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The Effect of Airway Wall Motion
on Surfactant Delivery
Soluble surfactant and airway surface liquid transport are examined using a mathe
cal model of Marangoni flows which accounts for airway branching and for cyclic airw
stretching. Both radial and longitudinal wall strains are considered. The model allows
variation of the amplitude and frequency of the motion, as may occur under a varie
ventilatory situations occurring during surfactant replacement therapy. The soluble
factant dynamics of the thin fluid film are modeled by linear sorption. The deliver
surfactants into the lung is handled by setting the proximal boundary condition
higher concentration compared to the distal boundary condition. Starting with a ste
state, nonuniform, surfactant distribution, we find that transport of surfactant into
lung is enhanced for increasing strain amplitudes. However, for fixed amplitude, inc
ing frequency has a smaller effect. At small strain amplitudes, increasing frequenc
hances transport, but at large strain amplitudes, increasing cycling frequency has
opposite effect.@DOI: 10.1115/1.1784475#
t

-

d

e

a

n

t
r

t

a

i
w

nce.
lated
e-

pre-

tate
tud-
dy

mo-
en
e
ical
s
at-

n
ce
no
dic,
unt
al

ct
or
ile

and
of

ol-
al.
in-

di-
less-

a
wall
un-
s a
on-
ee.
ing
ach
A
pro-

i
i

Introduction
The transport of surfactant and airway surface liquid within

lung is important in many clinical applications ranging from su
factant replacement therapy~SRT! @1–4# to clearance of surfac
tant and liquid from the lung. Applications of liquid delivery with
out surfactants, for example, include liquid ventilation@5–9#.
When a liquid is instilled into the trachea at a fast enough rate
forms a plug@10#. In the larger airways, air-driven plug flow an
gravity-driven flow dominate the transport mechanisms@11,12#.
As the liquid thins distally, Marangoni flows become the preval
transport mechanisms in the smaller airways. The presence of
existing surfactant on the air-liquid interface, which may be fro
a previous SRT dose or produced by the alveolar type II cells,
impede the Marangoni flow since it lowers the surface tens
gradient driving the flow of subsequent doses@13#.

Theoretical models of flows within thin viscous layers due
surfactant induced Marangoni stresses are based on lubric
theory, from which coupled evolution equations for film thickne
and surfactant surface concentration are derived@13–23#. The
transient spreading of an insoluble surfactant on an otherw
clean interface results in a wave which travels in the direction
higher surface tension~lower surfactant concentration!. If surface
diffusion and gravity are negligible, the wave behaves like a
nematic shock wave and there is a large change in film height
surface tension over a very short distance@24#. The film thickens
to twice its undisturbed height at the traveling shock. The fi
thins significantly behind the shock, which may lead to ruptu
@14,16,21–23#. Film rupture has been observed in experime
@21–23,25–27#, and is an undesired result for SRT, as it causes
surfactant to stop spreading. The effects of solubility on surfac
spreading on a clean interface have been studied by Halpe
Grotberg@28,29# and Jensen & Grotberg@28,29# who found that
wall uptake of surfactant can result in reversal of the propaga
of the leading edge of the new surfactant front.

The effect of pre-existing surfactant has also been investig
@13,21,22#. Although the spreading rate of the new surfactant
slowed by the presence of pre-existing surfactant, a surfa
compression disturbance propagates through the pre-existing
factant at a faster speed than the leading edge of the new su
tant front. Whereas higher pre-existing surfactant concentrat
cause the leading edge of the new surfactant front to travel slo
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they result in faster propagation of the compression disturba
The propagation speed of the compression disturbance is re
to an effective diffusivity that is inversely proportional to the pr
existing surfactant surface concentration@21#. The compression
disturbance increases the local surface concentration of the
existing surfactant before the new surfactant arrives.

Once the initial wave of spreading has occurred, a steady s
distribution of surfactant and film thickness is established, as s
ied in @11# for pulmonary applications. Other studies of stea
surfactant transport along thin films include@30,31#, the latter be-
ing applied to surfactant clearance from the lung. The steady
tion of a liquid film due to surface tension gradients has be
considered by Yih@30# who found that a boundary layer whos
thickness is the order of the film thickness exists near any vert
boundary. Davis et al.@31# solved for steady state film thicknes
and surface tension profiles for insoluble surfactant on a film co
ing a tube.

Espinosa@32# examined effects of longitudinal stretching o
liquid transport related to clearance. An initially uniform surfa
concentration of surfactant on a thin liquid film, constrained to
flux at both ends or one end, was subjected to a time-perio
spatially-linear strain for one cycle. Linear strain helps to acco
for the axial variation in airway elastic properties, the proxim
end ~trachea! being stiffer than the distal end~acinus!. Calcula-
tions of the mid-axial liquid flow were used to estimate the effe
of the oscillations on liquid transport. Their model allowed f
squeeze-out of surfactant from the interface to the bulk, wh
assuming the bulk concentration of surfactant to be uniform
constant. They found that liquid transport toward the stiffer end
the wall experiences an optimal cycling period for which the v
ume of liquid on the distal half of the membrane is maxim
Smaller or larger periods reduce the transport. Also, as they
creased longitudinal wall strain amplitude, the liquid transport
minished and, in some cases, reversed direction toward the
stiff end.

In the present work, we consider a thin film supported by
stretchable membrane and examine the effects of in-plane
oscillations on surfactant transport, in order to gain a better
derstanding of the effect of breathing on SRT. The wall model i
branching network of tubes whose effect is approximated by c
sidering the perimeter to vary with position along the airway tr
This branching is a significant feature of lung anatomy. Breath
motions are modeled by cycling the radius and length of e
individual airway. The cycling uses a uniform axial strain.
steady-state surfactant concentration and liquid film thickness

-
tor:
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file is established prior to initiation of cycling. So in the uncycle
state, there is a background transport of surfactant and liquid
to the Marangoni mechanism.

We study SRT by setting the proximal surfactant end condit
to a value higher than the distal end. Then the system is pertu
with the wall cycling. Such movements affect the surfactant tra
port dynamics by several means including modification of
surfactant concentration gradients~and hence the surface tensio
gradients! and cycling of the film thickness~and hence viscous
effects! for the entire film. A linear sorption interfacial kinetic
equation is used to model the transport of surfactant from the b
to the interface or vice versa. We derive and solve coupled n
linear evolution equations for film thickness, surfactant surfa
concentration, and surfactant bulk concentration. From th
equations we can calculate the axial surfactant and liquid flux

1 Model

1.1 Governing Equations. In our model, we make some
simplifying assumptions based on the geometry of airways of
lung and the properties of the thin liquid layer coating the inn
surface of the airways. The airway tree consists of a branch
network of tubes, whose total perimeter increases with airw
generation due to branching, as shown in Fig. 1~a!. This axial
perimeter growth can be modeled by introducing a total airw
perimeter function into the governing equations. To model brea
ing, we allow each individual airway to expand and contract
clically in the radial and axial directions. Since the film thickne
is small compared to the airway radius and circumferential c
centration gradients are neglected, there will not be any circ
ferential flows and the flow and concentration fields are not fu
tions of the azimuthal coordinate.

Fig. 1 „a… Branching network; „b… single tube. Here x * is the
axial position, R* is the airway radius, r * is the radial coordi-
nate, z* is the local radial coordinate relative to the wall, and
h * is the film thickness.
Journal of Biomechanical Engineering
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Consider a thin viscous film lining a branching, stretchab
membrane tube as in Fig. 1~b!, whereR* (x* ,t* ) is the radius of
an individual tube~airway!, with x* representing the path lengt
along the airway andt* denoting time. Thez* -axis extends out-
ward from the membrane wall towards the center of the airw
Note that variables with stars are dimensional, and parameters
dimensionless variables are un-starred. The fluid domain
bounded by the distal end of the branching tree,x* 5L* (t* ), and
the proximal end,x* 50. The position of the film surface is de
fined asz* 5h* (x* ,t* ), the surface concentration of the solub
~in general! surfactant is denoted byG* (x* ,t* ), and the bulk
concentration of surfactant is denoted byc* (x* ,z* ,t* ).

1.2 Lung Morphometry. The area expansion due t
branching is accounted for by allowing the total perimeter~of
each individual tube summed over the entire number of tubes
given location along the airway tree! of the branching membrane
tube to vary withx* ~see Fig. 1~a!!. The dimensional perimeter
given byb* (x* ,t* ), is determined from a continuous version
the lung morphometry model@33#. The total airway perimeter
bn* , individual airway radius,Rn* , and individual airway length,
l n* , at airway generationn are given by

bn* 5b022n/3, Rn* 5R022n/3, l n* 5 l 022n/3 (1)

whereb0 , R0 , andl 0 represent the tracheal~airway generation 0!
perimeter, radius and length, respectively. Let the discrete vari
xn* denote the distance from the tracheal carina to the end
generationn:

xn* 52 l 0* 1 (
m50

n

l m* 5L̂0~1222n/3! (2)

where total path length isL̂05 l 0 /(21/321). Using Eq.~2!, n is
eliminated from Eq.~1! and the discrete variablexn* is replaced by
the continuous variablex* to obtain the following expressions fo
the perimeter and airway radius for the case of no stretch:

b* ~x* !5
b0

~12x* /L̂0!2
, R* ~x* !5R0~12x* /L̂0!. (3)

Below, we introduce wall stretch into a similar expression f
b* (x* ,t* ), where we measurex* from generation 7 rather than
the trachea@11#. Generation 7 is the start of the Marangoni d
main, and the thick layer of surfactant in the larger airways fe
the surfactant monolayer that exists from generation 7 to the
veoli. We have not taken into account mucus rheology since
ratio of mucus to periciliary liquid is small in the distal airways
the lung@34#. The dimensional airway radius,R* (x* ,t* ), of each
airway is determined in a similar manner. The branching me
brane tube is periodically stretched in thex* and r * directions
to mimic elongation and radial stretch of the airways duri
breathing.

1.3 Governing Equations for a Single Airway. We will
initially consider an individual tube that is oscillated in length a
radius~see Fig. 1~b!!, and later in this section we will consider th
full branching network of tubes. The governing equations for co
servation of linear momentum~the Navier-Stokes equation!, and
the conservation of fluid mass are

rS ]v*

]t*
1v* •¹* v* D52¹* p* 1m¹* 2v* , ¹* •v* 50 (4)

wherev* is the velocity vector in the global reference frame,¹*
is the gradient operator andp* is pressure. For conservation of th
surfactant species on the interface we have the surface tran
equation
AUGUST 2004, Vol. 126 Õ 411
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]G*

]t*
1¹s* •~vs* G* !2Ds¹s*

2G* 1~¹s* •n!~n•v* !G* 2J* 50

(5)

where¹s* [(I2nn)•¹* is the surface gradient operator,n is the
surface normal,I is the identity tensor~with componentsI i j such
that I i j 51 if i 5 j and I i j 50 if iÞ j ), vs* [(I2nn)•v* is the sur-
face velocity, andJ* is the flux of surfactant from the bulk to th
interface. The surfactant may diffuse along the interface with c
stant diffusivity,Ds , as well as be convected along the surfa
For conservation of surfactant species in the bulk phase, we h
the bulk transport equation

]c*

]t*
1¹* •~v* c* !5Db¹* 2c* (6)

whereDb is the bulk diffusivity.
A linear equation of state that relates the surface tension to

surfactant concentration is used:

s* 5sm1S ]s*

]G* D U
G* 5Gm

~G* 2Gm! (7)

whereGm is the maximum initial surface concentration in the ne
surfactant region, andsm is the corresponding surface tension.

The interfacial and bulk concentrations of surfactant
coupled throughJ* , the flux out of the fluid, which is given by

J* 52@Db~n•¹* !c* #s (8)

The flux of surfactant between the bulk and the interface
determined using linear sorption kinetics, where the adsorptio
surfactant to the surface varies linearly with the bulk concen
tion, c* , and the desorption from the surface varies linearly w
the surface concentration,G* . Thus, the flux can be written as

J* ~G* ,cs* !5k1cs* 2k2G* (9)

where cs* is the bulk concentration just below the interface.
more complicated model of the surfactant flux between the b
and interface is one that incorporates squeeze-out@35#. The
premise of such a model is that the surface concentration ca
exceed a certain maximum value~which we will take to beGm
when using this method!, even under compression. If the interfa
is compressed further afterGm has been achieved,G* will not
increase; rather surfactant will be squeezed from the interface
the bulk. We considered this sorption kinetics model, but the
sults obtained using it are not presented here in the interes
brevity since the results were not significantly different from t
linear sorption results. There are other sorption kinetics mod
that have been shown to provide good agreement with exp
ments, e.g. Frumkin and double layer@36#.

In this model, we allow the individual airways to stretch rad
ally and longitudinally with a strain field specified by the airwa
perimeter,b* (x* ,t* ), and wall velocity,Vwall* (x* ,t* ), but con-
sider the concentration field to be azimuthally symmetric and t
consider no flow in the azimuthal direction. The velocity vect
v* 5(u* ,0,w* ), in a frame of reference fixed with the movin
tube wall, satisfies the no slip and no penetration conditions
that

u* ~x* ,z* 50,t* !5Vwall* ~x* ,t* !, w* ~x* ,z* 50,t* !50.
(10)

At the air-liquid interface,z* 5h* (x* ,t* ), the jump in tangen-
tial and normal stresses boundary conditions due to the pres
of surfactant and a kinematic boundary condition are applied:

@ t iTi j* nj #5
]s*

]s*
, @niTi j* nj #5s* k* ,

]h*

]t*
52

]Q*

]x*
(11)
412 Õ Vol. 126, AUGUST 2004
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whereTi j* 52pd i j 1m(]ui* /]xj* 1 ]uj* /]xi* ) is the stress tensor
d i j is the Kronecker delta tensor,n and t are the normal and
tangent vectors,k* is the interfacial curvature,]s* /]s* is the
directional-derivative of surface tension along the interfa
and Q* (x* ,t* )5*0

h* u* dz* is the axial flow rate per unit
circumference.

Appropriate boundary values for film thickness, and surfa
and bulk surfactant concentrations at the distal boundary of
film, x* 5L* (t* ), and the proximal boundary of the film,x*
50, are discussed below.

In the film the axial coordinate is scaled with respect toL0 , the
cycle mean path length of the lung~from generation 7 to 18!, so
that x5x* /L0 , and the local radial coordinate is scaled with r
spect toh0 , the film thickness atx* 50, so thatz5z* /h0 . The
velocity scale U5Msmh0 /(mL0) is obtained by balancing
the viscous stress and surface tension gradient that ap
in the tangential stress condition ~11!, where
M5(2]s* /]G* )uG* 5Gm

Gm /sm is an elasticity number that pro
vides a measure of surfactant activity, so that Eq.~7! becomess
512M (G21). Then u5u* /U and w5w* /(«U) where «
5h0 /L0 . Also, t5t* /TV , where TV5L0 /U is the viscous-
surface tension time scale, andp5p* /(sm /h0). The surfactant
concentration is scaled with respect toGm , the maximum initial
surface concentration in the new surfactant region. The scalin
c* is obtained by settingJ* 50 in and isĉ5k2Gm /k1 .

We employ lubrication analysis by taking the limit of«→0 ~as
is the case physiologically and experimentally!. In this limit,
terms ofO(«2 Re) andO(«2) from the momentum equation, Eq
~4!, and the interfacial stress boundary condition, Eq.~11!, are
negligible. Also, we assume that the change in radius over
length of an individual airway is small.@Note that this approxi-
mation is not to be confused with the dilution effect which
modeled using the perimeter functionb* (x* ,t* )]. Thus, we ob-
tain to leading order

uzz5
1

M
px ,

pz50,

puz5h52~12M ~G21!!S f

R2fh
1«2hxxD , (12)

uzuz5h52Gx ,

from the x-component of the Navier-Stokes equation, t
z-component of the Navier-Stokes equation, the normal str
boundary condition, and the tangential stress boundary condi
respectively. Heref5h0 /r 0 is the ratio of the film thickness to
tube radius at generation 7. Integrating Eq.~12!, twice gives

u5
1

2M
px~z222hz!2Gxz1Vwall (13)

whereVwall(x,t)5Vwall* /U is the non-dimensional wall velocity
of the membrane.

1.4 Branching Network Equations. Up to this point our
model formulation has considered a single airway. We now inc
porate the effects of perimeter expansion~airway branching! into
the model. The classical kinematic boundary condition is modifi
here to take into account the variation of perimeter with ax
distancex. Consider a fluid volume element,Vf luid , bounded by
x and x1Dx. Mass conservation requires that the time rate
change in fluid volume is equal to the difference between
inflow and outflow, such that

dVf luid

dt
'

d

dt Ex

x1Dx

B~x,t !h~x,t ! dx'@2B~x,t !Q~x,t !#x
x1Dx

(14)
Transactions of the ASME
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whereB(x,t) is the dimensionless perimeter (b* (x* ,t* ) divided
by the perimeter at generation 7!, andQ(x,t) is the axial flowrate
per unit circumference corresponding to a single airway at
axial locationx. We have assumed here that the characteristic
thickness of the layer is much smaller than the tube radius. T
in the limit asDx→0, the following evolution equation for the
film thicknessh(x,t) is obtained

~Bh! t1~BQ!x50, (15)

where, on using~13!,

Q52
h3

3M
px2

h2

2
Gx1hVwall . (16)

Similar arguments as above are applied to the conservatio
surfactant species on the interface, yielding the following surf
transport equation

~BG! t1~Bq!x2BJ50 (17)

whereq, the surface flux of surfactant is given by

q52
1

Pes
Gx2

1

2M
pxh

2G2hGGx1GVwall . (18)

In Eq. ~18!, Pes5UL0 /Ds is the surface Pe´clet number, the ratio
of transport due convection to that due to surface diffusion.
dimensionless form, the fluxJ, given by Eq.~9!, is

J5
1

TD/V
~cs2G! (19)

whereTD/V51/(k2TV) is the desorptive time scale. Recall, fro
Eq. ~8! that the fluxJ can also be written in terms of the bul
concentration gradient at the interface:

J52
1

bPeb
S 1

«2 cz2hxcxD U
z5h

(20)

whereb5G re f /(h0ĉ)5k1 /(k2h0) indicates the surface accumu
lation and substrate solubility of the surfactant@29,37#, and Peb
5UL0 /Db is the bulk Pe´clet number. An insoluble surfactant re
quiresb→`. In the limit b→0, the surfactant is highly soluble
and there is weak surface accumulation.b is analogous to a Gibbs
adsorption thickness, the ratio of the adsorptive length scale to
film thickness@37#. Whenb!1, surfactant depletion in the bulk i
minimal to reach equilibrium when the interface is expand
When b@1, a considerable amount of surfactant adsorbs to
interface to reach equilibrium upon surface expansion.

We consider rapid vertical diffusion through the liquid laye
«2Peb!1 and zero concentration gradient at the membrane w
@29# so that the bulk concentration can be represented by a
independent ofz, the coordinate across the layer, plus a sm
fluctuation:

c~x,z,t !5c0~x,t !1«2Pbc1~x,z,t ! (21)

where the cross-sectional average ofc1 is zero. We obtain the
following leading order bulk surfactant transport equation us
similar methods used to derive Eqs.~15! and ~17!:

~Bhc0! t52~Bqc!x2BbJ (22)

where the leading order bulk surfactant transportqc is given by

qc5c0Q2
1

Peb
hc0x . (23)

1.5 Determination of Wall Velocity. For sinusoidal stretch-
ing of the wall, the position of the distal boundary varies w
time as

L~ t !511D sinS 2p

TC/V
t D (24)
Journal of Biomechanical Engineering
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where D is the amplitude of the periodic strain, andTC/V
5TC /TV is the ratio of the period of oscillation of the membran
TC , to the viscous-surface tension time scaleTV . For uniform
strain, the wall velocity field,Vwall , and the position of wall
particles in the Eulerian reference frame are given by

Vwall5jL̇~ t !, x5jL~ t !. (25)

Note j is a membrane wall material coordinate that is attached
the membrane wall and ranges from 0 to 1. We also allow the t
radiusR(x,t) and the tube perimeter functionB(x,t) to oscillate,
by using

R~x,t !5f~12x0x/L~ t !!S 11d sinS 2p

TC/V
t D D ,

B~x,t !5

11d sinS 2p

TC/V
t D

~12x0x/L~ t !!2 (26)

whered is the amplitude of the radial strain in the airway.

1.6 Initial and Boundary Conditions. After the initial
transient spreading of the monolayer in the lung, the film hei
and surface concentration reach equilibrium values and there
steady state flux of surfactant into the alveolar region, if breath
is neglected@11#. Using a similar approach as@11# to include the
area expansion due to airway branching, we consider how bre
ing influences the flux of surfactant, which is soluble in this wo
at later times. As the alveolar compartment kinetics regulate
surfactant concentration in the alveolus~approximately generation
18 in the lung morphometry model! and the instilled liquid forms
a thicker region in the large airways that feeds the monolaye
the smaller airways, we use the following boundary conditions
model the transport at all but the initial transient spreading tim

Since the evolution equation for the film thickness is fou
order in x, four boundary conditions, two atx50 and two atx
5L(t), need to be imposed:

h~0,t !5
1

11d sinS 2p

TC/V
t D , hxx~0,t !50,

h~L~ t !,t !5
h1

11d sinS 2p

TC/V
t D , hxx~L~ t !,t !50. (27)

The total cross-sectional area at either end of the domain is ch
to be fixed, so thatBh5constant atx50 andx5L(t). The other
two conditions,hxx50, come from the requirement that the loc
fluid pressure is inversely proportional to the local radius of c
vature. The boundary conditions forG andc0 are as follows:

G~0,t !5
1

11d sinS 2p

TC/V
t D , c0~0,t !51,

G~L~ t !,t !5
G1

11d sinS 2p

TC/V
t D , c0~L~ t !,t !5G1 . (28)

The boundary conditions onG imply that the total interfacial sur-
factant mass is time independent at both ends of the domain.
bulk concentration is constant at either end of the domain so
the total surfactant massB(G1hc0) is constant. The value ofc0
is determined by requiring that for no stretchJ50. In the absence
of wall stretch, these boundary conditions allow steady transp
of surfactant and liquid through the model domain and into
alveoli. Wall stretch results in a mean-steady transport of sur
AUGUST 2004, Vol. 126 Õ 413
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tant and liquid through the domain. This is expected, as the
stilled liquid in the larger airways supplies liquid and surfactant
the Marangoni region considered in this model.

We use the no-stretch, steady state values forh G and c0 as
initial conditions for solving the evolution equations~15!, ~17!
and~22!. The no-stretch steady state profiles are obtained by s
ing the evolution equations numerically as described in the n
section ford5D50. The code is then run until the total surfacta
transport and the total liquid flux per cycle into the alveolar reg
asymptote to a steady value. This steady transport is then c
pared for different stretching parameters to assess which ven
tion strategies might result in the most surfactant transport into
alveoli—the desired outcome of SRT. The time average surf
surfactant transport,̂q1&, the bulk transport,̂S1&, and the fluid
transport,^Q1&, at x5L, are found by evaluating the following
integrals

^q1&5
1

TC/V
E

t

t1TC/V

Bqreldt

^S1&5
1

TC/Vb E
t

t1TC/V

BFc0Qrel2
hc0x

Peb
Gdt (29)

^Q1&5
1

TC/V
E

t

t1TC/V

BQreldt

where the subscript ‘‘rel’’ indicates that the quantities are relativ
to the membrane wall, i.e. calculated from equations~16!, ~18!
and ~23! without theVwall terms. These are computed for ea
cycle usingt5 iTC/V for i 50,1,2, . . . until the value of the trans-
port asymptotes to a constant mean steady value~taken to be
when the value is within 1026 of the previous value!. Also, when
the mean-steady state has been reached,q(t) andQ(t) at a given
x coordinate repeat with a periodTC/V . We calculate the static
transport values using

q1s5^q1~D50!&, S1s5^S1~D50!&, Q1s5^Q1~D50!&.
(30)

We also estimate a characteristic velocity for SRT by comp
ing the maximum cycle-averaged non-dimensional surface ve
ity relative to the membrane:

uchar5F 1

TC/V
E

t

t1TC/V

~u~x,h,t !2Vwall!dtG
max

. (31)

1.7 Solution of the Evolution Equations. Next, we pro-
vide some estimates for the parameters that appear in the e
tion equations and boundary conditions. A typical film thicknes
h051025 m @38,39#, and the distance from generation 7 to ge
eration 18 is approximatelyL0""0.0274 m@11#. The lung’s liquid
lining is assumed to be a single Newtonian liquid layer. This i
reasonable approximation in the distal airways of the lung wh
the ratio of mucus to periciliary liquid is small@34#. Others have
recently examined the effects of mucus rheology on surfac
spreading@40#. In addition, we have assumed that in these airw
the liquid lining has approximately the same viscosity as wa
thus m50.001 kg m21 s21. We take the maximum surface ten
sion to be that of a clean air-liquid interface, so thatsmax

50.07 N m21. The critical bulk concentration is 0.8 kg m23 @41#.
The maximum surface concentration for pulmonary surfact
is estimated to be 631026 kg m22 @42#. We choose
ĉ50.4 kg m23 andGm5331026 kg m22. These values result in
b50.75 andTV;1 second. We setPes51010 and Peb5103,
consistent with small interfacial and bulk surfactant diffusivitie
We useTD/V560, based on estimates thatTD;60 seconds@35#.
We chooseG150.5 andh150.2 in the boundary conditions, Eqs
~27! and ~28!, so that for the case of no stretch and insolub
surfactant, we obtain almost the same steady state solutions
were found in @11#. In addition, we setf5h0 /R050.01, «
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5h0 /L050.001 and the elasticity numberM51. We investigate
various ventilation regimes, ranging from small to large tidal v
umes, 0.05<D<0.3, and high to conventional frequency ventil
tion, 0.1<TC/V<10.

The systems to be solved consist of the coupled nonlinear e
lution equations forh, G, andc0 , Eqs.~15!, ~17! and~22!, subject
to: ~i! the wall stretching kinematic boundary conditions of un
form strain, Eq.~25!; ~ii ! the interfacial kinetics model of linea
sorption, Eq.~19!, and ~iii ! end conditions on film thickness an
surfactant concentrations, Eqs.~27! and~28!. The moving bound-
ary of the domain can be treated by mappingx into a material
coordinate,j(x,t), such that constantj refers to a specific mem
brane particle, and using the chain rule of differentiation to tra
form the evolution equations in terms of the new coordina
Thus, the grid points for the finite difference scheme used to so
the evolution equations are at fixed locations inj, but at varying
locations inx, such that the boundaryx5L(t) corresponds toj
51 and is always at the last grid point. We transform the evo
tion equations to the new coordinate system, by

H~j,t!5h~x,t !, G~j,t!5G~x,t !, C~j,t!5c0~x,t !
(32)

wherej is given by Eq.~25!. The system of evolution equations
solved using the method of lines, where the diffusive terms
approximated using central differences, the convective terms
approximated using a second order upwinding scheme@43#, and
the time-stepping part of the computation is performed usin
backward difference method.

2 Results
Figure 2 shows total~surface plus bulk! surfactant transport

~scaled by the steady-state no stretch values! into the alveoliver-

Fig. 2 Ratio of cycle averaged total surfactant flux at the distal
end of the airways once a periodic state has been reached to its
steady state value for the no stretch case.
Transactions of the ASME
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susstrain amplitude,D. The total surfactant transport~surface and
bulk!, (^S1&1^q1&)/(S1s1Q1s) as in Eq.~29!, into the alveoli
increases quadratically withD, but is not strongly dependent o
the breathing periodTC/V . For a fixed and small~large! value of
D, decreasingTC/V , that is, increasing the breathing frequen
results in increased~decreased! surfactant transport. The bottom
panel of Fig. 2 shows the non-monotonic behavior of the to
surfactant transport with respect toTC/V at small D!. In these
calculations, the cycle averaged interfacial surfactant trans
^q1& is larger than the cycle averaged bulk surfactant trans
^S1& because the surface velocity is, on average, larger than
cross-sectionally averaged axial velocity.

The cycle averaged transport of liquid into the alveolar regi
^Q1&/Q1s evaluated using Eq.~29!, also increases quadraticall
with D ~Fig. 3!. Varying TC/V has a smaller effect, but its impac
on ^Q1& is more significant than on̂S1&1^q1&. As for surfactant
transport, liquid transport increases with cycle frequency for sm
values of strain amplitudes.

Figure 4 shows both the surfactant and liquid transport ver
time, at the proximal~a and c! and distal~b and d! ends for several
period values, after the mean-steady regime has been rea
with D50.1. Note that for givenD and TC/V , the steady state
cycle averaged transport values are the same at the proxima
distal ends, and forD50.1 the transport is weakly dependent o
TC/V ~Figs. 2 and 3!. Also shown in Fig. 4 is the membrane lengt
L(t), to give an indication of the phase of the transport relative
the periodic wall stretch. Transport at the proximal end is appro
mately p/2 out of phase with the membrane stretch while tra
port at the distal is out of phase by2p/2. Also, the amplitude of
the fluxes increases with frequency. At large frequencies, for
ampleTC/V50.1, the flux amplitudes at the distal end can be
order of magnitude larger than those at the proximal end.

Fig. 3 Ratio of cycle averaged fluid flux at the distal end of the
airways once a periodic state has been reached to its steady
state value for the no stretch case.
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In Fig. 5~a!–~h! the flow field within the liquid layer is shown
in a frame of reference fixed with the moving wall at vario
times during one period of oscillation once the time period
steady state has been reached for the case whereD50.1 and
TC/V51. This corresponds to a case where the viscous time s
is equal to the period of the wall stretch. A series of waves
observed to develop in the film, which propagate toward the di
end of the membrane. During the first quarter of the cycle,
membrane elongates from its mean value of^L(t)&51, corre-
sponding to mid-inspiration, and the film thins, consistent with
boundary conditions~see Eq.~27!!. The flow close to the interface
has a small streamwise component towards the distal end nex
50 indicating the relative strength of the Marangoni-induced fl
near the proximal end which diminishes~with respect to the mem-
brane velocity! asx increases towardsx5L(t). The vertical com-
ponent of velocity in the layer is mostly negative consistent w
the thinning of the film during this initial part of the period. Also
note that near the membrane wall, there is a small velocity co
ponent towards the proximal end. Att5TC/V/4, when the mem-
brane velocity is zero, the flow is mostly from left to right, an
dominated at the proximal end by the Marangoni effect~Fig.
5~c!!. The membrane contracts~and the film thickens! during
TC/V/4<t<3TC/V/4 reaching a maximum velocity toward th
proximal end att5TC/V/2. In Figs. 5~d–f ! the vertical component
of velocity is mostly positive, and for sufficiently largex the flow
near the interface is toward the interfacial waves. In addition,
streamwise velocity component in the moving frame is mos
positive. The membrane wall motion compresses the interface
sulting in an increase in the interfacial surfactant concentra
~see Fig. 8~a! below!. This is more pronounced at the proxim
end of the domain, causing this positive velocity component. T
steady streamlines displayed in Fig. 5~i! show that the flow is on

Fig. 4 Transport versus time once a periodic steady state has
been reached. Proximal end: „a… total surfactant transport, „b…
liquid transport. Distal end: „c… total surfactant transport, „d…
liquid transport. Here DÄ0.1.
AUGUST 2004, Vol. 126 Õ 415
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the average towards the distal end of the membrane. Note
when the membrane is not stretched there is also a net flow
wards the distal end of the membrane.

In Fig. 6, the flow field in the liquid layer is shown for a cyclin
periodTC/V510 and an amplitudeD50.1. This corresponds to
tenfold increase inTC/V compared with the case shown in Fig.
In the limit TC@TV , the viscous-surface tension is much shor
than the time scale for wall motion, and the system behaves
the steady case@11#. At any instant in time, the film responds t
the imposed surfactant gradient across the domain, given s
fixed wall velocity. The surface waves have completely dis
peared, and the film thickness is now a monotonic function
distancex At all times during the cycle, the horizontal velocity
positive almost everywhere in the layer demonstrating that for
particular choice of parameters the Marangoni effect is domin
During the expansion phase, there is still a region of weak re
grade flow near the membrane wall, but its size diminishes w
decreasingTC/V ~compare, for example, Figs. 5~a! and 6~a!!.

At high frequencies, when the flow in the layer is dominated
the motion of the membrane~see Fig. 7 withTC/V50.1 andD
50.1), a small train of waves are observed to propagate from
proximal to the distal end, but attenuate relatively quickly, unl
the caseTC/V51 ~Fig. 5!. During the expansion phase~panelsa-b
and panelh! the axial velocity in the frame of reference fixed
the membrane is towards the proximal end, while during the c
traction phase~panelsd, e and f! the axial velocity is towards the
distal end. However, when the membrane stops stretching or
tracting as in Figs. 7~c! and ~g! the flow is mostly towards the
distal end because of the negative surfactant gradient acros
domain.

Fig. 5 Velocity field within film layer over one cycle once the
steady periodic state has been reached, a tÄt 0¿t i where t i
Ä„a… 0; „b… TCÕVÕ8; „c… TCÕVÕ4; „d… 3TCÕVÕ8; „e… TCÕVÕ2; „f …
5TCÕVÕ8; „g… 3TCÕVÕ4; „h… 7TCÕVÕ8. The cycle averaged field is
shown in „i…. Here the amplitude is DÄ0.1, the stretch cycle is
TcÕvÄ1 and t 0 is a sufficiently large enough value so that the
steady-state has been reached.
416 Õ Vol. 126, AUGUST 2004
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In Fig. 8, we plot the variation of the interfacial surfacta
concentrationG with distancex corresponding to the flow fields
and film heights shown in Figs. 5–7 forTC/V51,10,0.1.G de-
creases withx over most of the domain. At low cycling frequen
cies ~Figs. 8~a! and ~b!!, the surfactant gradient becomes qu
shallow at the distal end due to dilution effects. Fig. 8~a! indicates
that during the expansion phaseG develops a local minimum a
the distal end and so there must be a weak surfactant grad
driving flow towards the proximal end. The existence of the lo
minimum is similar to that observed for steady flows@11#. At the
distal end, the surfactant gradient can be rather small becaus
the tremendous increase in surface-area. However, other ef
such as the pressure-driven flow due to changes in airway d
eter, which can result in the convection of endogenous surfac
towards the distal end, and the membrane motion that result
surface area changes, become more important at the distal
and can in turn produce this local minimum in surfactant conc
tration. For short periods (TC/V,1), as shown in Fig. 8~c!, there
is a substantial increase in the gradient ofG at the distal end of the
domain because of the increased compression of the interf
When the membrane is shortening]G/]xux5L,0, and when it is
lengthening]G/]xux5L.0. For longer periods,G depends on the
membrane length, but not on whether the membrane is lengt
ing or shortening.

We have not shown here profiles for the bulk concentrat
since the surfactant is relatively insoluble. The bulk surfact
concentration is essentially equal to its boundary value atx50
over most of the domain, and then decreases over a relati
short distance to its boundary value atx5L(t) becausePeb@1.

Fig. 6 The influence of increasing the stretch cycle to TcÕv
Ä10 on the flow field within the liquid layer during a cycle. The
values of t i are the same as those given in the caption of Figure
5.
Transactions of the ASME
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3 Discussion
The surfactant transport is considerably more dependen

strain amplitude,D, than on oscillation period~see Figs. 2 and 3!.
Typically, the ‘‘minute ventilation’’~the total volume of air leav-
ing the lung each minute;the product of frequency and tidal vo
ume! is held constant when changing ventilation schemes for
tients on ventilators@44#, such as in SRT patients. For a fixe
minute ventilation, a slower breathing frequency~longer period!
allows a larger tidal volume~strain amplitude! per breath. This
suggests that larger tidal volumes and larger breathing cycle p
ods would result in greater surfactant transport into the alve
region than small tidal volumes and small breathing perio
Clinically, this is important, as the goal of SRT is to reduce t
alveolar surface tension by transporting a large amount of ex
enous surfactant into the alveoli quickly. There may be other c
siderations regarding the mode of ventilation, such as ventil
induced lung injury@45–47#. The compression and expansion
the interface coupled to the concomitant compression and ex
sion of the surfactant molecules on the interface induce interfa
waves. The effects of these waves could be significant with
gards to airway closure, as thicker films result in less time
airway closure@48#.

To better understand SRT transport’s weak dependence on
cling period and much stronger dependence on strain amplitud
should be first noted that the cycle averaged boundary condit
for h and G, Eqs. ~27! and ~28!, are inversely proportionally to
(12D2)1/2, which implies that increasing the strain amplitudeD
causes a rise in the time average film thickness and surfac
concentration at the boundaries. The film thickness changes i
ence the transport of surfactant and liquid by changing the visc
resistance, with a thicker film offering less resistance. In Fig. 7
film is cycled more quickly (TC/V50.1) than the case shown i

Fig. 7 The influence of high frequency membrane cycling on
the flow field within the liquid layer during a cycle. Here TcÕv
Ä0.1. The values of t i are the same as those given in the cap-
tion of Figure 5.
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Fig. 6 (TC/V510). The onset of flow reversal~towards the proxi-
mal end! begins much earlier at higher frequencies, even bef
membrane begins to contract~see for example, Fig. 7~c!!. Also,
during the contraction phase, the flow within the film layer can
directed towardsx50 only. At the higher frequency~Fig 7~i!!, the
cycle averaged flow contains a small region of flow away from
proximal end atx51, and this may contribute to the slight redu
tion in liquid and surfactant transport compared with the low
frequency case~Fig. 6~i!!. At low frequencies, the surfactant gra
dient is rather small at the distal end because of the tremend
increase in surface-area. However, other effects such as
pressure-driven flow due to changes in airway diameter and
membrane motion become more important at the distal end,
can in turn produce a local minimum in surfactant concentrati
The surface concentration of surfactant has larger fluctuat
near the distal end of the membrane when the cycling perio
short ~Fig. 8~c!!. The gradients in surface concentration at t
distal end of the membrane can be quite large for smallTC/V . As
the boundary conditions specify the value ofG at both ends of the
domain, the spatial gradient ofG changes greatly with time when
the membrane is cycled quickly. At some times during the cyc
the gradient at the distal end opposes the large-scale flow into
alveolar region, contributing to the lack of frequency depende
at high frequencies. When the cycle period is longer, the grad
does not change as much with time. Cycling the membrane
slower frequency provides more time for surfactant to adsorb
the interface. Consequently, the fluctuations ofG at the distal end
are not as large for long cycling periods. Despite these differen

Fig. 8 Influence of stretching cycle on the surface surfactant
concentration, G, plotted here versus axial position, x, at differ-
ent times in stretching cycle. „a… TcÕvÄ1, „b… TcÕvÄ10, „c… TcÕv
Ä0.1. Here DÄ0.1.
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3,
in surface concentration gradients for different values ofTC/V , the
cycle-averaged transport does not vary much withTC/V as the
viscous resistance at the distal end also depends onTC/V .

We can estimate a characteristic dimensional velocity for s
factant replacement therapy by computing the cycle-averaged
face velocityuchar given by Eq.~31!. This value is converted to a
dimensional one usingsmax'0.07 N m21, h0'1025 m, L0
'0.0274 m~the distance from generation 7 to generation 18! and
m50.001 kg m21 s21 ~the viscosity of water!. This results in
a characteristic velocity of 0.025 m s21 at the proximal end
(x50), using an amplitudeD50.1 and a cycle periodTC/V51 in
the computational model. At the distal end (x5L(t)), the charac-
teristic velocity is two orders of magnitude smaller than the va
at the proximal end. From Eq.~25!, the maximum dimensiona
wall velocity isVmen52 pDL0 /(TC/V TV) whereTV5L0 /U. For
D50.1 andTC/V51 Vmen50.016 m s21. Thus, the Marangoni-
induced flow can be sufficiently large to overcome the wall m
tion especially at the proximal end. Espinosa & Kamm@32# found
that for nonlinear strain and a wall with no perimeter variatio
wall motion causes fluid motion in the opposite direction.

The bulk concentration profile changes significantly at the di
end because of the choice of the boundary condition values
at the proximal and distal ends, and the smallness of the b
Péclet number. We found~but not shown in this paper! that vary-
ing Peb in the range 102<Peb<105 had little effect on both
surfactant and liquid transport. WhenTC!TD , there is simply not
enough time for the surfactant on the surface to enter the bul
the surfactant in the bulk to reach the surface due to the sorp
kinetics. However, whenTC is larger, compressing the membran
results in surfactant leaving the surface and entering the b
fluid. The bulk concentration gradient is steeper at the distal
for larger TC/V . Unlike very small values ofTC/V , the longer
cycling periods allow sufficient time for surfactant to adsorb to
air-liquid interface. However, these features do not cause
cycle-averaged transport of surfactant and liquid to be greatly
riod dependent. There is strain amplitude dependence since
strain amplitude influences the magnitude of film thickness
surfactant concentration changes.

3.1 Limitations of the Model. We have presented a mod
of SRT that retains the physiologically relevant features. Howe
future models could include such effects as air friction on
liquid layer, and variations in the relative inspiration/expirati
portions of the breathing cycle. While we do not expect the p
viously mentioned items to have large effects on the result
better understanding of the strain field in the airways, a m
realistic sorption kinetics model, and accounting for surfact
degradation would improve the physiological accuracy of fut
models. We have neglected fluid sources and sinks within
domain. In fact, liquid enters the airways through the wall in
manner that most likely depends on local wall strain. This wo
likely change the film thickness. Gravity drainage is neglect
These effects would be important if the film thickness increa
substantially such that airway closure could occur. For large st
amplitudes, a sorption kinetics model that more accurately
scribes lung surfactant@35,36# may be beneficial.

We have treated the respiratory tree as a continuous distribu
in terms of total perimeter and radius of an individual airway, b
we have ignored the potentially important effects at bifurcatio
As a monolayer of surfactant spreads down the bronchial t
differences in spreading rates could occur near an airway bifu
tion. The liquid lining thickness may be non-uniform because
variations in airway wall curvature~see@49,50#!. Entrance effects
near the bifurcation could also play an important role in h
surfactant distributes itself from a parent tube to the daug
branches@51#.

Including the motion of cilia would also improve the models,
some cilia exist throughout the majority of the lung region co
sidered here~typically to generation 16! @52#. Although the
418 Õ Vol. 126, AUGUST 2004
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smaller airways are less densely ciliated than the larger airw
@53#, cilia likely contribute to the flow in small airways as well. I
our estimates of dimensional fluid velocities, we have used
viscosity of water and in our modeling have considered a hom
geneous Newtonian fluid. In actuality, the viscosity may be hig
than water and the fluid may be a mixture of Newtonian a
non-Newtonian fluids due to the presence of mucus in or on to
the liquid lining of smaller airways. Mucus is a non-Newtonia
viscoelastic gel whose apparent viscosity typically ranges fr
about 100 to 200,000 times the viscosity of water, depending
the rate of strain~higher rate of strain corresponds to lower a
parent viscosity! @54#. The mucus layer is thought to be disco
tinuous or much thinner than the aqueous layer in small airw
@34#, and consequently it seems reasonable to omit its influe
while first investigating the effects of wall stretch. A fluid bilaye
could be used to model the aqueous layer and mucus layer@40#.
The neglected convective and transient inertial terms~due to the
oscillations! could be significant if the membrane is oscillated fa
enough, which could occur in high frequency ventilation. Desp
these possibilities for future improvements in the modeling
respiration effects on surfactant and liquid transport, our mo
provides good insight to how breathing influences surfactant
liquid transport.

3.2 Conclusions. The results presented here suggest t
breathing could have a considerable impact on Marangoni-dri
surfactant and liquid transport. While the transport of surfactan
SRT varies greatly with strain amplitude,D, the transport does no
vary as much with the period of the oscillatory wall stretch,TC/V ,
at a givenD in our model of SRT. However, for a fixed minut
ventilation, larger tidal volumes are possible when the breath
cycle period is longer. As the transport of surfactant into the
veolar region is considerably higher whenD is large ~>0.2!, it
may be advantageous to use large tidal volumes and large br
ing cycle periods with SRT to increase surfactant transport. T
characteristic fluid velocity for SRT is;0.03 m"s21 based on the
viscosity of water. This is two orders of magnitude larger th
estimates of the velocity imparted to the mucus by the c
(ucilia;0.0002 m s21 in the trachea! @55#, partly due to our
choice for the viscosity of the liquid layer, but it still sugges
surfactant transport can be significant.

Our model can be modified to consider the clearance of sur
tant and liquid from the lung by appropriately changing the s
factant boundary conditions at the proximal and distal ends of
lungs. This is currently being investigated.
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