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How accurately should we estimate the anatomical source of exhaled
nitric oxide?

Steven C. George
Department of Biomedical Engineering, University of California, Irvine, California

FOR MORE THAN A DECADE it has been recognized that nitric oxide
(NO) appears in the exhaled breath and the level is altered in
numerous pulmonary diseases in which inflammation plays an
integral role (e.g., asthma) (1, 8). Thus the exhaled NO signal
has the potential to uniquely delineate the contribution of
inflammatory processes to lung disease in a noninvasive man-
ner complementing more traditional measurements of lung
function, namely, lung volumes and expiratory airflow that
focus solely on structural properties of the respiratory system.
This potential, combined with the relative ease with which it
can be detected and the serious and ongoing epidemic of
asthma and other chronic lung diseases, has imbued the mea-
surement of exhaled NO with the promise of becoming a useful
clinical tool. However, this promise has not yet been fulfilled.
Skepticism regarding the measurement of exhaled NO persists
due to both its variability among clinically similar subjects and
the inconsistent correlations with other indexes of lung func-
tion and symptoms. This skepticism is appropriate and stems
both from the relatively crude techniques currently employed
to characterize exhaled NO and from our still incomplete
understanding of the fundamental biological mechanisms that
determine the appearance of NO in the exhaled breath.

Since the initial observation that NO appears in the exhaled
breath, several research groups have made seminal contribu-
tions toward our understanding of the unique features of NO
exchange in the lungs. In particular, exhaled NO has sources
from both the airway and alveolar regions, which has been
determined from a combined approach implementing experi-
mental observations (5, 7, 15, 19) and “two-compartment”
mathematical models (9, 14, 20, 21). The present clinical
approach for exhaled NO measures the concentration during a
vital capacity maneuver while holding expiratory flow and
pressure constant (2). The recommended exhalation flow is low
enough (50 ml/s) to cause the concentration to be predomi-
nantly of airway origin and is thus ineffective at describing the
lower alveolar concentration of NO, ignoring this potentially
important signal.

Although asthma is traditionally thought to be an inflamma-
tory disease of the airways, several groups have employed the
two-compartment model of NO exchange and reported an
elevated alveolar concentration of NO during periods of en-
hanced symptoms (11, 13), or in patients who are refractory to
inhaled corticosteroids and bronchodilators (3, 6, 12). The
observations of increased alveolar NO are particularly relevant
as these patients have proven to be difficult to manage, are
hospitalized more frequently, and could well benefit from early
detection of disease exacerbation and alternate therapeutic
regimens.

Since the alveolar concentration cannot be directly mea-
sured, estimating the alveolar concentration requires a model
of NO exchange in the lungs that, when combined with
experimental measurements, can partition the exhaled NO
signal into proximal and peripheral contributions. This feature
is frequently neglected when the “alveolar concentration” or
“airway flux” of NO is reported, and we are led to believe that
these numbers are direct experimental measurements. This
concept is not new to the physiology community. Other exam-
ples include the Fick method to determine cardiac output, and
the measurement of lung diffusing capacity. Buried in these
measurements are mathematical models approximating the
physiology. In fact, the accuracy of these estimates depends not
only on the accuracy of the model but also on the experimental
protocol (i.e., algorithm) and instrumentation. It is therefore
pertinent in our quest to interpret exhaled NO to consider the
question: how accurately can the anatomic source of NO be
estimated, and at what cost? In general, as both the computa-
tional complexity and accuracy of an algorithm and model
increase, the ease of clinical translation decreases.

The initial two-compartment models were extremely simple
in structure, essentially describing NO gas exchange using a
single expansile balloon (alveolar region) connected to a rigid
tube (airways). The algorithms were equally simple involving
linear fits of experimental measurements in which the slope
and intercept reflected region-specific (i.e., alveolar) NO pa-
rameters (9, 14, 20, 22). While these early models were elegant
in their simplicity and ability to explain the strong flow
dependence of exhaled NO, they neglected potentially impor-
tant physical and physiological phenomena such as axial (or
longitudinal) gas phase diffusion, the trumpet shape of the
airway cross-sectional area, and spatial heterogeneity in flow.

Recently, more advanced models have been developed (18,
23) and validated with new experimental measurements (16,
17) demonstrating the importance of axial diffusion of NO. In
particular, the airway source of NO is large enough to create an
axial gradient in NO concentration that leads to diffusion of
NO from the airway tree into the alveolar region (i.e., “back-
diffusion”). In other words, the alveolar region can serve as a
sink for airway NO; and conversely, NO from the airway tree
can contaminate the alveolar region, leading to a falsely ele-
vated estimate of the alveolar concentration. We recently
quantified this potential effect and presented a simple method
to account for axial diffusion of NO on the estimation of the
alveolar concentration (4); however, we only tested the model
in healthy subjects. Two new studies (10, 24) are presented in
the Journal of Applied Physiology, both of which elegantly
combine experimental measurements and a mathematical
model of NO exchange that advance our knowledge and
understanding of NO gas exchange and thus our interpretation
of the exhaled NO signal.

Kerckx and colleagues (10) have independently developed a
similar method to account for axial diffusion of NO into the
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alveolar region. Their technique involves a simple correction
that requires knowledge of the exhaled concentration at a flow
of 50 ml/s (FENO,50) and an estimate of the alveolar concen-
tration (acquired from the analysis of multiple constant-flow
exhalations). The technique utilizes the same trumpet model,
requires qualitatively the same information, and leads to sim-
ilar estimations of the alveolar concentration in healthy sub-
jects as that described by Condorelli et al. (4). However,
Kerckx and colleagues (10) demonstrate for the first time that
the alveolar NO concentration in mild well-controlled (unob-
structed) asthmatic subjects is not elevated. Importantly, if
axial diffusion of NO is neglected using the two-compartment
model, the predicted alveolar concentration of the asthmatic
subjects with an elevated FENO,50 (�50 parts per billion) in this
study would be artificially elevated.

Verbanck and colleagues (24) present a second study from
the same group of investigators in which they further test the
model of NO exchange, which accounts for axial diffusion in
a group of healthy subjects at baseline and following a hista-
mine challenge. The histamine challenge reduces FENO,50, and
the magnitude of the reduction correlates with a decrease in
forced expiratory flow after exhalation at 25–75% forced vital
capacity (FEF25–75), but does not correlate with forced expira-
tory volume in 1 s (FEV1). The authors then use the mathe-
matical model to predict that this reduction is consistent with
bronchoconstriction in airway generations 10–15, suggesting
that FENO,50 may be a specific marker of inflammation in the
small airways during bronchoconstriction. They are able to rule
out even smaller airways due to the interesting prediction that
bronchoconstriction in airway generations �15 reduces the
cross-sectional area of the airway tree and actually increases
exhaled NO by reducing the loss of airway NO to the alveolar
region by backdiffusion (the net rate of axial diffusion is
proportional to the cross-sectional area).

The implications of broadening our understanding of the
unique gas-exchange mechanisms of NO using a combined
approach of experiment and modeling are significant. NO
clearly arises from multiple anatomic locations in the lungs,
and current methods have only begun to explore this potential.
The current American Thoracic Society/European Respiratory
Society guidelines recommend measuring the exhaled concen-
tration at a single constant flow of 50 ml/s (i.e., FENO,50), a
remarkably simple protocol, and thus easily translatable to the
clinic, but may be limiting the potential to utilize exhaled NO
as an inflammatory marker. While we understand that exhaled
NO is predominantly from the airways at this flow, Verbanck
and colleagues (24) suggest that we might more precisely
locate the airway source of NO with an accurate mathematical
model. Similarly, Kerckx and colleagues (10) use the same model
to enhance our understanding of how to accurately determine the
small, but potentially important, alveolar concentration.

Further testing of these algorithms and models are clearly
required. The potential exists to phenotype asthmatics by
airway and alveolar NO levels and utilize region-specific
anti-inflammatory therapy. However, at the present time, even
the most advanced models of NO exchange remain relatively
simple, considering the lungs as a single-path trumpet. As lung
disease (e.g., asthma or chronic obstructive pulmonary disease)
and inflammation progress, ventilation heterogeneity increases,
eroding the accuracy of the single-path model. The utility of
exhaled NO as an inflammatory marker of the lungs strongly

depends on our ability to accurately pinpoint the anatomic
origin. The balance between model complexity and ease of
clinical translation is not yet optimal and provides exciting
opportunities for the future.
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