +Tx, and t>T,, +
T,,)- Integration of Equation 1 yields an analytical solution,
for the NO concentration profiles, C,,,(t,V), which allows us
to express the exhalation profile, C4(t)=C,,,(t,V=V , +V ),
in  terms of the initial concentration,
Calv(t:t0+tl):CaZv,I'

The exhalation profile is divided into the classic three
phases representing the deadspace (Phase 1), and airway com-
partment (Phase II), and the alveolar compartment (Phase
11I). The profile shown is only representative of the NO exha-
lation profile during tidal breathing; the precise shape of the
exhalation profile for NO depends on the values of the flow-
independent parameters as shown in FIGS. 9A-9F and dis-
cussed below.

For identical breaths, Cx(t) reduces to:

air

alveolar

G srrms
S]

Phase I: t,=t<t 4T,

Cr(t)x0 (Equation 3)
Phase II: t 4T, St<t 4T, +Tz,
Crlt)=C o[ 1€t Pamiol Lag™! Ni=t=Eds)) (Equation 4)
Phase III: t 4Ty 4T, St<t 4t
Cylt ):C}DwNQ*'[ Cotvss=Camal
[e( awAOIEds)] +(C, e )
Calv,ss) e(DawNUEEds—DalvNO(f—fI—TEds—TEa)) Equation 5
where q=Q,/Q.=t/t,. The shape of a typical exhalation pro-

file is depicted graphically in FIG. 6C. Phase 1 (Equation 3)
corresponds to the exhalation of NO free air from the dead
space region. Phase I1 (Equation 4) corresponds to the exha-
lation of air, originating from the airway compartment at the
start of exhalation. Phase I1I (Equation 5) describes the exha-
lation of air, originating from the alveolar compartment,
which passes through the airway and dead space compart-
ments on its way to the mouth (see FIG. 6C).

For the alveolar region, we denote the final conditions of
each inhalation and exhalation with the subscripts, E and I,
respectively. Thus, for the first observed inhalation (t=0to t,),
Equation 2 is subject to the initial conditions: C,;(t=0) C;, =
and V; (t=0)=V ,, ;.. Similarly, for exhalation (=, to {41 ),
Equation 2 is subject to the initial conditions: C ;, (t=t)=C,
and V_, (t=t)=V ;. ;. For square-wave flow rate profiles the
alveolar volume is given by V ,,(1)=V ;, +Q;t for inhalation
and V_, (0)=V 4, ~Qg(t-t;) for exhalation. An algebraic

alv’
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expression for C,,, ;is derived by direct integration of Equa-
tion 2 over the previous inhalation and exhalation time inter-
vals:

Coni™ Q[[fz%wNo(‘faCalv;;] / g atv~
i) 11T, —T,
V, 1 peCaNOU G —Ea Q' +C

alv,ss

(Equation 6)
where £, {, and f, are functions of D ,,, o Do Vs Vs
Q;, Qg tyand t, as defined in the Nomenclature and Abbre-
viations section below. The above assumptions imply that the
initial alveolar concentration, C,,, ,,, for the first observed
exhalation is the same as that for the previous (unobserved)
exhalation, C_,, ,, (see the Model Solution for Square-wave
Flow Rate Profiles section below).

Model Solution for Square-Wave Flow Rate Profiles

An analytical solution can be derived for Equations 1 and 2
for square-wave flow rate profiles and a general breathing
pattern. We index each breath by the subscript, m, which
starts at m=1 for the first observed breath (m=0 for the pre-
vious, unobserved breath). Each inhalation begins at time
to »=Summation from i=1 to m-1 of [t; +1 ], where t, ;=0 at
the start of the first observed inhalation. Thus, Q; , and Q.
represent the inhalation and exhalation flow rates averaged
over their respective time intervals, t;  andt,,  (e.g.,Q,, and
Qg on the time intervals, =0 1o t;,, and t;, to (i, +z;),
respectively, for the first observed breath).

For breath, m, we define the residence times of the airway
(a) and dead space (ds) compartments, for inhalation (I) and
exhalation (B), as 71, V.,./Qr.» Tusm=Vad Qs
Tam™ Y Qe m A0 Ty, =V 4 /Qr ,, respectively. Integra-
tion of Equation 1 yields an analytical solution for the NO
concentration profiles, C(t,V), within the airway (V=0 to
V,,.) and the dead space regions (V=V oV, +V ), from
which we obtain the exhalation profile, C.(t)=C,,(t, V=V, +
V) on the exhalation time interval, t=t;, ,,+1; ,, 10 1, 1. This
solution is analogous to those for Equations 3 to 5, which are
omitted for brevity.

The initial, alveolar region conditions, for inhalation and
exhalation, are equated to the final conditions of each exha-
lation and inhalation (denoted by the subscripts E and 1),
respectively. Thus, C_,(t) and V_(t) are evaluated as:
Calv,E,m—D Valv,E,m—D Calv,I,m and \/alv,l,m at: t:tO,m and tO,m'l'
t; .» respectively. For the general case, we assume the ratio,
q,7Q7,1/Qg 17tz 1 /1), for the first observed breath is identical
to all previous (unobserved) breaths, which implies that the
initial alveolar concentration, C, ,,, for the first observed
exhalation is identical to that for the previous (unobserved)
exhalation, C_;, ;. Finally, we relate the initial conditions for
consecutive exhalations, C and C, ;.1

alv’

alv,m
Cotvf = Catvzan-1=Catys)Varmzm12"-
D arnoltrytig me ) OromdormVarssmt Oromlfom ]
ConwoamCatossl/Vats Lot Catnss (Equation 7)

wheref, ,f,  andf,, , aredefined inanalogous fashionto f,
f, and £, respectively (see the Nomenclature and Abbrevia-
tions section at the end of the detailed description). For the
special case of “dynamic steady state” (i.e., identical breaths)
the exhalation profile is periodic, with period, t+t,, and we
may drop the subscript, m, for: Q; ., Qg s Uz s U s Vg e
Vet Catv s Catv s Lo Ta o a0d Ty, Thus, for iden-

tical breaths, Equation 7 reduces to Equation 6.

Confidence Intervals

We computed theoretical confidence intervals (uncertain-
ties) for hypothetical estimates of the six flow-independent
parameters (defined above) from experimental tidal breathing
data using the two-compartment model: D, xo, I nnvos
C Dvos Vs and V. Inpractice, D o Vooand V.,

alv,ss? aw?
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are usually specified, based on previous experiments, mor-
phology, and sampling system characteristics. However, we
assess the efficacy of estimating these additional parameters
from exhalation profile data, herein.

The Sensitivity an Uncertainty Analysis section below
describes the methodology used to compute theoretical 90%
confidence intervals for the estimated flow-independent
parameters, X,. We express our results in terms of the frac-
tional uncertainties, Ax; (indexed by j=1, 2, .. ., P=6), or the
fractional deviation from the “unbiased” or central value:

Ax=(X-X, VX, (Equation 8)
Experimental measurement error is expressed as the concen-
tration difference, Y (t)=[C z(t)-C(t)], where C(t) and C (1)
represent the NO exhalation profiles predicted by the model
and observed in hypothetical measurements, respectively. We
assume that Y(t) is a Gaussian white noise sequence with zero
mean and variance, 0., which results from random base-
line fluctuations with a nominal standard deviation of
Ozp==1 ppb. The observed data is assumed to be sampled at
50 Hz, corresponding to a sampling time, T,=0.02 s. Thus, for
each exhalation, m, we can define the discrete time difference,
=ty =t 0T (070, 1,2, ..., N, ), where the total number
of sampled concentrations for tidal breath, m, is: N, =t ./ T..
Hence, for each breath, we represent Y(t) as a discrete
sequence, Y(n), comprised of N,, independent and normally
distributed random variables. Thus, in general, a sequence of
M breaths includes L=Summation from m=1 to M of N,
independent and normally distributed samples, each with
variance o.,,%, and zero mean,

Sensitivity, an Uncertainty Analysis

We characterize the accuracy of a particular, flow-indepen-
dent parameter estimate as the 90% confidence interval of
parameter, X;, around its fitted value, X, with the other
parameters, X (i=}), fixed at their fitted values, X, . Statisti-
cally, we deﬁne the 90% confidence interval, X, , =X =X, ;,
as the range of variation in X, around X, ,, over Wthh there s
90% probability that X, does not influence the error, Y(n).
Thus, X, ;;and X, ; are the upper and lowet limits of X at 90%
probability.

If a single parameter, X, is varied around X, 5, with the
other parameters fixed at their fitted values, X =X, , (i=]), then

Ce)=Cg(n, X, X, ,) is a function of the ﬂow mdependent
parameters, Wthh for the bestunbiased estimate, X =X, o, i 0,

Crom)=Cx(n, X; o, X, ). However, the sequence, Yo(n)
o(, X; o, X, 0)-Cp(n)], is a random variable, whereas Y(n)—
Yo(n):[CE(n Xy X;0)-Crg o, X, o, X, o)] is a predetermined
function of the model parameters and time, t=nTs+ t, ,+1; ..
With these assumptions, we may estimate parameter confi-

dence intervals, based on a simple t-test, for known variance,
2.
O

(Equation 9)
[Ce(n, X;, Xi0) = Cro(n, X0, Xi0)I* = 02y T(L - P)?

1=

=
il

where T(L-P) is the critical t-value at 90% confidence with
L-P degrees of freedom, and where X, , is the hypothetical
fitted value of flow-independent parameter and Xj isits value
at a 90% confidence limit (i.e., either X, ;;or X, ;).

I Cy(n, X, X, o) isalinear function of X, forX; =X =X,
£, then the relationship, AX =X , ~X XJ,O X, 1 holds and
the 90% confidence limit of X; is expressed in terms of its
fractional uncertainty, Ax,=AX /X ;. This is valid whenever
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Cx(n, X, X, ) is approximately linear in X, around X ,,. In
this case: Y(n)-Y,(0)=S (n)AX,, where S (n) is the sensttivity
of Cxln, X, X,,,) with respect to X,. We also define the
normalized or relative sensitivity, S”,, and the semi-relative
sensitivity, S, which represent the fractional and absolute
change of C per fractional change in X, respectively. These
three quantities are related to each other as shown below:

dCe(n, X;, X; Equation 10
Sj(n):iE(n i+ Xio) where X; = X (Equation 10)
= Cen, X0, Xi0)S5n)/ Xj0 =570/ X0

Thus, if Ci(n, X, X, ) is a linear function of X, Equation 9
reduces to:
1/2 L 1/2 (Equation 11)
AXS[S =5y [S7n
n=1

=+0ppT(L-P)

Since S (t) is a function of time, we define the time-
averaged, root-mean-squared semi-relative sensitivity, |
S, by averaging over each exhalation time interval,

(t—to g 10 oyt )

_ R L (Equation 12)
ST = (/- P)Y ) [T WP

n=1

The quantity, (L-P), appears in Equation 12 as a correction
for degrees of freedom. Thus, if IS,”™*| is sufficiently large,
AX, is small and X, can be accurately determined, or if |
S,;71 is small, AX, is large. Thus, we express the 90%
confidence intervals for individual, parameter hypotheses in
terms of theoretical fractional uncertainties by combining
Equations 11 and 12 to obtain:

AX=+0gI(L-P)/{[L-P]"2 5™} (Equation 13)
Equation 13 is valid if Cz(n, X, X, ;) can be expressed as a
linear function of X; on the 1nterva1 X, ,2XzX, ;. Our
results suggest that this is true for X DawNo, I onvo and
Casysse However, D n0, V,, and Vds exhibit non-linear
behavior and their confidence intervals are computed from
Equation 9, for these flow-independent parameters. For the
latter case, unless otherwise indicated, Ax =AX /X, ; is evalu-
ated for AX; set equal to the maximum of X, ~X ; or X -
X,z

The assumption of independent and identically distributed
random variables is not valid if there is systematic deviation
between the observed data and predictions of the model.
Nonetheless, the methodology presented above yields pre-
liminary estimates for parameter uncertainties, which can be
used to design experimental protocols.

We computed the uncertainties of parameter estimates by
using the t-statistic-set forth above. As discussed above, theo-
retical exhalation profiles are linear functions of I',,, ., and
C,v.» and may be approximated as a linear function of
D,..~o- Thus, we computed their fractional uncertainties
from Equations 12 and 13 above. However, D ;, 50, V.., and
Vs €xhibit non-linear behavior; thus, we computed Ax; from
Equation 9 above for these parameters. We analyzed the
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impact of the parameter value, the number of observed tidal
breaths, and the breathing pattern on the confidence intervals.

Effect of Flow-Independent Parameter Values

Flow-independent parameters demonstrate significant
inter-subject variability, and thus the confidence interval fora
given parameter may vary. We studied the impact of the
parameter value itself on the uncertainty by individually vary-
ing each parameter with the other parameters fixed at their
central values. Thus, we performed our simulations with pre-
selected central, lower and upper limit values for the flow-
independent parameters (see the table of FIG. 7). The set of
parameter values used for each simulation correspond to the
hypothetical best, unbiased estimates, X,,, determined
experimentally.

Effect of the Number of Observed Tidal Breaths

A potential advantage of tidal breathing relative to the
single breath maneuver is the ability to easily observe mul-
tiple consecutive breaths which may reduce the uncertainty in
the estimated parameter value. Equations 9, 12 and 13 predict
that Ax, decreases as the total number of samples, L,
increases. Specifically, Ax,—0, as L—. Thus, parameter
uncertainties, which are exclusively the result of white noise
(random errors), vanish for a large number of samples.
Herein, we do not account for potential systematic errors
(e.g., The variation of D, 0, resulting from its dependence
upon alveolar volume, or AV, , as discussed above). Unlike
parameter uncertainties resulting from random errors, uncer-
tainties resulting from systematic errors will not necessarily
vanish for a large number of samples.

Effect of Breathing Pattern

Sustainable tidal breathing requires a minimum alveolar
ventilation rate, V. to supply oxygen to metabolizing tissue,
which we specify as: V_, =[AV _,,~V .,V ;. J/(t4t;)=5,000
ml/min, where AV ; =QA~[V 1, ~V ., £] is the tidal volume
change (i.e., equivalent to the change in alveolar volume). For
identical breaths (governed by Equations 3 to 6), the breath-
ing pattern is completely characterized by the flow rate ratio,
q=Q,/Qx=t:/t;, and the breathing frequency, f;=q/[(1+q)tz].
Thus, f,; and q were varied at fixed V_,, to specify the breath-
ing pattern. We specify central values q=2 and £,=0.2 s™'=12
min~", which correspond to: AV, =992 ml, Q;=207.5 ml/s,
Q=415 ml/s, t;=3.33 5, and t=1.67 s. By varying q and f;
around their central values, we can identify breathing pat-
terns, which minimize the uncertainties of flow-independent
parameter estimates.

As a basis for this analysis, we impose the upper limit:
Va1, /=5,000 ml, and specify the initial alveolar volume,
V 202,300 ml, which corresponds to a maximum tidal vol-
ume change of AV, =V .. =V 1, £lnax=2,700 ml. For
identical breaths this specifies a lower limit for the breathing
frequency, fz=V, (AV atvamax—Y aw—V 45), Which at the cen-
tral values, V,,, =200 ml and V ;=75 ml, becomes: £;=(5,000
ml/min)/(2,425 ml)=2 breaths/min. AV ,, is constrained fur-
ther by requiring: T, +t,, =t and T +T., =t,.

Results

Effect of Flow-Independent Parameter Values

We computed 90% confidence intervals for each flow-
independent parameter after one minute of tidal breathing by
individually varying each parameter, while fixing the other
parameters at their central values (see the table of FIG. 7). We
kept the control variables, q and f5, at 2 and 12 min™*, respec-
tively, in this analysis. These results are shown in FIGS. 8 and
9.
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FIG. 8 depicts 90% confidence intervals, computed for
J'awNOS DawNO’ Calv,:s’ DalvNO’ Vaw and Vda’ in terms of their
fractional uncertainties, Ax, after one minute of tidal breath-
ing with q=2 and f;=12 min~*. These results suggest that
T w0 Cavssr Voo ad V5, are easily estimated, since their
theoretical uncertainties are less than 10% after one minute.
However, D, o and D_, ,,, are more difficult to determine
(their uncertainties exceed 30% after one minute).

Note that Ax; decreases with increasing values of I',,, vo
D,.vos Catvoser Vo a0d V4, (FIG. 8). However, for each of
these parameters the absolute value AX =X ,Ax; is nearly
constant (see the graph of FIG. 8). In contrast, FIG. 8 suggests
that the uncertainty of D,,, ., increases as its central value
increases, with the confidence interval at its upper limit (
D,.nvo=1.0 s7) exceeding the mean by more than 500-fold.
The uncertainties of ', vos D ayves Cany s Vo a0V areall
approximately symmetric about their central values. In con-
trast, D, o exhibits non-linear behavior, as evidenced by its
highly skewed distributions.

FIGS. 9A-9F illustrate the effect of variation in each flow-
independent parameter upon the exhalation profile, C (1), for
asingle tidal breath. Variation in I',,, ve, Cozy 0 Vi, @a0d Vg
result in significantly different exhalation profiles (FIGS. 9A,
9C, 9E and 9F). As I' o Increases, C(t) increases in both
Phases II and III (FIG. 9A), whereas the effect of increasing
Capy.ss 18 10 increase C(t) in Phase III alone (FIG. 9C). As
shown in FIGS. 9F and 9E, the primary effects of increasing
Ve andV _  are to delay the onset of Phase II and Phase I1I,
respectively. Variation in D,y and D, o have relatively
little impact upon C4(t) (FIGS. 9B and 9D, respectively). We
omitted J',, x0, Vo, and V. from subsequent analysis, and
studied D, and D, in more detail. We also retained
C 5 for comparison purposes.

Effect of the Number of Observed Tidal Breaths

FIG. 10 shows the dependence of Ax; upon total monitoring
time for each flow-independent parameter. In this analysis,
we fixed all flow-independent parameters at their central val-
ues, with the control variables, q and fy, fixed at 2 and 12
min~!, respectively. FIG. 10 demonstrates that parameter esti-
mates can be improved by observing more tidal breaths. After
one minute, the uncertainty of D, »,, exceeds 50%, but it is
reduced to approximately 17% after ten minutes. Similarly,
the uncertainty of C,, ., falls from approximately 2% after
one minute to below 0.7% and 0.5% after 10 and 20 minutes,
respectively, and for D, o from approximately 300% to
100% and 30%, respectively. This approach is readily imple-
mented in practice, since tidal breathing is simple to perform.
Each of the curves shown in FIG. 10 is approximately linear
onalogarithmic scale, with slope~-0.5. Thus, if Ax, is known
after one minute, its value after 10 minutes can be estimated
by dividing by the square root of 10.

Effect of Breathing Pattern

FIGS.11A, 11B and 11C show the dependence of Ax upon
breathing pattern (characterized by varying the control vari-
ables, q and fz) for D, o, Copy s @00 D 4, 0, respectively.
We computed these results for one minute of tidal breathing
with all flow-independent parameters fixed at their central
values. Low f and high q (relatively rapid inhalation fol-
lowed by very slow, sustained exhalation) favors the accurate
determination D, and C,,, .. For one minute of tidal
breathing, the uncertainty of D, 1s reduced below 25% for
;<6 breaths/min. and q>4 (see FIG. 11A). After one minute,
the uncertainty of C, , is below 5% for nearly all physi-
ologically relevant breathing patterns (see F1G. 11B).

The dependence of Ax; upon breathing pattern for D ,;, v, i
considerably more complex (see FIG. 11C). For an interme-
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diate range of flow rate ratios, dependent on f, (e.g., approxi-
mately 2<q<10, for f;>4 breaths/min), the uncertainty of
Do is very large. In fact, a “separatix” defines the bound-
ary for D, at which Ax,—>o. Furthermore, for example,
after one minute with f,=12 breaths/min, we may achieve
Ax,;<100% for Do Within two regions: q>20 and 1>¢>0.2.
If we reduce £}, to 6 breaths/min, we achieve Ax <100%, for
g>40and 0.5>q>0.2 (see FIG. 11C). Thus, in general, D, v,
is the most difficult parameter to estimate.

Discussion

We have utilized the two-compartment model to simulate
NO gas exchange in tidal breathing, and assessed the estima-
tion of flow-independent parameters. Our analysis suggests
that J', . vor Copser Vo @and V,,, are easily characterized,
whereas Dy, and D, ., are more difficult to determine
(see FIGS. 8, 9, and 10). This is a consequence of the rela-
tively low sensitivity of C4(t) to D, yoand D, o, as com-
pared to its sensitivity to I, ye, C V,.andV ;. (see FIG.
9).

FIGS. 11A and 11B suggest that accurate determination of
D,.~o and D, 5, are favored by relatively short duration
inhalations (11 to 5 sec) followed by slow, long duration
exhalations (=6 to 12 sec). In addition, estimation of D ;o
is also favored at higher breathing frequency with either
slower inhalation or very rapidinhalation and very slow exha-
lation. Small values of AV, minimize the impact of system-
atic errors on estimates of D0 Theoretically, breathing
patterns, where f;<4 breaths/min and q>10, are favorable to
estimate both D, v and D, v However, this corresponds
to t,<1.4 sec, t;>1 sec. and a high tidal volume change
(AV ,;,~1,500 ml), which may be difficult to achieve in prac-
tice. Furthermore, such a high tidal volume change would
also result in a large systematic error (~22%) for D, 05
which is not accounted for in this analysis. The remaining
parameters, J',, vor Copses Vi and V., are readily esti-
mated for any breathing pattern.

For identical breaths, the exhalation profile for the two-
compartment model, C(1), is predicted by Equations 3 to 5.
During Phase 1 (Equation 3), C,(t)=0, and the dead space
volume, V,, constrains the duration of Phase I. However,
Phase I does not provide any information for estimation of the
other flow-independent parameters. During Phase II (Equa-
tion 4), C4(t) is independent of C,;, ., and D x, but does
provide information for determination of J',, »,, and D, ro
In addition, the duration of Phase II is constrained by V.
Thus, V,, and V,, are determined primarily by the relative
lengths of the Phase I and Phase II time intervals. During
Phase III (Equation 5), C(t) depends upon all of the flow-
independent parameters, and usually exhibits its maximum
sensitivity 0 7' o Cumser Do a0 D, 1o, (see FIG. 9).

For single-breath maneuvers, such as pre-expiratory
breathhold, Phase 11 plays a major role in determining D, v
andI',, vo. Accumulation of NO in the airway during breath-
hold leads to a marked peak of NO, which is observed in
expired breath during Phase I1. However, for tidal breathing a
single breath is completed within a much shorter time inter-
val. Hence, much lower levels of NO accumulate in the air-
way compartment prior to exhalation, and, in most cases, an
NO peak is not observed during Phase 1I.

An element of air appearing in expired breath during Phase
11, existed within the airway compartment, at some position
V<V_ , at the start of exhalation. Thus, its residence time in
the airway compartment is: (V ,,,-V)/Qz<tz,=V ,,,/Qx. How-
ever, an air element, which appears in expired breath during
Phase I11, originated within the alveolar compartment, and its
residence time in the airway compartment is Tr,. Thus, the
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residence time of expired air is longer in Phase III than in
Phase II, which results in greater sensitivity of C(t) to the
airway parameters, D, o and ', »0, on the Phase ITI time
intervals. Therefore, for fixed monitoring time, optimal esti-
mates for D,,.nos T wos Canvss @0d Dyyne, are determined
by maximizing the Phase Il exhalation interval for tidal
breathing (i.e., short duration inspiration with longer duration
expiration as described previously), since the sensitivity of
C.(t) to all of these parameters is maximum on this interval.

FIGS. 11A and 11B show that Ax; decreases with increas-
ing q=Q/Qz=t,/t; and decreasing {3 for D, x0 and C,, oo
which implies that Ax; decreases as t;and Q,increase, and as
Qj decreases. Therefore, short duration inhalation at high
flow followed by long duration inhalation at low flow facili-
tates estimation ofthese parameters. Long exhalation times at
low flow allow higher NO concentrations to accumulate in the
airway. Higher airway concentration increases the exhalation
profile’s sensitivity to D, vo. Thus, the uncertainty of D, o
is minimized under these conditions.

Short inhalation times at high flow transport less NO into
the alveolar compartment from the airway compartment,
which leads to enhanced sensitivity of the Phase III exhala-
tion profileto C ,, .. Inaddition, greater AV, allows signifi-
cant amounts of air from the alveolar compartment to reach
the mouth, further increasing the sensitivity of the Phase 111
exhalation profile to C,,, ... At constant alveolar ventilation
rate (specified herein as V,,=5,000 ml/min), AV, is
inversely proportional to {z. Therefore, lower breathing fre-
quencies result in improved estimates for C,,, ..

At very low breathing frequencies (f;<5 breaths/min, see
FIG. 11C), similar dynamics result in conditions favorable to
estimates of D, .- Long exhalation times at low flow build
up an appreciable amount of NO in the airway, which is
transported into the alveolar region on a subsequent (rapid)
inhalation. Unfortunately, such low breathing frequencies are
difficult to achieve in practice. However, at slightly higher
breathing frequencies (5<f;<8 breaths/min), the uncertainty
of D, vo decreases with increasing f,, and is minimized in
two distinct regions at very high or low values of q. For
example, with ;=12 breaths/min, we achieve Ax <100%, for
¢>20 and 1>g>0.2 (see FIG. 11C). Under these conditions
D, ..~o becomes very sensitive to the concentration differ-
ence, (C,, ~C,,,.,),and we can approximate Ax; as inversely
proportional to the absolute value, IC_,, ~C,;, ..

For g<1, the time duration of inhalation exceeds that for
exhalation (t>t;), and more of the NO accumulated in the
airway is transported into the alveolar region during inhala-
tion than is removed during exhalation. Thus, C,, ~C,,, .,
which provides a gradient for NO transport from airspace to
tissue in the alveolar compartment, and increases the sensi-
tivity of Cx(t) to D, »o- Thus, at any fixed breathing fre-
quency, we can determine a critical flow rate ratio, where
IC a1 ~Capyssl 1s maximized (e.g., q~0.5 for f;=12 breaths/
min, see F1IG. 11C). As q increases, a second critical flow rate
ratio is reached where C,,, ~C,,, .., and D,,vo cannot be
determined (q~15 for £;=12 breaths/min, see FIG. 11C). As q
increases further, C,;, ,<C and IC,;, ~C,;, .| increases.
Thus, less of the NO accumulated in the airway is transported
into the alveolar region during inhalation than is removed
during exhalation. This effect again provides a gradient for
NO transport from tissue to airspace in the alveolar compart-
ment, which increases the sensitivity of Cx(t) to D,jno-
Therefore, improved estimates of D, ,, are favored when
C (1) becomes more dependent upon its history and signifi-
cantly deviates from C,, ... Furthermore, these results sug-
gest that estimates of D, ., should be strongly dependent
upon C

alv,ssy
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We have not addressed the potential impact of systematic
errors upon parameter estimates from experimental data, such
as the dependence of D, upon V.. Large tidal volume
changes may adversely affect estimation of D0, since
increasing AV, /V_,, results in greater variation of D, o
over the time course of exhalation. Additional systematic
errors may be introduced by the finite response time of the
analytical monitoring system. Time lags, resulting from such
limitations as finite instrument response time, transit times in
instrument plumbing, etc., are negligible for single breath
maneuvers. However, time lags are more important for tidal
breathing, due to the shorter time duration of each breath.
Imprecise modeling of time lags may result in miss-align-
ment of experimental concentration and flow rate profiles,
thereby causing incorrect placement of the Phase I, 1T and 11
time windows. Thus, precise characterization of system time
lags is necessary to facilitate accurate parameter estimates
from tidal breathing data. These time lags are dependent upon
V,,.andV ., which have not been estimated from experimen-
tal data in previous efforts. Fortunately, the results presented
herein suggest that V,, and V_ are readily determined from
experimental data, since these two parameters depend upon
the time durations of the Phase I and Phase II intervals,
respectively.

Conclusions

Our results are based on the central values of the flow-
independent parameters, shown in the table of FIG. 7. If the
flow-independent parameters deviate significantly from their
central values, appropriate modifications to this protocol are
readily determined using the methodology presented. Our
analysis suggests that I',, e, Copy. o0 Vo and 'V, should be
readily determined from tidal breathing; however, D, o and
D_..vo are more difficult to estimate, and may require mul-
tiple tidal breathing patterns, or a relatively large number of
tidal breaths. In addition, a short inspiration time relative to
expiration reduces the uncertainty for all of the flow-indepen-
dent parameters. We conclude that a tidal breathing pattern
has the potential to characterize flow-independent NO
exchange parameters.

Nomenclature and Abbreviations
Ca i r:C
(ppb).

C i ondC o (1.V=0) for inhalation, and C,,, ,,,~C,, for exha-
lation (ppb).

(t,V)=NO concentration in the airway gas space

air’

C ., (t)=gas phase NO concentration in alveolar compartment
(ppb).

Can0=Con 5=Cop (t=0)=final (exhalation) alveolar concen-
tration at t=0 (ppb).

Calv,I:CaZv
t=t,(ppb).
C

(t=t,)=final (inhalation) alveolar concentration at

=steady state alveolar concentration (ppb).

alv,ss

C,.nvo=T sono/Dawnvo—cquivalent gas phase, airway tissue
concentration (ppb).

C(t) Cp(nT,)=observed (experimental) NO exhalation pro-
file (signal) (ppb).

C.(t) NO concentration at mouth (exhalation profile) (ppb).
D_,.~vo=diffusing capacity of NO in the alveolar region (ml/
s).

Do Danwo!Van=alveolar diffusing capacity per unit
alveolar-volume (s™%).
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D, vo—airway diffusing capacity (ml-s~'-ppb~* or pl-s~'-
—1
ppb™).
]A)aWNO:DawNO/Vaw'
fa:fa1+fa2'
£, =[1-e e NOH(CE+T L) — alvNo(tI—TIa—TId )] D O
f;a ZIBaW;VO(l +q) [e— ahNOH_ o= e NOH(CEq+T1g)— alvNO(tI—":Ia)]/[
DaZvNO(DaIvNO_DawNO)(l +q)]‘
f=q/[(1+qtz)]=breathing frequency.
f[:f L +f ) +[e— N Tl alvNo(tI—TMs—TIa)_e— awNo'rra] /]3 O
fQIZfQII +fg12_fg13 .
fQIl —aDanNoCEa+Tia)~DasNo(t5+1-Vhas—a—Tia) | [(1+ q)]A)aZv] )
f,‘Q Izze_DawNO(TEa'H:Ia)_ azvNo(t£+t1—TEa—TIa)/[(1 +q)f)azvNo(f)aZvNo_
DaWNO)]'
fors =g Panoltitin] [(1+q)D, 1 nvo=Danno)l-
FRC, functional reserve capacity.
j=index for flow-independent parameters (j=1, . .., P=6).
T vo—global maximum flux of NO in alveolar compartment
(ml-ppb/s).
(' swvo1s defined as the flux of NO into the alveolar compart-
ment, if C,, (1)=0).
1,..vo=net flux of NO into the air space of the airway com-
partment (pl/s or ml/s).
JLzWNO:J'aWNO_])LIWNO C:DaWNO[CaWNO_C] .

T, ~vo—maximum volumetric airway flux (pl/s or ml/s).

1vo=net flux of NO into the air space of the alveolar com-
partment (ml-ppb/s).

Jatvo™7 aZvNO_DaZvNOCaZv(t):DaZvNO[CaZv,ss_CaZv(t)]'

L=Summation from m=1 to M of N, =total number of exha-
lation profile measurements in M breaths.

m=index for tidal breaths, m=1, 2, ... M.

M=total number of tidal breaths observed in an exhalation
profile sequence.

n=index for data samples=(t-t))IT,,n=0, 1,2, . . . N,,; in tidal
breath, m.

N =number of sampled concentrations in tidal breath, m.
pl, picoliter.

P~ Qe Qs

ppb, parts per billion.

P=Number of fitted flow-independent parameters (P=6).
q=Q/Qx=t/t~flow rate ratio.

q,=(Q/Qy),=(t/1),, flow rate ratio for the first observed
breath (m=1).

q,,=(Q/Qr),=(t/t),,, flow rate ratio for breath, m.

Q=volumetric, air flow rate=—Q, (inhalation), Q (exhala-
tion) (ml/s).

Qg=air flow rate averaged over exhalation time interval (ml/
s).
Qp,,,=average exhalation air flow rate for breath, m (ml/s).

Q=air flow rate averaged overinhalation time interval (ml/s).
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Q,,,—average inhalation air flow rate for breath, m (ml/s).
rms, root-mean-squared.
S, -sensitvity of an output, 1, to an input, j.

8", /normalized or relative sensitivity of an output, i, to an
input, j.

s7

.,;/~semi-relative sensitivity of an output, i, to an input, j.

|§S”’m]5a1vNoSc,jIﬁime-averaged (rms) semi-relative sensi-
tivity of Y, t0 X,.

t=time (s).
t exhalation time interval (s).
t; inhalation time interval (s).

Ts=sampling time of observed concentration data=0.02 s (50
Hz).

V=axial position in units of cumulative volume (ml).

V i(t)=alveolar compartment volume (ml).

Vo iV a(FO={V , (Ft4t)= . . . for identical breaths}
(ml).

Voo V)=V, (2t #t)= . . for identical breaths}
(ml).

V . =airway compartment volume (ml).
V ,=dead space compartment volume (ml).

X;=variation in flow-independent parameter, j, around its fit-

ted value, X .
X, o~best unbiased estimate fitted value of flow-independent
parameter, j.

Y (1n)=[Cx(n)-Cp(n)]=discrete time experimental measure-
ment error (ppb).

Y (t)=[Cx(t)-Cp(t)|=experimental measurement error (ppb).

AV o1y ma AV atvr Y atv ol max—maximum tidal volume change

(ml).

AV, =tidal volume change (ml).

Ax =fractional uncertainty of flow-independent parametet, j.
AX =uncertainty of flow-independent parameter, j.
T~V/Q=exhalation residence time (s).

T, =V ../ Qr=cxhalation residence time for the airway com-
partment (s).

T, =V, /Q =exhalation residence time for the dead space
compartment (s).

T~V/Q~inhalation residence time (s).

T,=V,../Q~inhalation residence time for the airway com-
partment (s).

T=V 4/ QInhalation residence time for the dead space
compartment (s).

Many alterations and modifications may be made by those
having ordinary skill in the art without departing from the
spirit and scope of the invention. Therefore, it must be under-
stood that the illustrated embodiment has been set forth only
for the purposes of example and that it should not be taken as
limiting the invention as defined by the following claims. For
example, notwithstanding the fact that the elements of aclaim
are set forth below in a certain combination, it must be
expressly understood that the invention includes other com-
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binations of fewer, more or different elements, which are
disclosed in above even when not initially claimed in such
combinations.

The words used in this specification to describe the inven-
tion and its various embodiments are to be understood not
only in the sense of their commonly defined meanings, but to
include by special definition in this specification structure,
material or acts beyond the scope of the commonly defined
meanings. Thus ifan element can be understood in the context
ofthis specification as including more than one meaning, then
its use in a claim must be understood as being generic to all
possible meanings supported by the specification and by the
word itself.

The definitions of the words or elements of the following
claims are, therefore, defined in this specification to include
not only the combination of elements which are literally set
forth, but all equivalent structure, material or acts for per-
forming substantially the same function in substantially the
same way to obtain substantially the same result. In this sense
it is therefore contemplated that an equivalent substitution of
two or more elements may be made for any one of the ele-
ments in the claims below or that a single element may be
substituted for two or more elements in a claim. Although
elements may be described above as acting in certain combi-
nations and even initially claimed as such, it is to be expressly
understood that one or more elements from a claimed com-
bination can in some cases be excised from the combination
and that the claimed combination may be directed to a sub-
combination or variation of a subcombination.

Insubstantial changes from the claimed subject matter as
viewed by a person with ordinary skill in the art, now known
or later devised, are expressly contemplated as being equiva-
lently within the scope of the claims. Therefore, obvious
substitutions now or later known to one with ordinary skill in
the art are defined to be within the scope of the defined
elements.

The claims are thus to be understood to include what is
specifically illustrated and described above, what is concep-
tionally equivalent, what can be obviously substituted and
also what essentially incorporates the essential idea of the
invention.

We claim:

1. A method of determining which flow-independent
parameters of nitric oxide exchange in the lungs are charac-
terized within an interval of acceptable accuracy during tidal
breathing, comprising:

having a subject perform a tidal breathing maneuver; mea-

suring and recording NO concentration and flow rate
simultaneously during the maneuver;

simulating the tidal breathing maneuver by a two-compart-

ment model;

fitting recorded subject flow rate and exhaled NO concen-

tration to results obtained from the simulating of the
tidal breathing maneuver from the two-compartment
model; and

comparing in a processing or electronic device the

recorded subject flow rate and exhaled NO concentra-
tion and the results obtained from the simulating of the
tidal breathing maneuver to diagnose respiratory dis-
ease.

2. The method of claim 1, further comprising:

filtering the measured data; and

providing the measured data as a time dependent flow

profile.

3. The method of claim 1, wherein the step of comparing
further comprises identifying three to six of the flow-inde-
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pendent parameters of NO exchange that can be accurately
characterized by the two-compartment model.

4. The method of claim 1, wherein the step of comparing
further comprises computing a 90% confidence interval for
each of the flow-independent parameters after one minute of 5
the tidal breathing; observing which of the flow-independent
parameters are within a 10% uncertainty interval,

observing skewing about respective central values of the

flow-independent parameters; and

identifying the flow-independent parameters that can be

estimated within a 10% interval of the central value after
one minute.

5. The method of determining of claim 4, wherein:

the step of computing comprises computing a 90% confi-

dence interval for the flow independent parameters
including ', 1o, D C D nvos Vo, and V. ;
and

the step of identifying further comprises identifying

J‘awN'O’ Calv,sss Vaw and Vda' 20

6. The method of determining of claim 4, further compris-
ing: observing an effect of increasing a monitoring time of
tidal breathing on the accuracy of estimating the parameters.

7. The method of determining of claim 4, further compris-
ing: varying the breathing pattern during a monitoring time of 25
the tidal breathing and observing an effect of said varying on
the accuracy of estimating the parameters.

8. A method of diagnosing a respiratory disease by utilizing
data gathered during tidal breathing, comprising:

having a subject perform a tidal breathing maneuver;

measuring and recording NO concentration and flow rate
simultaneously during the maneuver;
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simulating the tidal breathing maneuver by a two-compart-
ment model;

fitting recorded subject flow rate and exhaled NO concen-
tration to results obtained from the simulating of the
tidal breathing maneuver from the two-compartment
model; and

comparing in a pg or electronic device the recorded subject
flow rate and exhaled NO concentration and the results
obtained from the simulating of the tidal breathing
maneuver to diagnose a respiratory disease.

9. The method of diagnosing a respiratory disease of claim

, wherein the step of fitting further comprising:

filtering the measured data; and

performing a least squares fit of the measured data relative
to the simulated data.

10. The method of diagnosing of claim 8, wherein:

the step of measuring further comprises measuring and
recording said concentration and flow rate over a moni-
toring time;

the step of simulating further comprises forming a flow rate
and concentration profile of estimated time dependent
values; and

wherein the step of comparing further comprises compar-
ing the measured concentrations to corresponding esti-
mated values from the flow rate and concentration pro-
file.

11. The method of diagnosing of claim 10, further com-

prising evaluating the significance of differences between
selected flow-independent parameters in the measured con-

30 centration and the estimated values of the concentration pro-
file.
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