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In the human lungs, nitric oxide (NO) acts as a bronchodilatar, by relaxing the bronchial
smooth muscles and is closely linked to the in ammatory stais of the lungs, owing

to its antimicrobial activity. Furthermore, the molar framn of NO in the exhaled air has
been shown to be higher for asthmatic patients than for hedfy patients. Multiple models
have been developed in order to characterize the NO dynamic#é the lungs, owing

to their complex structure. Indeed, direct measurements irthe lungs are dif cult and,

therefore, these models are valuable tools to interpret exgrimental data. In this work, a
new model of the NO transport in the human lungs is proposedtlbelongs to the family
of the morphological models and is based on the morphometrienodel of Weibel (1963)

When compared to models published previously, its main new fgures are the layered
representation of the wall of the airways and the possibilitto simulate the in uence of
bronchoconstriction (BC) and of the presence of mucus on thélO transport in lungs. The
model is based on a geometrical description of the lungs, atast and during a respiratory
cycle, coupled with transport equations, written in the lagrs composing an airway wall
and in the lumen of the airways. First, it is checked that the odel is able to reproduce
experimental information available in the literature. Send, the model is used to discuss
some features of the NO transport in healthy and unhealthy hgs. The simulation results
are analyzed, especially when BC has occurred in the lungs.df instance, it is shown
that BC can have a signi cant in uence on the NO transport in he tissues composing an
airway wall. It is also shown that the relation between BC anthe molar fraction of NO
in the exhaled air is complex. Indeed, BC might lead to an inease or to a decrease of
this molar fraction, depending on the extent of the BC and onhe possible presence of
mucus. This should be con rmed experimentally and might prgide an interesting way
to characterize the extent of BC in unhealthy patients.

Keywords: nitric oxide, lungs, model, asthma, transport

1. INTRODUCTION

For more than 20 years now, nitric oxide (NO) has been showbeaof a striking importance

in various physiological processes. This ubiquitous mokcwaintributes, among other roles, to
vasodilatationPalmer et al., 19§and neurotransmissiorfredt and Snyder, 1939n the human
lungs, NO acts as a bronchodilatator, by relaxing the broalckinooth muscles. It is also closely
linked to the in ammatory status of the lungs, owing to itstanicrobial activity (Vioncada et al.,
199). Furthermore, the molar fraction of NO in the exhaled aihét so-called Eyp) has been

Karamaoun C, Van Muylem A and
Haut B (2016) Modeling of the Nitric
Oxide Transport in the Human Lungs.
Front. Physiol. 7:255.

doi: 10.3389/fphys.2016.00255

Frontiers in Physiology | www.frontiersin.org 1 June 2016 | Volume 7 | Article 255


http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://dx.doi.org/10.3389/fphys.2016.00255
http://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2016.00255&domain=pdf&date_stamp=2016-06-28
http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive
https://creativecommons.org/licenses/by/4.0/
mailto:ckaramao@ulb.ac.be
http://dx.doi.org/10.3389/fphys.2016.00255
http://journal.frontiersin.org/article/10.3389/fphys.2016.00255/abstract
http://loop.frontiersin.org/people/337758/overview
http://loop.frontiersin.org/people/354885/overview

Karamaoun et al.

Nitric Oxide in the Lungs

shown to be higher for asthmatic patients than for healthy
patients Kharitonov et al., 1994 Recent studies managed to
link the Feno and the diagnosis of the disease, as well as its
management, in selected cases of asthBwr(es et al., 2010;
Haccuria et al., 2034 However, although the measurement
of the Feno tends to become a standard during an asthma
consultation, it is still di cult to link this measurement wh a
precise description of the pathology.

Human lungs are a complex organ, organized around a
dichotomous tubular “tree” structure (sdeigure 1), purposed
to optimize the transfer of the respiratory gases (mainly O
and CQ) from the inspired air through the mouth to the
blood, and inversely. Each level in the tree structure ikda
generation (se&igure 1) and the lungs are composed of 24 of
these generations. The generations are numbered, stdrongy
the trachea (number 0). The lungs can be roughly divided io tw
compartments (sekigure 1):

an upper or bronchial part, composed of so-called airways,

where convection is the dominant mechanism of gaseous mass

transport. An airway can be seen as a hollow cylinder in which
gas ows. The inner space of an airway is called the lumen.

The lateral wall of an airway is composed of two tissue layers

(seerigure 2B). The inner one, the epithelial layer (also simply
called the epithelium), is one cell thick. It may be seen as

Qi,O !
- Alveolar part 3 Bronchial part
: |
Q i,07] }
16
‘ Generation
number
ALVEOLAR s ’7 (_,
%/_/
SAC T
ALVEOLAR  TERMINAL
DUCTS  RESPIRATORY ~ BRONCHIOLE
BRONCHIOLES
FIGURE 1 | Schematic representation of the lungs structure. Plots of
*jipande i% as functions of the generation number (mouth is at the right)
Adapted from Paiva and Engel(1987).

a physical barrier between the outer world (i.e., the lumen)
and the inner body. The second tissue layer, surrounding the
epithelium, is the smooth muscles layer. These muscles control
the airway caliber change during a respiratory cycle. These
two layers are surrounded by a network of tiny blood vessels.
In unhealthy lungs, an epithelial layer can also be coated by
a mucus layer (seleigure 2A) (Wadsworth et al., 20)2NO

is produced in the epithelium and di uses through the layers
to the blood on one side and to the airway lumen on the
other side, while being partially consumed by several chdmica
reactions in the epithelial and muscles layers. This brorchia
part is approximately composed of generations 0-d&ipel
etal., 200p

alower or alveolar part. This part of the lungs is also composed
of so-called airways, but with their lateral wall garnishsd
expansible bags called alveoli. These alveoli are optimized f
mass exchange between the air and the blood. In this part
of the lung, the inner space of an airway is also called the
lumen (by de nition, it does not include the inner space of
the alveoli). Di usion is the dominant mechanism of gaseous
mass transport in this part of the lungs. NO is produced in the
epithelial cells present in the wall of the alveoli. This alaeo
part begins approximately at generation 1Wdibel et al.,
200H.

Multiple models have been developed in order to characterize
the NO transport in the lungs, owing to their complex
structure. Indeed, direct measurements in the lungs arecdit

and therefore these models are valuable tools to interpret
experimental data such as theno.

In the rst developed models, the lungs are divided in two
perfectly mixed compartments, a rigid bronchial compartment
and an expansible alveolar compartment. These models are
able to reproduce some observed features of the pulmonary
NO transport Hyde et al., 1997; Tsoukias and George, 1998;
Pietropaoli et al., 1999; Jorres, 200

As a step beyond these two-compartments models, a variety
of so-called morphological models have been developed. In a
morphological model, at the opposite of a two-compartments
model, each generation of the lungs is represented and
characterized by its number of airways, by the total volume of
the lumen of its airways and, in the alveolar zone, by theltota
inner volume of its alveoli. It is assumed that each division i
the tree structure of the lungs generates two identical aysv
(Paiva and Engel, 1987; Van Muylem et al., 2J0B8rthermore,
the NO axial transport in a generation is described by consider
both convection and axial di usion; such a description is not
included in the two-compartments models. In the morphological
models developed to date, the NO exchange rate between
the gas and the surrounding tissues is simply expressed, in
each generation, by partitioning experimentally determiteal
exchange rates (one for the bronchial part, one for the aareol
part).

In this work, a new morphological model of the NO
transport in the human lungs is developed and used. When
compared to models published previously, several new features
are introduced.
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FIGURE 2 | (A) Healthy airway (top) and constricted airway (bottom). Whecontracting, the smooth muscles induce a reduction of the aivay lumen diameter, by
wrinkling of the epithelial layer. Adapted fronvager et al.(1989). (B) Schema of a an airway lateral wall, including a mucus layereft: healthy lungs at rest. Right: lungs
at rest and after bronchoconstriction.

First, for the generations 0 to 18, the model includes aimensionless numbers used in uid mechanics, such as the
detailed description of the lateral wall of the airways. Dias-  Péclet number, and in chemical engineering, such as theaHatt
reaction equations for the NO are written in the layers compgs number. Evaluation of these dimensionless numbers allows
an airway wall (including a possible mucus layer). For anderstanding the relative in uence of di erent phenomena on
given airway, solving these equations allows expressing tliege NO concentration pro le in the lungs.

NO exchange rate between the epithelium and the lumen of These new features allow our model to produce new insights
this airway as a function of fundamental parameters, sucinto the NO transport in the human lungs, especially regarding
as the NO volumetric production rate in the epithelium, the in uence of BC on the Eno.

the airway and layers geometry. Thus, in our model and In this paper, the developed model is rst presented. Then,
for generations 0-18, this exchange rate is not obtained biyre model is used to discuss some features of the NO transport
partitioning an experimentally determined total exchangé&era in healthy and unhealthy lungs. In particular, simulatiorsuts

In the generations 19-23, the lateral wall of an airway isre compared with experimental information available in the
almost totally composed of alveoli (ségure 1). Hence, this literature. Moreover, using the model, the expected in uence
layered airway lateral wall representation is not relevanttfese  of the localization of BC and of its extent on thenp is also
generations\(Veibel et al., 2005 discussed. Finally, two major assumptions at the basis of the

Second, in our model, we also include the possibility tanodel are discussed.
modulate the cross section of the airways in one or several
generations of the upper part of the lungs and, therefore, t& MODEL DEVELOPMENT
simulate bronchoconstriction (BC, the constriction of thieways
in the lungs due to the tightening of muscles) which is a featu 2.1. Geometrical Considerations
of multiple pathologies, as for instance asthma. In our model2.1.1. De nitions
when BC is imposed in a generation, the thicknesses of thehe notations introduced in this subsection are applicableny a
epithelial and muscles layers of the corresponding airwags atungs, whether they are healthy or not.
reevaluated, based on volume conservation. The thickneas o As for the morphological models developed previously, it is
possible mucus layer is also reevaluated. Thus, by combihéng assumed that each division in the tree structure of the lungs
possible modulation of the cross section of the airways in ongenerates two identical airways, even when mucus is presdnt an
or several generations and the layered description of thexdat after a possible BCP@iva and Engel, 1987; Van Muylem et al.,
wall of these airways, our model is able to take into accour2003.
the inuence of a BC on the NO exchange rate between the L; is de ned as the axial length of the airways in generation
epithelium and the lumen of an airway in these generations, at ¢ j(t) is de ned such thate j(t) L; is the total gas volume in
the opposite of previous models. generation i (volume of the lumen of the airways and inner

Third, our model is written in a dimensionless form. This volume of the alveoli), at timé& Hencep (t) can be seen as the
simpli es, accelerates and stabilizes the numerical cafimrls, total cross-sectional area of generationi, atttmeio(t) is de ned
when compared to previous models. It also brings out typicasuch thate iO(t) L; is the total gas volume in the lumen of the
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airways in generation i, at time Henceg io(t) can be seen as the used in this paper are derived from the morphometric model
total ow cross-sectional area in generation i, at timdndeed, of Weibel (Veibel, 196} They are provided iffable 1, along

as the alveoli are being closely separated from each other, ttvith the numerical values of some other parameters of the rhode
axial transport in an airway occurs only through its luméte(va, developed in this work.

1972, 1978 As a consequence of these de nitionsgy(t), ejipande iO;O are presented as functions of the generation

dened by e gyi(t) D «i(t) - io(t), is such thate i(t)Li  number in Figure L This gure illustrates the increase efj.q

is the total inner volume of the alveoli in generation i, atand iQO along generations, which graphically fortrumpet-

timet. shapdike plots. On this gure, the gray zones correspond to the
As mentioned previously, for the generations 0-18, the modelalues ot 4.0

includes a detailed description of the lateral wall of the aiys: The total gas ,\_,golume in healthy lungs at re$fp) can be

Such a wall is composed of two tissue layers: the epitheliat laycalculated a¥o D = [ o i:0Li. Using the data given ifiable 1,
and the muscles layer. In unhealthy lungs, an epitheliaklegg  a volume of 3700 ml is calculated.
also be coated by a mucus layer For lungs at rest and not impacted by B&,(t), Re:i(t)
The airways in generations 0—18 are considered to be parfectind Ry:i(t) are written R_i.0, Rei:0 and Ru:i.0, respectively.
axisymmetric (Veibel et al., 2005 R.;i(t) is de ned as the According to the fact that the airways in generations 0-18 ar
distance between the center of an airway in generation i andonsidered to be pedifectly axisymmetii;i-o can be calculated
the inner surface of the epithelial layer of its wall, at time %
(seeFigure 2B). Rg;(t) is de ned as the distance between the

center of an airway in generation i and the outer surface aners are written g0 and .0, respectively. These thicknesses

the epithelial layer of its wall, at time(seeFigure 2B). Ry:i(t) are assumed independent of the considered generdgig, and
is de ned as the distance between the center of an airway i o can be thus calculated as follog:.o D RLj.0C ;E’O and
; il 1H ;

generation i and the outer surface of the muscles layer of |t§M' DReioC -
wall, at timet (seeFigure 2B). R. i(t) is de ned as the distance = *° 0~ M0
between the center of an airway in generation i and the inner

surface of a p035|ble mucus Iayer coating its wall, at tlme TABLE 1 | Numerical values of some parameters of the model develop ed

Figure 2B). Finally, wm;i(t), gi(t) and . (t) are de ned as the i, this paper, derived from the morphometric model of Weibel (  Weibel,
thicknesses of the muscles layer, the epithelial layer aed thoes).

possible mucus layer of the wall of the airways in generatiah i

as followsRy:i.0 D #2? For lungs at rest and not impacted
y BC, the thicknesses of the epithelial layers and of the lasisc

time t, respectively. They can be calculated as folloyyg(t) D : Li Lumen dlar:eter ‘00 % max Pe
Rvi() Rei(t), ei) D Rei(t) Rui(t) and i(t) D p Zio
Rui() R ().

As mentioned previously, in the generations 19-23, the ddter (cm cm tm® @3
wall of an airway is almost totally composed of alveoli. Hence, 12.00 1.53 1.83 1.83 0.892 15083
the three-layers airway lateral wall representation is etévant 4 4.76 1.03 1.68 1.68 0.869 6522
for these generations. Moreover, the alveoli are not surdaeh » 1.90 0.67 1.54 1.54 0.841 2848
by muscles and their inner surface cannot be coated with 0.76 0.48 1.44 1.44 0.809 1213
mucus, even in unhealthy lungs. Therefore, even if epithedits 126 038 1.79 1.79 0.785 1622
are found in the walls of each alveolus, the use of the terms 106 0.30 224 224 0760 1088

”u

“epithelial layer,” “muscles layer,” and “mucus layer” (dhd use 4

/ : ; ) ) 0.90 0.24 2.86 2.86 0.733 726
of the a_ssouated notations) is only restricted to the ajsvan 0.76 0.16 2.68 2.68 0.704 476
generations 0-18. , , , 8 0.64 0.158 502 502 0676 294
_ For ge_ne(;atlonds 0—1:?, if noI mucrlljs is pres]:ant w;)generatl(r)]g 0.54 0.131 6.90 690 0647 180
i, Stir.]r.(lt) is edr'][(ha Ias t e_tottr? exc angtg_e surtz:%eelfetween the .6 0.110 9.67 067 0618 110
epithelium and the lumen in this generation, at ti mucus 0.38 0.004 1415 1415 0591 610
is present in generation io%i(t) is de ned as the total exchange
' o ) 0.32 0.080 2079 2079  0.563 35.5
surface between the mucus and the lumen in this generation
. . . 13 0.26 0.072 33.56 33.56 0.542 17.85
at time t. For generations 19-23,5(t) is set to zero, as the
. . ! . . 14 0.20 0.062 50.13 50.13 0.514 9.19
lateral wall of the airways in these generations is almastlto
. . .. 15 0.20 0.056 81.56 81.56 0.493 5.65
composed of alveoli. The total inner surface of the alveoli in
. . . . . 16 0.16 0.050 130 130 0.470 2.84
generation i at time is written S;(t).
17 0.14 0.046 249 217 0.451 1.49
18 012 0.043 530 385 0.439 0.72
2.1.2. Lungs at Rest 19 0.1 0.041 1140 683 0.34
In our model, any lungs at rest are seen as healthy lungstatres 20 0.08 0.037 3069 1155 0.16
which some alterations may have occurred. 21 0.06 0.038 6810 2324 0.059
For healthy lungs at rest,i(t), « {t) ands 4(t) are written 22 0.06 0.036 15015 4244 0.033
* .0, Jpands g0, respectively. The valueslafe joands 3y 23 0.06 0.036 30155 8516 0.016
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As mentioned previously, in unhealthy lungs, for instance Combining Equation (2) and Equation (1) gives:

in asthmatic patients, an epithelial layer can be coated with 8 q

a signi cant mucus layer Karmer and Hay, 1991 Actually, ERE;i D q @a )2 1 R,%,l;i;OC Réi;o

even in healthy lungs, there is a very thin mucus layer cgatin ' 2

the epithelial layer of the airways in the rst generationsit b §RL?' = q a )1 Rf%/l:i;o C RE;i;O ®)
it is so thin that it does not in uence the NO transport in "R.i D (1 )2 1RY,CR .,

the lungs Bhaskar et al., 1985This mucus layer is produced

by dedicated epithelial cells (s€&gure 2A) and protects the Equation (3) are only valid if radicands are positive, whichegi
epithelial surface from bacteria and dust. For lungs at rest a the maximal possible value of, written i:max:
before their potential alteration by BC, the thickness of flass s

pathological mucus layers in the airways in the generation i R. o

is written . i.0. R: ;0 is de ned as the distance between the iimax D 1 1 R:\;riv-o
center of an airway in generation i and the inner surface of v

a possible mucus layer coating its wall, in lungs at rest andfalues of i:max are given inTablel They are obtained
before their potential alteration by a BC (s€&&ure 2A). It  considering no mucus layer (i.&; .0 D R_:i:0), considering g0

(4)

can be calculated as followR: .0 D Riio 0. As D15 m, m;0D 30 m, and using the values efﬁo given in
mentioned previously, no mucus can be present in generationgble 1 2

19-23. Hence, ;o is set to zero for i larger or equal i is de ned as 1 . Itis thus a measure of the possible
to 19. i

;1,0
BC can only occur in generations 0-18. Indeed, the IaterJFdUCt'on of the lumen radius of the airways in generatiosgg

wall of an airway in generations 19-23 is totally composed df 94"€ 28. i canbe linkedto ; as follows:

alveoli and the alveoli are not surrounded by muscles. If BC S 5
occurs in an airway, the muscles and epithelial layers votume D1 1 R; i i (5)
in this airway are conserved. As a consequence, the epithelia Rw;iso

layer wrinkles (sed-igure 2A). It is often assumed that this
wrinkling leads to a reduction of the surface available fas g

exchange between the epithelial layer and the lumen. Indeed, A tioned iouslv. the alveols i ded b
a very small exchange is likely to occur through the parts of S mentioned previously, the alveoll are not surrounded by

the epithelial layer surface that are almost in contact wilhe muscles and they ca.nlnot by coatgd by mucus. Hence, th? inner
other, due to the wrinkling Yager et al., 1989 Therefore, it volume of the alveoli in a generation of unhealthy lungs ie th

can be assumed that an airway remains axisymmetric even aft ame as the :jnnerhvollttlrr]ntel of theTr?Ive?ll |nl3th:sog(;:e?er§tlon n
a BC and that this BC can be modeled by a reduction of th{:__e corresponaing eao y unbgs. Ierletorc?, 0 b 5 agzu;o-
airway lumen diameter, with the muscles, epithelial and naucu can be cajculated as, i

or generations 0-18, ; -
layers thicknesses being simply increased, while theirmvetu As mentioned previously, in generations 19-23, the airwags ar
are conserved (sekigure 2B). During BC in an airway, the

not a ected by a possible constriction and they are not coated by
i o0

volume of a possible mucus layer in this airway is also obWousmucus' Therefore, for these generat|on§D o

conserved.

The total gas volume in lungs at rest aryl after their possible
For lungs at rest and after their possible alteration by BC,

alteration by BCY) can be calculated 8D = 5o i Li.
* (). + X0, RLi(D), Rei(t), Rwii(t) andR; i(t) are written= .+ {5 1 3. | ungs during Respiratory Cycles
RLi, Rei, Ru:i and.R; i, respectively. o A respiratory cycle can be divided in 3 phases: inspiration
The conservation of the muscles, epithelial and mucus laye(ﬁuration:ti”) a possible breath-hold (duratiott") and nally
volumes implies that the following equations must hold foryan expiration (duration: t®). If Qié] is the inspiration ow rate
lungsandfor0 i 18 (de ned as positive) an@g* is the expiration ow rate (de ned
as negative) (t) D V C Q' t during inspiration (withV (t) the

i D 1 logically implies i D i:max-

3 total gas volume in the lungs at tinteandt D 0 at the beginning
2 R, R) D (R, R of the inspiration phase) (t) D V C QI t" during breath-hold

(R%'i RE'i) D (R-ze-i-o Rf-i-o) (1) andv()bVC Q' t" C QF*t during expiration (witht D 0 at
z (REji Rz.' ) D (Rfjijo RZ.Y i’_o) the beginning of the expiration phase).

In normal breathing conditions, pre-inspiratory and post-
expiratory lungs volumes are equal. Therefore, the follgwin
i is a measure of the extent of a possible constriction irequality must holdQ't" D Q§Xt®X.

generation i and is de ned as follows: During inspiration and expiration, it is usually assumed that
the length of each airway does not change. Therefore, the
RviD (1  i)Rwio (2) following equations can be written at any time:
V(@) Leil) LoD s ani(®)
i Is necessary equal to zero for 19. Vi o . D . iO D * avico (6)
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During an inspiration phase, ag(t) D V C Qg‘ t, Equation (6) During an expiration phase, a4(t) D V C Qié‘ tnC Qf*tand as

can be rewritten as follows: QIt" D QEXt®X Equation (6) can be rewritten as follows:
.i()D.iO(O)D'a'V‘i()D1CDiI @ .i()D.RO)D.a"”i()chDil(l ) (16)
®i ® ® alvi:0 ® ® i ® alvi:0

where D t=t" is a dimensionless time (D O at the beginning where D t=t®*is a dimensionless time (D 0 at the beginning

of the inspiration phase and D 1 at the end of the phase) and Of the expiration phase andD 1 atthe end of the phase).
Dil is a dimensionless number de ned as: Consequently, the following equations can be written during

an expiration phase:

pil 0 g ®) S 5

Vv acoil@a )
R:ii() D 5 ! 17)

Dil is the ratio between the total inspired air volume and the q— . '
initial gas volume in the lungs. Sii()D 2 2 (1CDil(L ) PL,for0 i 18(18)
For0 i 184 )D 2 R.i()? ThereforeR, () _ 6
can be calculated as follows during an inspiration phase: Savi( ) D * avipo(IC DI )L Aoy (19)
S 71C Dil )e 0 Atany time,R.:i( ), Rei( ) andRw:i( ) can be related t&. ( )
R.i()D (27')1 (9) using volume conservation:

8 q
. . . 3Ri() D Ry R CR;i()?
The alveolar part of the lungs begins approximately at ger@rati q_— i
17. However, only a few alveoli are found in generations 4¥ an §RE;i( ) D q R-Zg;i Rf;i CRLi()? (20)
18. Hence, during an inspiration phase and for O i 18, - . D . CRei( )2
Suri( ) can be calculated as: Ruii(1) Rui ReiCRei()

: R — 2.2. Air ow in the lungs
Sij( )D22 R;i()LiD2 2 (1CDil )+ L (10) Ineach airway, an axial coordinatés introduced. Regarding an
airway in the generation g D 0 at the beginning of the airway,
If the alveoli are considered as hemisphereg,;(S) can be Wwhilez D L; atits end. In each airway, a dimensionless axial
calculated as follows during an inspiration phase: coordinate is also introduced. D 0 at the beginning of the
airway and D 1 at its end. Therefore, regarding an airway in
generationi, D z=;
D+ aviolC Dl )L 6 (11) Qi(t; 2 i_s_de nt_ed as the _air \_/olumetri_c ow_r_ate at time_
" d and at positionz, in generation i.Q;(t; z) is positive when air
ows from the trachea to the alveolar part of the lungs (during
with dg), the inner diameter of an alveolus, that is approximatelyinspiration) and negative when air ows from the alveolar paft

Savi( ) D ani( )L 5—

daIv

equal to 200 m (Ochs et al., 2004 o the lungs to the trachea (during expiration).
During a breath-hold phase, 84t) D V C Q' t"™, Equation The air ow in lungs can be considered as incompressible
(6) can be rewritten as follows: (Paiva and Engel, 198 Therefore, considering the assumption

that the length of each airway does not change during a
respiratory cycle, a mass balance for the gas over a sliceeof th

'.I() D ..iO(_()) D * anwi( )

: ( * ali0 b 1CDil (12) airways in generation i leads to the following equation:
where D t=t" is a dimensionless time (D 0 at the beginning @ D & (21)
of the breath-hold phase andD t°"=t"" at the end of the phase). @ dt
Consequently, the following equations can be written dgrin Using Equation (6), this mass balance equation can be rearit
abreath-hold phase: in a dimensionless form, for each respiratory phase:
S S 8 L _ '
(1CDil)s ? 2 Inspiration: % D Qg fi
R;i()D — (13) . @
' 2 S Breath-hold: © DO (22)
q— : ratinn- @i EXf.
Sii()D 2 2 (LCDile 0Ly, for0 i 18  (14) Expiration: g D Qg'f
Savi( ) D * anico(1 C Dil) L 6 (15) WwherefD # is the ratio of the volume of gas in generation i to
' h alv the total volume of gas in the lungs, when they are at rest.
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The integration of Equation (22) gives: cm? of the exchange surface between the lumen and the epithelial
) P layer of an airway in the generation (if no mucus is present in
3 Inspiration: Q;( ) D Qig 1 J' b (l)fj f; the generation) or between the lumen and the mucus layer of an

Breath-hold: Q( ) D 0 23) airway in the generation (if mucus is present in the genergtio

: Jiri is de ned as being positive when the net NO ow is going
" Expiration:  Q()D Q& 1 [pfi fi from the airway tissues to the lumen.
We rst examine the case of an airway with its epithelial layer
It appears tha@; does not depend explicitly on the timeHence, coated with mucus.
according to our modeling assumptions, the air owinthelng A schematic representation of the NO transfer inside the
is quasi-steady. layers of an airway wall is presented fiigure 3 NO di uses
through these layers. This diusion can be assimilated to
2.3.NO Exchan_ge o di usion in pure liquid water (Tsoukias and George, 199@s
In the lungs, the major part of the NO production is thought 10 entioned previously, NO is produced and consumed in the
arise from various types of epithelial cellsilfon et al., 1996; = gpjthelial layer. Itis also consumed in the muscle layer. As§O i
Jiang et al., 2009In these cells, NO is synthesized by a grouRrapped by Hb, its concentration in the blood is null. A coordie
of enzymes, called NO synthases (NOS). On the other hand, NQ pointing toward the lumen, is introduced iRigure 3. x D 0
is consumed in the tissues. Indeed, NO is a labile molecw@e th 4; the plood-muscle interface..G(t; X), Ce:i(t; X) and Gu:i(t; X)
reacts with biological compounds such as, Guperoxides Or  5re ge ned as the NO concentration, at timend at positionx
metalloproteins Gaston et al., 1994It has been shown that the j, the mucus layer, the epithelial layer and the muscles lafer o
rate of NO consumption in tissues can be approximated as being, airway in generation i, respectively. These concentiative
of the rst order in NO concentration {soukias and George, expressed in moles of NO per érof layer. They also depend on
1999. o _the position ) in the generation, but it is not explicitly written.
Note that NO has a great a nity with the blood hemoglobin | grger to write NO transport equations in the layers of an
(Hb), far more than Q or even CO. Trapped by the Hb, NO 5inyay wall, two assumptions are made. The rst assumption
becomes unavailable, so that its blood concentration caay8 i that the transport of NO inside these layers can be assumed
be considered as nulfgoukias and George, 1998 quasi-steady (i.e., the time derivative terms in the tramspo
2.3.1. NO Exchange between the Wall of the Alveoli equations can be set to zero). The second assumption i; that
and the Gas in an Airway the curvature of the layers can be neglected when estalgishin

Liwi(: )isde nedasthe NO exchange ux density between thethese transport equations. This assumption is vali® ifi(t) is

wall of the alveoli in generation i and the gas in this generat way Iarggr than the layers th'Ckne.SSmS:i . ei®) _and : i(t.).'
. . - . . - The validity of these two assumptions is further discussetiis
at the dimensionless time and at the dimensionless position

expressed in ml of gaseous NO exchanged per second and IS)éelrper. According to these assumptions, the following transport

cm? of the inner surface of the alveoll,; is de ned as being €quations can be written:

positive when the net NO ow is going from the wall of the alveoli 8 dCe;
to the gas. 3Dnoit gz CPr kCgiDO
According to Van Muylem et al. (2003)X;(; ) can be Dno:t d‘i“z"ﬁ' kCu:iDO (25)
expressed as follows: 'SD “Cipo
NO;t W
P, u
Gwi(; )D 2 G ) (24)  whereDyo;t is the diusion coe cient of NO in pure liquid

Saivioll ) Savto( ) water,Kk is the tissue NO consumption rate kinetic constant and

whereCi(; ) is the NO concentration, at the dimensionlessPr is the NO volumetric production rate in the epithelial layer,
time and at the dimensionless positionin the lumen of an  €xpressedin moles of NO per second and pet ofithe epithelial
airway in generation i. It is expressed in ml of gaseous NO pd@yer Itis assumed in this work th&r takes the same value in
cm?® of air. This concentration is assumed homogeneous in &1 generation.

oss-section of the airwayéiva and Engel, 198 By ol ) D In the mucus layer, at the interface with the lumen, the NO
23 : concentration is assumed to be at equilibrium with the NO

D oSani( ), Pav is the total alveolar NO production rate, e . .
expressed in ml of gaseous NO per second, dgglis a constant concentration in the lumen. Hence, the following equatianc

describing the NO consumption in the tissues, expressed if cnfPe written:

of air per second.

P C.it; M;i(t) C E;i(t) Cc . i(t) D tarGi(t; 2) (26)
2.3.2. NO Exchange between the Epithelial Layer and
the Lumen of an Airway where . is @ thermodynamic equilibrium constant, calculated

Liri(: )isde ned as the NO exchange ux density between thefrom the Henry's constant of the NO in water, the soft tisshese

epithelial layer and the lumen, at the dimensionless timend ~ P€iNg approximated as having the same chemical properties as

. ) L : o INO in ti
at the dimensionless position, in an airway of generation i. It water. At 37C and 1 atm, var D 1.64 10 Gcnr:\g NO ."n‘;.snifai

is expressed in ml of gaseous NO exchanged per second and ational Research Council (U.S.), 1928; Tsoukias and George,
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FIGURE 3 | Schematic representation of the NO transfers inside

the layers of an airway wall.

1999. As mentioned previousl;(t; z) is the NO concentration,
at timet and at positiorz in the lumen of an airway in generation
i, expressed in ml of gaseous NO peraof air. As mentioned
previously, this concentration is assumed homogeneous in akiri( ;

cross-section of the airway.

The other boundary conditions completing Equation (25) are:

Cei(t; wm;i(t) D Cu:i(t; wm:i(t)

Cei(t; m:i(t)C gi(t)) D C;i(t;
dCE|

gdWl
X : J ;
' D dC.

t:x D Ml(t) dx t:xD m;i(t)
X XD i C eir) X

%CN“(t 0)D 0

m;i(t) C Ei(t)

t;xD mi(t) C Ei(t)

According to these transport equationshri( ;
calculated as:

dx

Liri(; ) D Dno:t

;xD

where, according to the units dfir;i andC . ; and using the ideal

i) C ei()C wmi()

expression fodhiri( ; ):

r— = =
) D Pr Dnot € 1 1céeMacHa

k  1C Mu; C &HaCHa)(1C Mu;)
1C AHaCHa)
1C Mu; C eHaCHa)(1.C Mu;) Gt )
(29)

k Dno:t

tair

where

(27) s
Ha D

gi( )and

M:i , Héi D
Dno:t )

k
NO;t

Mu; D (30)

ci()

) can be

Ha and H§ compare a reaction characteristic time&)(

.() E.()

and . These

to diusion characteristic times 5

(28)
dimensionless numbers are usually caIIed Hatta numbers in
chemical engineering. Note that these three dimensionless

numbers depend on the time, thus instantaneously linkikg

gas law, D 2.545 10t mol (at atmospheric pressure and at ato the respiratory cycle variations. The functioi@y:i(t; 2),

temperature of 319.15 K).is used to correctly expredgg.i( ; )

Cei(t; z)andC. i(t; 2), solutions of Equation (25) with boundary

in &m conditions 26 and 27 are given Appendix A.

Solvmg the transport Equation (25) with boundary It can be observed in Equation (29) that, similarly to
conditions 26 and 27 allows obtaining the followingLyi(; ), kiri(; ) is composed of two terms: a positive
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production term proportional toPr and a negative consumption 2.4.3. Expiration Phase
term proportional to the NO concentration in the lumen.

It is important to highlight that, at the contrary tdyi( ; ), @ pDil 1 i ,!Dllfj fi @
Jirii(; ) is modied by a possible constriction in generation @ T m@
i. Indeed, as mentioned previously, constriction increates 1 @G o 1 fex
thickness of the epithelial, muscles and mucus layers. This C——s—C—F———
modi es the NO diusion lengths through the layers, and Pe @2 th ~1C(1 )Diltn
In the case of an airway without mucus, a similar reasoning ’ o ‘ Q'
allows obtaining the following equation to calculdig;( ; ): 0 1 (35)
r Dunor € 1 1C ePHacHa These equations are completed by boundary conditions
Jiri(; )DPr ” 1C @Hacra) expressing the continuity of the gaseous NO concentratiath an

31) diusion ux at the junctions between generations. The NO
(31)
di usion ux is assumed null at the end of the last generation.
) g
During inspiration, the gaseous NO concentration at the niout
(beginning of the rst generation) is set to zero. During bitb-
2.4. Transport of Gaseous NO in the Lumen hold and expiration, the NO di usion ux is assumed null at the
As mentioned previously, the alveoli are being closely sépaira mo;th (pure gon\_/ect:tt:ve transptc_)rt). is d das:
from each other. Therefore, the axial transport in an airway & appearing in these equations Is de ned as.
occurs only through its lumen. According to this, a mass

q

1C A(HaCH&)
tair K DNO;t

1c @racray G0

. Oin
balance for the gaseous NO over a slice of the airways in Peg D &00 (36)
generation ileads, considering convective and di usivesgort, Dnoair®
and considering Equations (6) and (21), to the following

Pg is a dimensionless number, usually called the Péclet number,

equation: de ned for each generation. Pé the ratio of a characteristic
time of the axial transport of gaseous NO by convection
@i Qi(2) @i - 0@ in generation i (-OLi:Q'”) to a characteristic time of the
D CD o i 0
@ 0@ NO,aIr:4@2 (32) ?E(Zialljtrans)port of gaseous NO by diusion in generation i
1 i =UNO,air)-
C Lo i@ D Swi() C Jiri (@ D) Sui() '
| I

2.5. Model Summary

The model developed in this paper is characterized by several

where Dyo air is the di usion coe cient of NO in air. input parameters. These include geometrical parameters of the
Using Equations (7), (8), (12), (16), and (23), this transpor healthy lungs atrest{,* %y,* i:0, £0, m:0andday), parameters

equation can be rewritten in its dimensionless form, for eaclhe|ated to possible alterations ofthe lungsgr ;and . i.0) and

phase of a respiratory cycle: other parameters listed ifiable 2 Referenced values of most of
o these parameters are given Tables 1 2. From one person to
2.4.1. Inspiration Phase another, the values of several of these parameters show & grea

variability. Hence, several data presentedlables 1, 2should
rather be seen as orders of magnitude. This large varigbilit

P
@; _ Dil 1 le1fj i @ . 1@c

= p = i e =t makes di cult a precise comparison between any model of NO
@ f 1C Dil @ ~Pe @2 transport in the lungs and experimental data. At best, such a
c 1 i )Saw,i( ) C iri( : )Sair;i( ) . model could be used to analyze trends observed in large atmoun
1C Dil il Qp niLe Qp * of patients and give insights into the mechanisms governigy N
0 1 (33) transport in unhealthy lungs and, therefore, into the linkieen

alterations of the lungs and modi cations of th&fp. However,
in most of the situations, it could not be suited to give a precise

2.4.2. Breath-Hold Phase diagnostic to a single patient.
The values onig and t" provided in Table 2 are average
@ Dl 1 @C 1 values for adults, when they inate their lungs to the
@ f Pe @2 ~ 1CDil maximum, at a normal pacedgrckx and Van Muylem, 2009
Sui( ) Suri( ) Corresponding values of Pér healthy lungs are prov(!ded in
() Iv’i'n Cdini(; )—r ; Table 1 They were obtained using the values lgf « ; and
Q Q Dno,air given in Tables 1,2 The values ofQg¥ t®" and t&
0 tih (34) provided in Table 2 are international standard guidelines for
tin FEno measurement experiments (i.e., a patient is asked to try
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TABLE 2 | Referenced values of several parameters of the model.

Parameter Value Units References
daiv 0.0200 cm Ochs et al., 2004

DNO air 0.217 cm?s 1 Van Muylem et al., 2003

Dnoit 33 10 ° cm?s 1 Tsoukias and George, 1998

E:0 0.0015 cm Farmer and Hay, 1991

M:0 0.0030 cm Farmer and Hay, 1991

2545 104 cm3 mol 1 Adapted
k 2.001 st Adapted from (Tsoukias and George, 1999
tair 164 10 6 moINO cm 3 Adapted from (National Research Council (U.S.), 1928; Tsoukias and Geoeg
1998)

Pr 517 10 12 moINOcm 3s 1 Adapted from (Tsoukias and George, 1999
Paiv 3167 10 © miNO's 1 Pietropaoli et al., 1999
Uaiv 1558 cm3s 1 Pietropaoli et al., 1999
Qn 500 mis 1 Kerckx and Van Muylem, 2009
QSX 50 mis 1 American Thoracic Society and European Respiratory Socigt2005
tn s Kerckx and Van Muylem, 2009
tbh s Kerckx and Van Muylem, 2009
e 20 S American Thoracic Society and European Respiratory Socigt2005

to realize these values @& t°" and t® when he performs
a Feno measurement experimentp(nerican Thoracic Society
and European Respiratory Society, 200Eogether, the values
of Q'c?, QSX, tin tbh and tex provided in Table 2 de ne what 3. MODEL CAPABILITIES
we call a classical respiratory cycle duringegdr measurement
experiment. 3.1. Healthy Lungs

Once the values of the input parameters of the model de nedin this section, the model is used to discuss some featurdseof t
the geometrical properties of the lungs at rest and durindNO transport in healthy lungs. In particular, it is checked thize
respiratory cycles can be successively determined using theodelis able to reproduce experimental information ava#ahl
equations presented previously. Then, the transport Equatiorthe literature.
(33), (34), or (35) are solved for each generation, depending The developed model can be used to simulate a respiratory
on the considered respiratory phase, wilfy.; calculated with cycle, for a given set of the model parameters. Using the
Equation (29) or Equation (31), depending on the presence dafimulation results, the time evolution of theeko can be

respiratory cycle in a healthy lungs. These functions haen be
used to generate all the results presented in this paper.

mucus or not in the considered generation, aig,; calculated
with Equation (24). To be solved numerically, these equmsteare
discretized using a rst order upwind scheme for their contverc

reported, during the expiration phase of the cycle.
A rst characteristic of the pulmonary NO transport is related
to the time evolution of the Eyo during the expiration phase

term and a second order centered scheme for their di usionof a classical respiratory cycle. During such an expiratiorspha
term. To simulate a full respiratory cycl€( ; )is setto zero the Feno is expected to rise rapidly during a few seconds,
in each generation at the beginning of the inspiration phage. Auntil reaching a value of 10-20 ppb. Then, it is expected
the beginning of the breath-hold phase, the calculated watie to increase slowly during the rest of the expiration phase
Ci(; ) at the end of the inspiration phase are used as initia{American Thoracic Society and European Respiratory Society,
conditions. Similarly, at the beginning of the expiration gea 2005; Kerckx, 2009 In Figure 4A, the time evolution of the
the calculated values @;( ; ) at the end of the breath-hold Feno during the expiration phase of a classical respiratory cycle,
phase are used as initial conditions. It is important to pointcalculated with our model for healthy lungs (using the paréene
out that, due the the use of the dimensionless coordinatt  values given immables 1, 2, is presented. It is observed that the
z=L; in each generation, these transport equations are solvezkpected time evolution of thegko is indeed reproduced by
between D O and D 1 in each generation. The samethe model (solid line). InFigure 4A, an example of the time
number of spatial discretization points is used in each geimra  evolution of the Eno measured on a single healthy patient by
Simulations are performed using Wolfram Mathematica 7. AKerckx Kerckx, 2009during the expiration phase of a classical
mathematica notebook “NO transport in lungs.nb” is providedrespiratory cycle is also presented (dashed line). The vdlieo

as a Supplementary Material. Two functions are de ned in thiseno at the end of a respiratory cycle when an expiration ow
notebook : “modunhealthylungs” and “modhealthylungs.”eTh rate of 50 ml/s is realized is writtereRo so

rst one can be used to simulate a full respiratory cycle in an A second characteristic of the pulmonary NO transport is
unhealthy lungs, while the second can be used to simulatd a fuelated to the link between the expiration ow rate and theuel
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FIGURE 4 | (A) Time evolution of the Fgg 59 during the expiration phase of a classical respiratory cyel Dashed line: measurements on a single healthy patient by
Kerckx (2009). Solid line: calculated with our model (using the paramets values given inTables 1, 2 and without considering any BC nor mucus layer)(B) Feyo at
the end of the expiration phase of a respiratory cycle, as a fiction of Q®*. Dashed line: measurements on a single healthy patient byilkoff et al.(1997). Solid line:
calculated with our model (using the parameters values givein Tables 1, 2 and without considering any BC nor mucus layer)(C) Time evolution of the Fgg 50
during the expiration phase of a respiratory cycle, calcutad with our model (using the parameters values given ifiables 1, 2 and without considering any BC nor
mucus layer), for different values of the breath-hold duratn time. (D) Gaseous NO concentration pro le in the lungs, at the end of thenspiration phase and at the end
of the expiration phase, calculated with our model (using #hparameters values given iffables 1, 2 and without considering any BC nor mucus layer). Solid linéNO
concentration at the end of the expiration phase. Dashed let NO concentration at the end of the inspiration phase.

of the Feno at the end of the respiratory cycle. It has beenin the airways leads to the presence of a maximum in the plot
experimentally shown that this value of theNp decreases when of the Feno vs. time during the expiration phase: thenNo
the expiration ow rate increases. It is close to 15-30 ppb at guickly rises during a few seconds, until reaching a maximal
small ow rate (25 ml/s) and decreases until reaching a camist value. This maximal value increases if the duration of tresaltin-
value of approximately 5 ppb at larger ow rateSilko et al., hold phase increases. Then, theyg rapidly decreases, until
1997; Pietropaoli et al., 1999n Figure 4B the value of the reaching a local minimal value. Finally, during the rest loé t
Feno at the end of the expiration phase, calculated by the modedxpiration phase, the gyo slowly increases@abbay et al.,
for healthy lungs, is presented as a function@™. The data 199§. In Figure 4C the time evolution of the Eyo during
presented infables 1, 2Zhave been used to generate these resultshe expiration phase of a respiratory cycle, calculated with th
Itis observed that the expected link between the value oftRgF model for healthy lungs (using the parameters values given in
at the end of the expiration phase and the expiration ow rateTables 1, 2, is presented, for di erent values of the breath-hold
is well reproduced by the model (solid line). Figure 4B, this  duration time. It is observed that the expected link betwess t
link between the expiration ow rate and the value of thexp  time evolution of the Eno and the duration of the breath-hold
at the end of the respiratory cycle, determined on a singlethgal phase is well reproduced by the model.
patient bySilko et al. (1997, is also presented (dashed line). Several authors also point out dierent characteristics of
A third characteristic of the pulmonary NO transport is the gaseous NO concentration prole in the lungs during a
related to the link between the duration of a breath-hold phas classical respiratory cycle. In the 2—3 last generationgdkeous
and the time evolution of the o during the expiration phase NO concentration remains almost homogeneous and constant
of a respiratory cycleGabbay et al., 1998When a sucient  during the entire cycle, at a value of approximately 2—3 ppb
long breath-hold phase is realized, the accumulation of tia& N (Pietropaoli et al., 1999; Shin et al., 2001; Van Muylem et al.,
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2003. This physiological value is the result of a quasi-steadgenerations, a characteristic time of the axial transporthaf
balance between NO production and consumption in theseyaseous NO by di usionL(,-Z:DNo,air) is small compared to the
generations. At the end of the respiration phase, the gaseobseath hold duration. For instance, in generation I-SFDNo,air
NO concentration pro le exhibits a maximum approximately is approximately equal to 0.2 s. On the other hand, it can be
at the boundary between the alveolar part and the bronchiabbserved irFigure 5Athat, in the rst generations of the lungs,
part of the lungs (i.e., approximately in generation 17). At thethe gaseous NO concentration pro le is far from being at quasi
end of the expiration phase, the gaseous NO concentration seady-state. Indeed, it can be observeigure 5Athat, in each
almost constant in generations 0-7 (value of approximately 16f these generations, the NO concentration pro le is far from
ppb). Then, it signi cantly decreases in the so-called intediate  being linear. The concentration gradients remain locatedm
zone of the lungs (generations 8-17), until reaching a value the interface between these generations. This can be exglaine
approximately 2—3 ppb in the last generations. It is mentioned irby the fact that, in the rst generationsLiZ:D,\jo,air is large
the next section that, starting from generation 16-17, diars compared to the breath hold duration. For instance, in getiera
begins to be the dominant mechanism of gaseous mass transpdst L=Dno air is approximately equal to 16 s.
As it appears that the gaseous NO concentration gradient in It is also interesting to use the model [including the sobuis
generations 18 to 20 is pointing toward the mouth during theof Equation (25) with boundary conditions 26 and 27, given
entire respiration cycle, a di usion ux of NO toward the end in Appendix A] to analyze the NO concentration pro le in
of the lungs is permanently taking place in these generationifie layers composing an airway wall, at di erent moment of a
during the cycle (even during expiration). This phenomenon igrespiratory cycle. IrfFigure 6A, this pro le is presented, at the
commonly called back-di usion\(an Muylem et al., 2003In  position D 1 in generation 12 of healthy lungs, at the end of
Figure 4D, the gaseous NO concentration pro le in the lungs, the inspiration and the expiration phases of a classical respirat
calculated with our model for healthy lungs, is presentechat t cycle. Data presented ifables 1, 2have been used. As it might
end of the inspiration phase and at the end expiration phase dfave been expected, the NO concentration reaches a maximum
a classical respiratory cycle. Data presentediables 1 2 have in the epithelial layer. It means that the NO produced in the
been used. It shows that the calculated gaseous NO contientra epithelial layer is partially transferred to the blood and palii
pro les exhibit the characteristics mentioned above. to the gas in the lumen.

The use of the model to simulate a respiratory cycle with a
short breath hold phase (2 s) allows highlighting an intérest  3.2. Dimensionless Numbers
feature of gas di usion in the lungs. IRigures 5A,B the gaseous Three important dimensionless numbers appear in the model:
NO concentration pro le in healthy lungs, calculated withrou two Hatta numbers [see Equation (30)] and the Péclet number
model, is presented at the end of a 2 s breath hold phadeee Equation (36)].
within a respiratory cycle. Except faP", all other parameters Two Hatta numbers (Ha) are de ned for each generation. A
values are the ones given ifables] 2. It can be observed Ha number compares a characteristic time of NO consumption
in Figure 5B that, in the last generations of the lungs, thein a tissue composing an airway wall (epithelial layer or muscle
gaseous NO concentration pro le is almost at quasi steadylayer) to a characteristic time of transport by diusion in
state at the end of the breath hold phase. Indeed, di usion ishis tissue. The two Ha numbers introduced in this work are
the only mechanism of gaseous NO mass transport during proportional to the epithelial layer thickness and to the muscle
breath hold phase and it can be observedFigure 5B that, layer thickness, respectively. In healthy lungs, these riisses
in each of these generations, the NO concentration pro le isare the same in each generation, and they experience vasatio
almost linear. This can be explained by the fact that, in tis¢ la during a respiratory cycle. Using the model and the data ginen

FIGURE 5 | Gaseous NO concentration pro le in healthy lungs, calculated with the model, at the end of a 2 s breath hold phase w ithin a respiratory
cycle. Except fortPh all other parameters values are the ones given ifiables 1, 2. (A) Generations 0-5.(B) Generations 12-19.
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FIGURE 6 | (a) NO concentration pro le in the layers composing an airway wal at the position D 1 in generation 12 of healthy lungs, at the end of the inspiratn
and the expiration phases of a classical respiratory cycléata presented inTables 1, 2 have been used. The concentration is here reported as a funitin of the
distance to the center of the airway.(b) NO concentration pro le in the layers composing an airway wé|l at the position D 1 in generation 12 of unhealthy lungs
(cumulative BC up to generation 15, with D 0.9, no mucus) at the end of the inspiration and the expiration plises of a classical respiratory cycle. Data presented in
Tables 1, 2 have been used. The NO concentration is here reported as a funtion of the distance to the center of the airway.

Tables 1, 2it can be calculated that these variations are relativelgeneration and inversely proportional to the ow cross-sendil

small and that Hais around 0.7 and Haaround 0.3 at any area in the generation (when the lungs are at rest). Thus, Pe

time during a respiratory cycle and for each generation. Henc decreases when the generation number increases. In the long

the NO consumption in the tissues has a moderate in uence orand large rst generations, it appears that Pe is far largentha

the NO concentration pro le in these tissues. More preciselyl. Hence, the NO transport in the rst generations is conteall

using the model (including the solutions of Equation (25)lwi by convection. On the other hand, Pe becomes smaller than 1

boundary conditions 26 and 27, given Appendix A), it can  in the last generations, indicating that the NO transport ese

be evaluated that approximately 10 % of the NO produced igenerations is controlled by di usion.

the epithelial layer of an airway is consumed in the airway .wall

On the other hand, BC can induce an important relative inceeas3.3. Unhealthy Lungs

of the thicknesses of the epithelial and muscles layersgubi|e In this section, the model is used to discuss some featurdseof t

model and the data given ilfiables 1 2, it can be calculated that NO transport in unhealthy lungs.

BC can lead to values of Hap to 1 and to values of Haip to 0.5. Several authors showed that thenp 50 is modulated by the

Hence, when BC occurs in a generation, the NO consumptioifevel of BC (le Gouw et al., 1998; Ho et al., 200Bor instance,

in the tissues in this generation has a stronger in uence orexperimental data collected berbanck et al(2009 show that

the NO concentration pro le in these tissues than without BC.the Feno 50 can decrease if a BC is medically induced in healthy

More precisely, using the model, it can be evaluated that up tpatients.

approximately 25% of the NO produced in the epithelial layer To analyze with our model the NO transport in unhealthy

of an airway can be consumed in the airway wall, if BC hatungs in which BC has occurred (and with the possible presence

occurred in the airway. This short analysis shows that BC caof a mucus layer coating the walls of the airways in some

have a signi cant in uence on the mechanisms of NO transportgenerations), several parameters are introduced in order to

in the tissues composing an airway wall. compare these unhealthy lungs and the corresponding healthy
A Péclet number (Pe) is dened for each generation. ltlungs experiencing a same respiratory cycle (i.e., the pasmet

compares a longitudinal convective characteristic time to gisted in Tables 1, 2take the same values for the healthy and

longitudinal di usion characteristic time. As shown ifiable 1,  the unhealthy lungs). Each of these parameters is de nedes th

the value of Pe strongly depends on the generation number. Aglative di erence between a property of the unhealthy lungg an

seen in Equation (36), Pe is proportional to the length of thethe same property for the healthy lungs. These properties are the
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FeEno 50 (relative di erence writtenl FEno s0), the average value surface between the epithelium and the lumen does more than
of the NO exchange ux density between the epithelial layet ancompensate the above mentioned increase of the NO exchange
the lumen of the airways in the last generation impacted by theux density between the epithelial layer and the lumen of the
BC and at the end of the expiration phase (relative di erenceairways. This might have been expected when looking at the
written 1 J), and the total ux of NO from the epithelial layer results presented ifrigure 7B For instance, for D 0.9, it is
to the lumen of the airways in the last generation impacted bybserved irFigure 7Bthat the NO exchange ux density between
the BC and at the end of the expiration phase (relative di erencehe epithelial layer and the lumen of the airways impacted ey th
written 1 Flux). BC is increased by a factor between 2 and 2.5. On the other,hand
In Figures 7A-C1 FeEno 50, 1 Jand 1 Flux are presented for according the the de nition of , when BC occurs in an airway
unhealthy lungs in which BC occurred from generation 2 up towith D 0.9, the exchange surface between the epithelium and
a given generation (this is called cumulative BC; it is assim the lumen is decreased by afactot D 0.3.
that BC cannot occur in the rst two generations), for di erén It can be observed ifrigure 7Athat, as expected, cumulative
values of , and without any mucus layer. Homogeneous BC iBC in uences the Enoso When cumulative BC is limited to
assumed, i.e., all the generations a ected by BC are chaizade the so-called proximal zone of the lungs (generations 0 to 7),
by the same value of. The parameters values giveriliables 1,2 1 FEno,50 IS close to zero; theHxo 50 is almost una ected by
were used to generate these gures. the BC. It can be explained by the fact that the total amount of
It can be observed ifigure 7Bthat 1 Jis positive, whatever NO produced in these generations is small, when compared to
the extent of the BC and the value of Moreover,1 Jincreases the total NO production in the lungs. Indeed, the total volume
if increases. If BC occurs in an airway, it does not modify thef the epithelial layers in the generations 0-7 is approxinyatel
volume of the epithelium and hence the amount of NO produced.2% of the total volume of the epithelial layers in the lunigs.
per unit time in the airway. On the other hand, if BC occursa consequence, when it occurs only in the proximal zone of the
in an airway, it has two opposite e ects on the mechanisms ofungs, BC almost does not a ect theefo 50. When cumulative
NO transport in the airway wall. First, as mentioned previouslyBC extends up to the so-called central and distal zones of the
the Hatta numbers of the concerned generation are increasddngs (generations 8-16), it results in a decrease of g o
by BC. It tends to decrease the NO concentration gradient anegative values df FEno,50). This is coherent with the results
the interface between the epithelial layer and the lumenoi®kc of Verbanck et al(2009. It can be explained by the fact that
the increase of the muscles and epithelial layers thicksessa signi cant part of the total NO production takes place in
leads to an increase of the residence time of the producegenerations 8-16. As a consequence, when BC occurs in these
NO in the airway wall. Therefore, BC tends to increase thgenerations, it can signi cantly decrease tteyb 5o, due to the
NO concentration in the layers composing the airway wall (seéact that, as mentioned previously BC leads to a decreasesof th
Figure 6B). Moreover, as di usion is the mechanism of masstotal ux of NO from the epithelial layer to the lumen of the
transport in the airway wall, a characteristic time of thissaa airways in the generations impacted by the BC. Finally, when
transport is proportional to the square of the wall thicknesscumulative BC extends beyond generation 16, it appears tleat th
Therefore, BC tends to increase the ratio of the maximal NOrEno 50 iS increased (positive values bfEno 50). This can be
concentration in the airway wall to the wall thickness, andgh attributed to the fact that, when BC extends beyond genenati
the NO concentration gradient at the interface between théd6, it blocks the back-di usion of the NO, and thus promotes
epithelial layer and the lumen. This e ect can also be undemsto the transport of the produced NO toward the mouth. This more
by noting that, when solving an 1D di usion equation in a slab, than compensates the decrease of the total ux of NO from the
with a constant volumetric production term and concentrat® epithelial layer to the lumen of the airways in the generagion
equal to zero at the slab extremities, it is calculated that t impacted by the BC.
maximal concentration in the slab is proportional to the sqear  In Figures 7D—F 1 FEno 50, 1 Jand 1 Flux are presented for
of the slab thickness and that the concentration gradient atinhealthy lungs in which BC occurred from generation O up to a
the slab extremities are proportional to the slab thickness. Agiven generation, for di erent values of and with a mucus layer
1Jis calculated as being positive, it appears that the rst obf 5 m thick (before BC) in the airways up to generation 18.
these e ects is overwhelmed by the second one (due to thlomogeneous BC is assumed again. The parameters values given
low values of the Hatta numbers). The e ect of BC on the NOin Tables 1 2 were used to generate these gures. It is observed
concentration pro le in the layers composing an airway wall canthat the presence of mucus layers leads to a decre4dsesjo 5o,
be be observed ifrigure 6B This gure presents this prole, 1J and 1 Flux, when compared to the results presented in
at the position D 1 in generation 12 of unhealthy lungs Figures 7A—-C It seems logical, as the mucus acts as a physical
(cumulative BC up to generation 15, withD 0.9, no mucus) at barrier between the site of the NO production (the epithelium)
the end of the inspiration and the expiration phases of a claksicand the lumen. It is interesting to note that, depending on the
respiratory cycle. Ifrigure 6B, these pro les are compared with value of and of the thickness of the mucus layer coating the
the corresponding ones in healthy lungs. Data presented imirways,l Jcan be positive or negative (S€igure 7E).
Tables 1, Zhave been used to generation these pro les. In conclusion, the use of our model shows that the relation
It can be observed irFigure 7C that 1 Flux is negative, between BC andino s0is complex. It indicates that BC might
whatever the extent of the BC and the value oft means that, in  lead to an increase or to a decrease of tlERdso depending
the generations impacted by the BC, the decrease of the egeharon the extent of the BC and on the possible presence of mucus.
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FIGURE 7 | (A) 1 Feno 50 for unhealthy lungs in which BC occurs from generation zeroputo a given generation, for different values of . (B) 1 J for unhealthy lungs in
which BC occurs from generation zero up to a given generatiorfor different values of . (C) 1 Flux for unhealthy lungs in which BC occurs from generationezo up to
a given generation, for different values of. (D) 1 Feyg, 50 for unhealthy lungs in which BC occurs from generation zeropto a given generation, for different values of

. Generations 0-18 are coated with a mucus layer of 5 m thick (before constriction).(E) 1 J for unhealthy lungs in which BC occurs from generation zeroputo a
given generation, for different values of . Generations 0—18 are coated with a mucus layer of 5 m thick (before constriction).(F) 1 Flux for unhealthy lungs in which
BC occurs from generation zero up to a given generation, forifferent values of . Generations 0 to 18 are coated with a mucus layer of 5 m thick (before
constriction). The parameters values given ifiables 1, 2 were used to generate these gures.
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This should be con rmed experimentally and might provide an4. CONCLUSION
interesting way to characterize the extent of BC in unhealth

patients. In this work, a new model of the NO transport in the human
] ] lungs is presented and used. It belongs to the family of the so-
3.4. Model Assumptions Analysis called morphological models and it is based on the morphometric

As mentioned previously, in order to determine Equations)(29 model of Weibel {Veibel, 1968 When compared to previous
and (31), allowing to expres;.; in the presence or in the models, its main new features are the layered, time-dependent
absence of mucus layers in generation i, two main assumptionepresentation of the wall of the airways and the possibility
are made, regarding the transport of NO in the layers composingp simulate the in uence of bronchoconstriction and of the
the wall of the airways in this generation: presence of mucus on the NO transport in lungs. Furthermore,
he model is developed in a dimensionless form. It brings out

. . . . . ypical dimensionless numbers such as Péclet and Hatta numbers
transport equations in a cartesian coordinate system;

the time derivative of the NO concentration in the layers can The model is based on a geometrical description of the lungs,

be neglected in these equations, i.e., the NO transport in thEét rest and during a respiratory cycle, coupled with transport

layers can be considered as being quasi-steady. theuli t;ggﬁg::ﬁf;'ﬂ?\/g‘yilayers composing an airway wall and

The rst assumption gives accurate results for a given It has been checked that the model is able to reproduce
generation if the radius of the lumen of the airways in thisexperimental information available in the literature. Thede|
generation is at least one order of magnitude larger thamas been used to discuss some features of the NO transport
the thicknesses of the layers composing the airways walis healthy and unhealthy lungs. The simulation results were
According to the data mentioned ifables 1 2, these layers analyzed, in order to give new insights into the NO transport in
thicknesses are less than 10% of the lumen radius, even tine human lungs, especially when BC has occurred in the lungs.
generation 18 (the one exhibiting the smallest lumen dianet For instance, it has been shown that BC can have a signi cant
among those for which the layered representation of then uence onthe NO transportin the tissues composing an airway
wall of the airways is considered), in the case of healthwall. BC increases the NO exchange ux density between the
lungs. epithelial layer and the lumen of an airway (due to the inceeas

The second assumption gives accurate results for a giverithe epithelial and muscles layers thicknesses) but deesdae
respiratory cycle if the characteristic times of the NO tjamg  total ux of NO from the epithelial layer to the lumen of an aiay
by di usion in the layers composing an airway walbj are at  (due to the decrease of the exchange surface). It has also been
least one order of magnitude smaller than the inspiration andshown that the relation between BC anéno 5o is complex. It
expiration times of the cycle. If the order of magnitude of theindicates that BC might lead to an increase or to a decreateof
layers thicknesses is 10n and if the di usion coe cient of NO  Feno,50, depending on the extent of the BC and on the possible
in these layers is approximately om?s 1 tpiscloseto0.1s.  presence of mucus. This should be con rmed experimentally and
For a classical respiratory cycle (Seble 2, tp is thus indeed might provide an interesting way to characterize the extd3©
at least an order of magnitude smaller than the inspiration an in unhealthy patients.
expiration times.

In order to check more precisely if these two assumptions arAa UTHOR CONTRIBUTIONS
appropriate, we have simulated numerically the NO transport
in the epithelial and muscles layers of an airway in a giveiCK, BH, and AV designed the main characteristics of thiscéeti
generation in lungs atrest, in response to a suddenincréasa ( CK and BH constructed the new proposed model based on the
0 to 5 ppb) of the NO concentration in the lumen. The airwayone of AV. CK and BH wrote the article.
wall was considered as being a hollow cylinder (i.e., thespart
equations in the layers composing the airway wall were write A\CKNOWLEDGMENTS
in cylindrical coordinates, assuming axisymmetry) and tinee
derivative in the transport equations were considered. @atan  The authors gratefully acknowledge nancial support of ESA and
in Table 2 have been used. Results have shown that, whatevBELSPO (ESA-ESTEC-PRODEX arrangement 4000109631).
the considered generation and even in the case of a strong BC
(D 0.9), after a transient period (duration of approximately SUPPLEMENTARY MATERIAL
0.2 s), the calculated total ux of NO from the epithelial laye
to the lumen of the airway is close (relative di erence lessnth The Supplementary Material for this article can be found
10%) to the one obtained when considering the two assumptionsnline at: http://journal.frontiersin.org/article/10389/fphys.
mentioned earlier. 2016.00255

the NO transport equations in the layers can be written as 1
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APPENDIX A

The solutions of Equation (25) with boundary conditions 26127 are:
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NOTATIONS \Y Total gas volume in the lungs, ml
X Coordinate, cm
Roman symbols z Axial coordinate in an airway, cm
BC Bronchoconstriction Greek symbols
C  Concentration, ml/cm or mol/cm? Tissue thickness, cm
d Inner diameter of the alveoli, m Dimensionless axial coordinate in an airway, -
D Di usion coe cient, cm 2/s Equilibrium constant, mol/cr
Dil Ratio between the total inspired air volume and the Correcting coe cient, cm/mol
initial gas volume in the lungs, - Dimensionless time, -
f Ratio of the volume of gas in a generation to the total « Total cross-sectional area in a generationcm
volume of gas in the lungs, when they are at rest, - « 0 Total ow cross-sectional area in a generation,cm
Ha Hatta number, - Subscripts
Ha Hatta number, - 0 At rest
Hb Hemoglobin air Airway
J  NOexchange ux density, ml/(cfs) alv  Alveolus
k  kinetic constants 1 D  Diusion
L Length of the airways in a generation, cm E Epithelium
Mu Dimensionless number appearing in Equation (29), - i Generation i
NO Nitric oxide L Lumen
Pe Péclet number, - M Muscle
P Total alveolar NO production rate, ml/s Mucus
Pr Volumetric NO production rate in an epithelial layer, max Maximal value
mol/(cm?.s) NO  Nitric oxide
Q Gas ow rate, ml/s t Tissue
R Distance between the center of an airway and the tot Total (sum over the 24 generations)
surface of a layer, cm Superscripts
S Exchange surface, ém bh Breath-hold
t Time, s ex Expiration
U Total alveolar consumption rate, cits in Inspiration
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