The Effect of Airway Wall Motion
o.waipen ¥ op Surfactant Delivery

Department of Mathematics,
University of Alabama,
Tuscaloosa, AL 35487 Soluble surfactant and airway surface liquid transport are examined using a mathemati-
cal model of Marangoni flows which accounts for airway branching and for cyclic airway
stretching. Both radial and longitudinal wall strains are considered. The model allows for

J. L. Bull variation of the amplitude and frequency of the motion, as may occur under a variety of

ventilatory situations occurring during surfactant replacement therapy. The soluble sur-

J. B. Grolberg factant dynamics of the thin fluid film are modeled by linear sorption. The delivery of
surfactants into the lung is handled by setting the proximal boundary condition to a

Biomedical Engineering Department, higher concentration compared to the distal boundary condition. Starting with a steady-
The University of Michigan, state, nonuniform, surfactant distribution, we find that transport of surfactant into the
Ann Arbor, MI 48109 lung is enhanced for increasing strain amplitudes. However, for fixed amplitude, increas-
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Introduction they result in faster propagation of the compression disturbance.
The transport of surfactant and airway surface liquid within the '€ Propagation speed of the compression disturbance is related

lung is important in many clinical applications ranging from syrio an effective diffusivity that is inversely proportional to the pre-

factant replacement therag$RT) [1—-4] to clearance of surfac- existing surfactant surface concentratigti]. The compression
tant and liquid from the lung. Applications of liquid delivery With_dls_tu_rbance increases the local surface concentration of the pre-
out surfactants, for example, include liquid ventilatipg—9]. €XiSting surfactant before the new surfactant arrives.
When a liquid is instilled into the trachea at a fast enough rate, jt ONce the initial wave of spreading has occurred, a steady state
forms a plug[10]. In the larger airways, air-driven plug flow anddistribution of surfactant and film thickness is established, as stud-
gravity-driven flow dominate the transport mechanigibg,12. ied in [11] for pulmonary applications. Other studies of steady
As the liquid thins distally, Marangoni flows become the prevalegtirfactant transport along thin films inclufiz0,31, the latter be-
transport mechanisms in the smaller airways. The presence of ghg applied to surfactant clearance from the lung. The steady mo-
existing surfactant on the air-liquid interface, which may be frorfion of a liquid film due to surface tension gradients has been
a previous SRT dose or produced by the alveolar type Il cells, caansidered by YiH30] who found that a boundary layer whose
impede the Marangoni flow since it lowers the surface tensidhickness is the order of the film thickness exists near any vertical
gradient driving the flow of subsequent do$&3]. boundary. Davis et a[.31] solved for steady state film thickness
Theoretical models of flows within thin viscous layers due tand surface tension profiles for insoluble surfactant on a film coat-
surfactant induced Marangoni stresses are based on lubricafiop a tube.
theory, from which coupled evolution equations for film thickness Espinosa[32] examined effects of longitudinal stretching on
and surfactant surface concentration are derifE8-23. The liquid transport related to clearance. An initially uniform surface
transient spreading of an insoluble surfactant on an otherwisencentration of surfactant on a thin liquid film, constrained to no
clean interface results in a wave which travels in the direction dfix at both ends or one end, was subjected to a time-periodic,
higher surface tensiotlower surfactant concentratiprif surface spatially-linear strain for one cycle. Linear strain helps to account
diffusion and gravity are negligible, the wave behaves like a kier the axial variation in airway elastic properties, the proximal
nematic shock wave and there is a large change in film height agad (trachea being stiffer than the distal enghcinug. Calcula-
surface tension over a very short distafi2z4]. The film thickens tions of the mid-axial liquid flow were used to estimate the effect
to twice its undisturbed height at the traveling shock. The filmof the oscillations on liquid transport. Their model allowed for
thins significantly behind the shock, which may lead to rupturequeeze-out of surfactant from the interface to the bulk, while
[14,16,21-2R Film rupture has been observed in experimenigssuming the bulk concentration of surfactant to be uniform and
[21-23,25-2F and is an undesired result for SRT, as it causes th@nstant. They found that liquid transport toward the stiffer end of
surfactant to stop spreading. The effects of solubility on surfactafie wall experiences an optimal cycling period for which the vol-
spreading on a clean interface have been studied by Halpernyge of liquid on the distal half of the membrane is maximal.
Grotberg[28,29 and Jensen & Grotber(@8,29 who found that smaller or larger periods reduce the transport. Also, as they in-
wall uptake of surfactant can result in reversal of the propagatigfeased longitudinal wall strain amplitude, the liquid transport di-
of the leading edge of the new surfactant front. _ ~ minished and, in some cases, reversed direction toward the less-
The effect of pre-existing surfactant has also been investigatggk eng.
[13,21,23. Although the spreading rate of the new surfactant is |, the present work, we consider a thin film supported by a
slowed by the presence of pre-existing surfactant, a surfacretchable membrane and examine the effects of in-plane wall
compression disturbance propagates through the pre-existing $ifzjj|ations on surfactant transport, in order to gain a better un-
factant at a faster speed than the leading edge of the new surigGesanding of the effect of breathing on SRT. The wall model is a
tant front. Whgreas higher pre-existing surfactant concentrati nching network of tubes whose effect is approximated by con-
cause the leading edge of the new surfactant front to travel S|°W§'E1ering the perimeter to vary with position along the airway tree.
This branching is a significant feature of lung anatomy. Breathing
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A Consider a thin viscous film lining a branching, stretchable,
. membrane tube as in Fig(d), whereR* (x* ,t*) is the radius of
R an individual tube(airway), with x* representing the path length
along the airway and* denoting time. The* -axis extends out-
ward from the membrane wall towards the center of the airway.
Note that variables with stars are dimensional, and parameters and
dimensionless variables are un-starred. The fluid domain is
bounded by the distal end of the branching teefes=L* (t*), and
the proximal endx* =0. The position of the film surface is de-
fined asz* =h*(x*,t*), the surface concentration of the soluble
(in general surfactant is denoted by/* (x*,t*), and the bulk
concentration of surfactant is denoted &y(x*,z*,t*).

X
; -\- 1.2 Lung Morphometry. The area expansion due to

branching is accounted for by allowing the total perimeiefr
each individual tube summed over the entire number of tubes at a
/\ given location along the airway treef the branching membrane
/\ tube to vary withx* (see Fig. 1a)). The dimensional perimeter,
given byb* (x*,t*), is determined from a continuous version of
the lung morphometry modgB3]. The total airway perimeter,
b} , individual airway radiusR} , and individual airway length,
I*, at airway generation are given by

by =bg22"%,  Ry=Rp2™ "3, Ix=1,2""3 (6]

wherebgy, Ry, andl, represent the trache@irway generation )0
perimeter, radius and length, respectively. Let the discrete variable
X} denote the distance from the tracheal carina to the end of
generatiom:

n

Fig. 1 (a) Branching network; (b) single tube. Here x* is the *_ % *_ [ -n/3

axgi]al pos(iti)on, R* isgthe airway r;d)ius, ’ r* is the radial coordi- X =~1o +mzzo Im=Lo(1=27"5 )

nate, z* is the local radial coordinate relative to the wall, and

h* is the film thickness. where total path length i&y=1,/(2¥°~1). Using Eq.(2), n is
eliminated from Eq(1) and the discrete variabi€ is replaced by
the continuous variable* to obtain the following expressions for

file is established prior to initiation of cycling. So in the uncycledhe perimeter and airway radius for the case of no stretch:
state, there is a background transport of surfactant and liquid due
to the Marangoni mechanism.

We study SRT by setting the proximal surfactant end condition
to a value higher than the distal end. Then the system is perturbed
with the wall cycling. Such movements affect the surfactant trangg o we introduce wall stretch into a similar expression for
port dynamics by several means including modification of t (X*.t*), where we measune* from generation 7 rather than

surfa_ctant concent_ration gradi_er(tmq hence the surface _tension[he trached 11]. Generation 7 is the start of the Marangoni do-
gradients and cycling of the film thicknesgand hence viscous i, "2 the thick layer of surfactant in the larger airways feeds
effectg for the entire film. A linear sorption interfacial klnetlcst e surfactant monolayer that exists from generation 7 to the al-

equation is used to model the transport of surfactant from the b oli. We have not taken into account mucus rheology since the

to the interface or vice versa. We derive and solve coupled N%&tio of mucus to periciliary liquid is small in the distal airways of

linear evolution equations for film thickness, surfactant surfa ) . ; AR
concentration, and surfactant bulk concentration. From the%ﬁae lung[34]. The dimensional airway radiug (x*,t*), of each

equations we can calculate the axial surfactant and liquid fluxedWay IS de_termlr_1ed_ in a similar manner. The tiran_chln_g mem-
brane tube is periodically stretched in tk& andr* directions

to mimic elongation and radial stretch of the airways during
1 Model breathing.

1.1 Governing Equations. In our model, we make some 1.3 Governing Equations for a Single Airway. We will
s|mp||fy|ng agsumptions based on the geometry of airways of tﬂf@tla”y consider an individual tube that is oscillated in Iength and
lung and the properties of the thin liquid layer coating the inngadius(see Fig. b)), and later in this section we will consider the
surface of the airways. The airway tree consists of a branchifigl branching network of tubes. The governing equations for con-
network of tubes, whose total perimeter increases with airw&grvation of linear momenturithe Navier-Stokes equatipnand
generation due to branching, as shown in Fita)1This axial the conservation of fluid mass are
perimeter growth can be modeled by introducing a total airway v
perimeter function into the governing equations. To model breath- Ok Tkuk | ok ek %20 % * ok
ing, we allow each individual airway to expand and contract cy- p(ﬂt* VYTV )_ VEPTHMVEVE, VEVE=0 (4)
clically in the radial and axial directions. Since the film thickness
is small compared to the airway radius and circumferential cowherev* is the velocity vector in the global reference frarvé,
centration gradients are neglected, there will not be any circuis-the gradient operator apd is pressure. For conservation of the
ferential flows and the flow and concentration fields are not funsurfactant species on the interface we have the surface transport
tions of the azimuthal coordinate. equation

b ()= —20  Re(x)=Ry(1-x*/Lg).  (3)

(1—x*/Lg)?
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) R, . . e where T = —pég;;+ u(duf/ox] + ouj/x’) is the stress tensor,
2= Vs (s ) =DVe T + (Vg -n)(n-vi)I™* = J* =0 & is the Kronecker delta tenson andt are the normal and
(5) tangent vectorsg* is the interfacial curvaturejo*/ds* is the
directional-derivative of surface tension along the interface
whereV%=(l—nn)-V* is the surface gradient operatarjs the and Q*(x*,t*)zfg*u* dz* is the axial flow rate per unit
surface normall is the identity tensofwith components;; such  cjrcumference.
thatl;;=1if i=j andl;=0if i#]), vi=(I—nn)-v* is the sur-  Appropriate boundary values for film thickness, and surface
face velocity, and* is the flux of surfactant from the bulk to the and bulk surfactant concentrations at the distal boundary of the
interface. The surfactant may diffuse along the interface with cofilm, x* =L*(t*), and the proximal boundary of the filnx*
stant diffusivity, D, as well as be convected along the surface=0, are discussed below.
For conservation of surfactant species in the bulk phase, we havén the film the axial coordinate is scaled with respect § the

the bulk transport equation cycle mean path length of the luriffom generation 7 to 18 so
go thatx=x*/L,, and the local radial coordinate is scaled with re-
—+V*.(v¥c*)=D,V*2c* (6) spect tohg, the film thickness ak* =0, so thatz=z*/h,. The
at velocity scale U=Mohg/(uly) is obtained by balancing

whereD, is the bulk diffusivity. Fhe viscous stress and surface tensio_n gradient that appear
A linear equation of state that relates the surface tension to the the . tazgentlal stress cond!tl_on (1D, where
surfactant concentration is used: =(—da*/ol’ )|r*:rmrm/0m is an elasticity number that pro-
vides a measure of surfactant activity, so that &j.becomesr
=1-M(I'-1). Then u=u*/U and w=w*/(eU) where &
=hgy/Ly. Also, t=t*/T,,, where Ty=Ly/U is the viscous-
surface tension time scale, apd=p*/(o,/hg). The surfactant
wherel, is the maximum initial surface concentration in the neveoncentration is scaled with respectlfq,, the maximum initial
surfactant region, and, is the corresponding surface tension. surface concentration in the new surfactant region. The scaling of
The interfacial and bulk concentrations of surfactant are* is obtained by setting* =0 in and isc=k,I',,/k; .
coupled throughl*, the flux out of the fluid, which is given by We employ lubrication analysis by taking the limit 850 (as
. o is the case physiologically and experimentallyn this limit,
J*=—[Dyp(n-V*)c*]s (8)  terms ofO(s2 Re) andO(£2) from the momentum equation, Eq.
The flux of surfactant between the bulk and the interface (4, and the interfacial stress boundary condition, Edt), are
determined using linear sorption kinetics, where the adsorption ¢dligible. Also, we assume that the change in radius over the
surfactant to the surface varies linearly with the bulk concentrgngth of an individual airway is smal[Note that this approxi-
tion, c*, and the desorption from the surface varies linearly witf'ation is not to be confused with the dilution effect which is

the surface concentratiofi*. Thus, the flux can be written as m_odeled us_,ing the perimeter functiart (x*,t*)]. Thus, we ob-
tain to leading order

do* .
=) @y ™)

r*=r,

o =0t

J* (F* ,C:): klc: - kzr* (9) 1
where cf is the bulk concentration just below the interface. A Uzz= 1 P
more complicated model of the surfactant flux between the bulk

and interface is one that incorporates squeezefB86f. The p,=0,
premise of such a model is that the surface concentration cannot

exceed a certain maximum valgehich we will take to bel", Plyen=—(1— M(F—l))(
when using this methgdeven under compression. If the interface

is compressed further aftdt,, has been achieved;* will not
increase; rather surfactant will be squeezed from the interface into
the bulk. We considered this sorption kinetics model, but the reom the x-component of the Navier-Stokes equation, the
sults obtained using it are not presented here in the interestz0fomponent of the Navier-Stokes equation, the normal stress
brevity since the results were not significantly different from thoundary condition, and the tangential stress boundary condition,
linear sorption results. There are other sorption kinetics modelsspectively. Herep=h,/r is the ratio of the film thickness to

that have been shown to provide good agreement with expedibe radius at generation 7. Integrating EtR), twice gives
ments, e.g. Frumkin and double lay&6].

In this model, we allow the individual airways to stretch radi-
ally and longitudinally with a strain field specified by the airway
perimeter,b* (x*,t*), and wall velocity,V},,,(x*,t*), but con- . ) ) ) .
sider the concentration field to be azimuthally symmetric and thi4'€7€ Vuwan(X,t) =Vi,/U is the non-dimensional wall velocity
consider no flow in the azimuthal direction. The velocity vectoPf the membrane.

v*=(u*,0w*), in a frame of reference fixed with the moving 1.4 Branching Network Equations. Up to this point our
tube wall, satisfies the no slip and no penetration conditions, gfdel formulation has considered a single airway. We now incor-
that porate the effects of perimeter expansiairway branchinginto
ok ok ek % % ok ok Mk the model. The classical kinematic boundary condition is modified
UT (X, 27 =0%) = Vi (X*, %), W (X%, 27 =0%) =0, here to take into account the variation of perimeter with axial
(10) distancex. Consider a fluid volume elementy, ;4 , bounded by
At the air-liquid interfacez* = h* (x*,t*), the jump in tangen- X and x+Ax. Mass conservation requires that the time rate of
tial and normal stresses boundary conditions due to the presefbange in fluid volume is equal to the difference between the
of surfactant and a kinematic boundary condition are applied: inflow and outflow, such that

. do* . .. g aQ* dViyig  d (s
[tlT”n]]:a_ [niT--nj]:O' K", % T = dt ~dt N

s* ! ot* ax*
(11) (14)

¢
R=gn + szhxx>, (12)

uzlz:h: -Iy,

u (Z2—2h2) =T, 2+ Vyan (13)

1
“amP

B(X,t)h(X,t) dX%[— B(X,t)Q(X’t)]iJrAx
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whereB(x,t) is the dimensionless perimetds*((x*,t*) divided where A is the amplitude of the periodic strain, ant,,
by the perimeter at generation, AndQ(x,t) is the axial flowrate =T /Ty is the ratio of the period of oscillation of the membrane,
per unit circumference corresponding to a single airway at tiie:, to the viscous-surface tension time scalg. For uniform
axial locationx. We have assumed here that the characteristic filairain, the wall velocity field\V,,,, and the position of wall
thickness of the layer is much smaller than the tube radius. Thisirticles in the Eulerian reference frame are given by

in the limit asAx—0, the following evolution equation for the .

film thicknessh(x,t) is obtained Vian=£€L(1),  x=§L(1). (25)

(Bh){+(BQ),=0, (15) Note ¢is a membrane wall material coordinate that is attached to
the membrane wall and ranges from 0 to 1. We also allow the tube

where, on using13), radiusR(x,t) and the tube perimeter functid®(x,t) to oscillate,

h3 h? by using
Q:_3_Mpx_?rx+hvwall- (16) o
Similar arguments as above are applied to the conservation of RO = $(1=xpx/L (1)) 1+5sm( TC,Vt))’
surfactant species on the interface, yielding the following surface
transport equation ] ( 2w )
1+ 6sin —t
Tew

(BI')+(B@),—BJI=0 (17) B(x.t)=
whereq, the surface flux of surfactant is given by

(1—xx/L(1))? (26)

where § is the amplitude of the radial strain in the airway.

1
a=- ﬁsrx_ mpxhzr_hFFerFVwall- (18) 1.6 Initial and Boundary Conditions. After the initial
) _transient spreading of the monolayer in the lung, the film height
In Eq. (18), Pe;=UL, /Dy is the surface Reet number, the ratio and surface concentration reach equilibrium values and there is a
of transport due convection to that due to surface diffusion. kteady state flux of surfactant into the alveolar region, if breathing

dimensionless form, the flu¥, given by Eq.(9), is is neglected11]. Using a similar approach 441] to include the
area expansion due to airway branching, we consider how breath-
J==—(cs— 1) (19) ing influences the flux of surfactant, which is soluble in this work,
Tow at later times. As the alveolar compartment kinetics regulate the

where T,y =1/(k,Ty) is the desorptive time scale. Recall, fromsurfactant concentration in the alveo(lampr(?X|mately generation
Eq. (8) that the fluxJ can also be written in terms of the bulk 8 in the lung morphometry modeand the instilled liquid forms
concentration gradient at the interface: a thicker region in the large airways that feeds the monc_)l_ayer in
the smaller airways, we use the following boundary conditions to
1 1 model the transport at all but the initial transient spreading times.
J=- ﬁ ;Cz_ hycx (20) Since the evolution equation for the film thickness is fourth
z=h order inx, four boundary conditions, two at=0 and two atx
where 8=T".:/(ho) =k, /(k;hg) indicates the surface accumu-=L(t), need to be imposed:
lation and substrate solubility of the surfact§#9,37, andPe,
=UL,/D, is the bulk Pelet number. An insoluble surfactant re- h(01)=
quires B—=. In the limit 3—0, the surfactant is highly soluble ' . T\’
and there is weak surface accumulati@ris analogous to a Gibbs 1+ 55'”(-|-_t)
adsorption thickness, the ratio of the adsorptive length scale to the chv
film thicknesq37]. WhenB<1, surfactant depletion in the bulk is
minimal to reach equilibrium when the interface is expanded. h(L(t),t)= ,
When B>1, a considerable amount of surfactant adsorbs to the 1+ 6sin(—t>
interface to reach equilibrium upon surface expansion. Tew
e Z\é\/:b;oln?ggrzg:gli Otgé'ﬁ;gg (l)frf]uglrc;r:jitGhnrto gtg?héh; élr%lﬁ?a;zya ﬁwe toFaI cross-sectional area at either end of the domain is chosen
[29] so that the bulk concentration can be represented by a te ?nbe fixed, so thaBh=constant ak=0 andx=L(t). The other

independent of, the coordinate across the layer, plus a smajf'C,conditions f,=0, come from the requirement that the local
uid pressure is inversely proportional to the local radius of cur-

hXX(Oit) =0,

hy
hu(L(1),1)=0.  (27)

fluctuation: vature. The boundary conditions fbrandc, are as follows:
c(X,2,t) = Co(X,t) +£%PyC1(X,2,1) (21)
where the cross-sectional averagecgfis zero. We obtain the rot)= , Co(0t)=1,
following leading order bulk surfactant transport equation using 1+ 5sin(—t)
similar methods used to derive Eq45) and (17): Tew
Bhgy)=—(B —-BBJ 22 r
(Bl H(BA B e P(L(),0= L cL®,=Ty.  (28)
where the leading order bulk surfactant transpprts given by .
1+dsinf —t
1 Tewv
e=CoQ~ ﬁthX' 23) The boundary conditions o imply that the total interfacial sur-

o ] . ) factant mass is time independent at both ends of the domain. The
~ 1.5 Determination of Wall Velocity. For sinusoidal stretch- pulk concentration is constant at either end of the domain so that
ing of the wall, the position of the distal boundary varies withhe total surfactant ma€3(I"+hc,) is constant. The value af,

time as is determined by requiring that for no streté 0. In the absence
o of wall stretch, the_se boundary conditions allow s_teady transport
L()=1+A sin(—t) (24) of surfactant and liquid through the model domain and into the
Tew alveoli. Wall stretch results in a mean-steady transport of surfac-
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tant and liquid through the domain. This is expected, as the ir (a)
stilled liquid in the larger airways supplies liquid and surfactant tc
the Marangoni region considered in this model.

We use the no-stretch, steady state valueshfdr and c, as 12
initial conditions for solving the evolution equatiori$s), (17) U’;ﬂ
and(22). The no-stretch steady state profiles are obtained by sol« T @
ing the evolution equations numerically as described in the ne;& A3 = SA; ,/;///'
section fors=A=0. The code is then run until the total surfactant= C_A-—- 05 g’/

transport and the total liquid flux per cycle into the alveolar regior”-
asymptote to a steady value. This steady transport is then corv
pared for different stretching parameters to assess which ventil
tion strategies might result in the most surfactant transport into thg

1.1

Lo b e v bv e e b el

. X X Y 105
alveoli—the desired outcome of SRT. The time average surfac
surfactant transport,g,), the bulk transport(S;), and the fluid
transport,(Q,), atx=L, are found by evaluating the following 18 W -
integrals F o —
0 0.1 0.2
A

1 t+Tey
<ql> = Bgedt
Tew Ji
1.002

S 1 ft+Tc/VB hCOX}d (29)
= CoQrei— 52| dt
< 1> TC/VB . OQreI Peb
l t+TC/V
(Qu= _f BQ(dt 1.001
Tewv Ji

where the subscriptrél” indicates that the quantities are relative
to the membrane wall, i.e. calculated from equati¢b®), (18)
and (23) without theV,,,, terms. These are computed for each -
cycle usingt=iT¢y fori=0,1,2 ... until the value of the trans- 18

port asymptotes to a constant mean steady vélaken to be o " om oo
when the value is within 10° of the previous value Also, when
the mean-steady state has been reachieid,andQ(t) at a given Fig. 2 Ratio of cycle averaged total surfactant flux at the distal
X coordinate repeat with a periob;,, . We calculate the static end of the airways once a periodic state has been reached to its
transport values using steady state value for the no stretch case.

01s=(d1(A=0)), S;s=(S1(A=0)), Q15=(Q1(A=0)).

(30) =hy/Ly=0.001 and the elasticity numb&i=1. We investigate
~ We also estimate a characteristic velocity for SRT by compwarious ventilation regimes, ranging from small to large tidal vol-
ing the maximum cycle-averaged non-dimensional surface velagmes, 0.05A<0.3, and high to conventional frequency ventila-

ity relative to the membrane: tion, 0.1=<T¢,=<10.
1 [Ty The systems to be solved consist of the coupled nonlinear evo-
Uchar= _f (u(x,h,t) = V) dt ] (31) Iutllo_n equations foh, F ano_lco, Eq_s.(15), a7 and(22)_, subject _
T t to: (i) the wall stretching kinematic boundary conditions of uni-

max form strain, Eq.(25); (ii) the interfacial kinetics model of linear

1.7 Solution of the Evolution Equations. Next, we pro- sorption, Eq.(19), and(iii) end conditions on film thickness and
vide some estimates for the parameters that appear in the evaurfactant concentrations, Eq427) and(28). The moving bound-
tion equations and boundary conditions. A typical film thickness &ry of the domain can be treated by mappingnto a material
ho=10 % m [38,39, and the distance from generation 7 to gencoordinate&(x,t), such that constarg refers to a specific mem-
eration 18 is approximatell,--0.0274 m[11]. The lung’s liquid brane particle, and using the chain rule of differentiation to trans-
lining is assumed to be a single Newtonian liquid layer. This isf@rm the evolution equations in terms of the new coordinate.
reasonable approximation in the distal airways of the lung whefédus, the grid points for the finite difference scheme used to solve
the ratio of mucus to periciliary liquid is smdIB4]. Others have the evolution equations are at fixed locationstjrbut at varying
recently examined the effects of mucus rheology on surfactdatations inx, such that the boundary=L(t) corresponds t&
spreadindg40]. In addition, we have assumed that in these airways1 and is always at the last grid point. We transform the evolu-
the liquid lining has approximately the same viscosity as watefpn equations to the new coordinate system, by
thus ©=0.001 kg m*s 1. We take the maximum surface ten- _ _ _
sion to be that of a clean air-liquid interface, so thaf.y H(E =R, GEN=T(XD,  C(&n=Colx)
=0.07 N m %, The critical bulk concentration is 0.8 kg T [41].

The maximum surface concentration for pulmonary surfactaiereéis given by Eq(25). The system of evolution equations is
is estimated to be 810°© kg m2 [42. We choose solved using the method of lines, where the diffusive terms are

¢=0.4kg m 3 andl’,,=3x 10" ° kg m~2. These values result in approximated using central differences, the convective terms are
,8*0.75 andTo~1 ;necond We sePe ;1010 and Pe,=1C° approximated using a second order upwinding schpi¢ and

- . V . S_ - y . _ . . . .
consistent with small interfacial and bulk surfactant diffusivitie the time-stepping part of the computation is performed using a

We useTp,,=60, based on estimates theg~ 60 second$35]. “backward difference method.
We choosd’;=0.5 andh;=0.2 in the boundary conditions, Egs.
(27) and (28), so that for the case of no stretch and insolublg Results

surfactant, we obtain almost the same steady state solutions thaigure 2 shows totalsurface plus bulk surfactant transport
were found in[11]. In addition, we set¢p=hy/Ry=0.01, ¢ (scaled by the steady-state no stretch valim® the alveoliver-
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Fig. 4 Transport versus time once a periodic steady state has
Fig. 3 Ratio of cycle averaged fluid flux at the distal end of the bee_n reached. Prqximal end: (a) total surfactant transport,  (b)
airways once a periodic state has been reached to its steady liquid transport. Distal end:  (c) total surfactant transport,  (d)
state value for the no stretch case. liquid transport. Here A=0.1.

susstrain amplitudeA. The total surfactant transpdsurface and In Fig. 5@)—(h) the flow field within the liquid layer is shown
bulk), ((S1)+(g1))/(SisTQ1s) as in Eq.(29), into the alveoli in a frame of reference fixed with the moving wall at various
increases quadratically withh, but is not strongly dependent ontimes during one period of oscillation once the time periodic
the breathing period ¢, . For a fixed and smallarge value of steady state has been reached for the case wher8.1 and
A, decreasingl¢y, that is, increasing the breathing frequencyl¢,,= 1. This corresponds to a case where the viscous time scale
results in increase@ecreasedsurfactant transport. The bottomis equal to the period of the wall stretch. A series of waves are
panel of Fig. 2 shows the non-monotonic behavior of the totabserved to develop in the film, which propagate toward the distal
surfactant transport with respect ¥, at small A). In these end of the membrane. During the first quarter of the cycle, the
calculations, the cycle averaged interfacial surfactant transparembrane elongates from its mean value(b{t))=1, corre-
(q,) is larger than the cycle averaged bulk surfactant transpaponding to mid-inspiration, and the film thins, consistent with the
(S,) because the surface velocity is, on average, larger than theundary conditionésee Eq(27)). The flow close to the interface
cross-sectionally averaged axial velocity. has a small streamwise component towards the distal endxnear
The cycle averaged transport of liquid into the alveolar regior; 0 indicating the relative strength of the Marangoni-induced flow
(Q1)/Q45 evaluated using Eg(29), also increases quadraticallynear the proximal end which diminishésith respect to the mem-
with A (Fig. 3). Varying T,y has a smaller effect, but its impactbrane velocity asx increases towards=L(t). The vertical com-
on(Q) is more significant than ofS;) +(q,). As for surfactant ponent of velocity in the layer is mostly negative consistent with
transport, liquid transport increases with cycle frequency for smahe thinning of the film during this initial part of the period. Also,
values of strain amplitudes. note that near the membrane wall, there is a small velocity com-
Figure 4 shows both the surfactant and liquid transport verspenent towards the proximal end. A& T¢,/4, when the mem-
time, at the proximala and ¢ and distalb and d ends for several brane velocity is zero, the flow is mostly from left to right, and
period values, after the mean-steady regime has been reactuemninated at the proximal end by the Marangoni efféeig.
with A=0.1. Note that for givem\ and Ty, the steady state 5(c)). The membrane contractand the film thickens during
cycle averaged transport values are the same at the proximal dig,/4<t<3T.,/4 reaching a maximum velocity toward the
distal ends, and foA=0.1 the transport is weakly dependent omproximal end at=T;,/2. In Figs. d—f) the vertical component
Tcv (Figs. 2 and R Also shown in Fig. 4 is the membrane lengthpf velocity is mostly positive, and for sufficiently largethe flow
L(t), to give an indication of the phase of the transport relative toear the interface is toward the interfacial waves. In addition, the
the periodic wall stretch. Transport at the proximal end is approxgtreamwise velocity component in the moving frame is mostly
mately 7r/2 out of phase with the membrane stretch while trangositive. The membrane wall motion compresses the interface re-
port at the distal is out of phase byw/2. Also, the amplitude of sulting in an increase in the interfacial surfactant concentration
the fluxes increases with frequency. At large frequencies, for efsee Fig. &) below). This is more pronounced at the proximal
ampleT,,=0.1, the flux amplitudes at the distal end can be aend of the domain, causing this positive velocity component. The
order of magnitude larger than those at the proximal end. steady streamlines displayed in Fidi)Sshow that the flow is on
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Fig. 5 Velocity field within film layer over one cycle once the Fig. 6 The influence of increasing the stretch cycle to T
steady periodic state has been reached, a  t=to+t; where t; =70 on the flow field within the liquid layer during a cycle. The

=(a) 0; (b) Tqu8; (c) T4, (d) 3T8; () T2, (f)  values of ¢, are the same as those given in the caption of Figure
5T 8; (9) 3Tg 4, (h) 7T \8. The cycle averaged field is 5.

shown in (/). Here the amplitude is A=0.1, the stretch cycle is

Tov=1 and ¢, is a sufficiently large enough value so that the

steady-state has been reached.

the average towards the distal end of the membrane. Note thal? Fig- 8, we plot the variation of the interfacial surfactant
when the membrane is not stretched there is also a net flow g@ncentratiorl” with distancex corresponding to the flow fields
wards the distal end of the membrane. and film helghtS ShOWn in F|gs 5-7 de’C/V=1,lO,O.l.F de-

In Fig. 6, the flow field in the liquid layer is shown for a cyclingcreases withx over most of the domain. At low cycling frequen-
period Ty = 10 and an amplitudé =0.1. This corresponds to a cies (Figs. 8a) and (b)), the surfactant gradient becomes quite
tenfold increase i, compared with the case shown in Fig. 5shallow at the distal end due to dilution effects. Figa)8ndicates
In the limit Tc>T,,, the viscous-surface tension is much shortghat during the expansion phakedevelops a local minimum at
than the time scale for wall motion, and the system behaves likee distal end and so there must be a weak surfactant gradient
the steady casfll]. At any instant in time, the film responds todriving flow towards the proximal end. The existence of the local
the imposed surfactant gradient across the domain, given somiimum is similar to that observed for steady flojtd]. At the
fixed wall velocity. The surface waves have completely disaptistal end, the surfactant gradient can be rather small because of
peared, and the film thickness is now a monotonic function @he tremendous increase in surface-area. However, other effects
dlstg_rlce( At all times durlng_ the cycle, the horlzont_al velocity iSsuch as the pressure-driven flow due to changes in airway diam-
positive almost everywhere in the layer demonstrating that for thige; \vhich can result in the convection of endogenous surfactant
particular choice of parameters the Marangoni effect is dominagh,a4s the distal end, and the membrane motion that results in

Dur(ljngﬂthe expar;ﬁlon phase, therel;s t?tlt”'? re_gloré'of_vx_/eﬁk reOirface area changes, become more important at the distal end,
grade Tlow near the memborane wall, but I's siz€ GIMINISNES Wil 4 can in turn produce this local minimum in surfactant concen-

decreasinglc,y (compare, for example, Figs(d and Ga)). ration. For short periodsT,y<1), as shown in Fig. @), there

Athigh frequencies, when the flow in the layer is dominated b a substantial increase in the gradient’ddt the distal end of the

the motion of the membranesee Fig. 7 withT¢,=0.1 andA ! ) . 8
=0.1), a small train of waves are observed to propagate from tHgmam because of the increased compression of the interface.
hen the membrane is shorteninf/9x|,-, <0, and when it is

proximal to the distal end, but attenuate relatively quickly, unlik : -
the casdlc,y=1 (Fig. 5. During the expansion phageanelsa-b lengtheningdI’/9x|4—, >0. For longer periods]’ depends: on the
and paneh) the axial velocity in the frame of reference fixed tgmembrane length, but not on whether the membrane is lengthen-
the membrane is towards the proximal end, while during the colftg or shortening.

traction phasépanelsd, e andf) the axial velocity is towards the ~We have not shown here profiles for the bulk concentration
distal end. However, when the membrane stops stretching or céiice the surfactant is relatively insoluble. The bulk surfactant
tracting as in Figs. (&) and (g) the flow is mostly towards the concentration is essentially equal to its boundary valug=a0
distal end because of the negative surfactant gradient acrossdkier most of the domain, and then decreases over a relatively
domain. short distance to its boundary valuexat L (t) becausePe,>1.
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Fig. 7 The influence of high frequency membrane cycling on
the flow field within the liquid layer during a cycle. Here Tew 04

=0.1. The values of t; are the same as those given in the cap-
tion of Figure 5.

Fig. 8 Influence of stretching cycle on the surface surfactant
concentration, I, plotted here versus axial position, x, at differ-
3 Discussion ent times in stretching cycle. (a) Tew=1, (b) T, =10, (¢) Ty
. . =0.1. Here A=0.1.
The surfactant transport is considerably more dependent on

strain amplitude, than on oscillation perio(see Figs. 2 and)3
Typically, the “minute ventilation”(the total volume of air leav-
ing the lung each minutethe product of frequency and tidal vol- Fig. 6 (Tc,=10). The onset of flow reversé@owards the proxi-
ume is held constant when changing ventilation schemes for paral end begins much earlier at higher frequencies, even before
tients on ventilatord44], such as in SRT patients. For a fixedmembrane begins to contraGtee for example, Fig.(@)). Also,
minute ventilation, a slower breathing frequeriégnger period  during the contraction phase, the flow within the film layer can be
allows a larger tidal voluméstrain amplitudg per breath. This directed towardg =0 only. At the higher frequenciFig 7(i)), the
suggests that larger tidal volumes and larger breathing cycle peycle averaged flow contains a small region of flow away from the
ods would result in greater surfactant transport into the alveolproximal end ak=1, and this may contribute to the slight reduc-
region than small tidal volumes and small breathing periodgion in liquid and surfactant transport compared with the lower
Clinically, this is important, as the goal of SRT is to reduce thffrequency caséFig. 6(i)). At low frequencies, the surfactant gra-
alveolar surface tension by transporting a large amount of exagient is rather small at the distal end because of the tremendous
enous surfactant into the alveoli quickly. There may be other coimcrease in surface-area. However, other effects such as the
siderations regarding the mode of ventilation, such as ventilatoressure-driven flow due to changes in airway diameter and the
induced lung injury{45—-47. The compression and expansion oinembrane motion become more important at the distal end, and
the interface coupled to the concomitant compression and expaan in turn produce a local minimum in surfactant concentration.
sion of the surfactant molecules on the interface induce interfacifthe surface concentration of surfactant has larger fluctuations
waves. The effects of these waves could be significant with reear the distal end of the membrane when the cycling period is
gards to airway closure, as thicker films result in less time tshort (Fig. 8(c)). The gradients in surface concentration at the
airway closurg48]. distal end of the membrane can be quite large for sihgl| . As

To better understand SRT transport’s weak dependence on thye boundary conditions specify the valuelbét both ends of the
cling period and much stronger dependence on strain amplitudeddimain, the spatial gradient 6f changes greatly with time when
should be first noted that the cycle averaged boundary conditiahge membrane is cycled quickly. At some times during the cycle,
for h andT', Egs.(27) and(28), are inversely proportionally to the gradient at the distal end opposes the large-scale flow into the
(1-A?)*2 which implies that increasing the strain amplitule alveolar region, contributing to the lack of frequency dependence
causes a rise in the time average film thickness and surfactanhigh frequencies. When the cycle period is longer, the gradient
concentration at the boundaries. The film thickness changes inftloes not change as much with time. Cycling the membrane at a
ence the transport of surfactant and liquid by changing the viscaslswer frequency provides more time for surfactant to adsorb to
resistance, with a thicker film offering less resistance. In Fig. 7 thike interface. Consequently, the fluctuationd ddt the distal end
film is cycled more quickly T¢y=0.1) than the case shown inare not as large for long cycling periods. Despite these differences
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in surface concentration gradients for different value$gf,, the smaller airways are less densely ciliated than the larger airways
cycle-averaged transport does not vary much With, as the [53], cilia likely contribute to the flow in small airways as well. In
viscous resistance at the distal end also dependB:gp. our estimates of dimensional fluid velocities, we have used the
We can estimate a characteristic dimensional velocity for suriscosity of water and in our modeling have considered a homo-
factant replacement therapy by computing the cycle-averaged sgeneous Newtonian fluid. In actuality, the viscosity may be higher
face velocityucp,,, given by Eq.(31). This value is converted to a than water and the fluid may be a mixture of Newtonian and
dimensional one usiNgoma=0.07 N M, hy=10"°m, L, non-_l\le\_/vto_ni_an fluids due to _the presence of_ mucus in or on top of
~0.0274 m(the distance from generation 7 to generatioh &i&d the liquid _I|n|ng of smaller airways. Mucus is a non-Newtonian,
w=0.001kg mts ! (the viscosity of water This results in viscoelastic gel whose apparent viscosity typically ranges from
a characteristic velocity of 0.025m's at the proximal end aPout 100 to 200,000 times the viscosity of water, depending on
(x=0), using an amplitudd =0.1 and a cycle perio@ic)=1 in the rate of strainhigher rate of strain corresponds to lower ap-

the computational model. At the distal end{(L (1)), the charac- Pa/€nt viscosity [54]. The mucus layer is thought to be discon-

teristic velocity is two orders of magnitude smaller than the val uous or much thinner than the aqueous layer in small airways
at the proximal end. From Eq25), the maximum dimensional 4], and consequently it seems reasonable to omit its influence

wall velocity isV, o= 2 AL /(Tepy Ty) whereTy=Lo/U. For while first investigating the effects of wall stretch. A fluid bilayer
men— 0 [SAVARAY] v— Lo .

- m . Y . could be used to model the aqueous layer and mucus [4gér
A=0.1 andTc)y=1 Vine,=0.016 m S°. Thus, the Marangoni- e peglected convective and transient inertial tetchg to the

. - . . cBscillations) could be significant if the membrane is oscillated fast
tion especially at the proximal end. Espinosa & Karf88] found 5,91 which could occur in high frequency ventilation. Despite

that for nonlinear strain and a wall with no perimeter variationgpese possibilities for future improvements in the modeling of
wall motion causes fluid motion in the opposite direction. respiration effects on surfactant and liquid transport, our model

The bulk concentration profile changes significantly at the diStBPovides good insight to how breathing influences surfactant and
end because of the choice of the boundary condition values usgghid transport.

at the proximal and distal ends, and the smallness of the bulk
Peclet number. We foundout not shown in this papgthat vary- 3.2 Conclusions. The results presented here suggest that
ing Pe, in the range 19<Pe,<10° had little effect on both breathing could have a considerable impact on Marangoni-driven
surfactant and liquid transport. Wh@a<Tp, , there is simply not Surfactant and liquid transport. While the transport of surfactant in
enough time for the surfactant on the surface to enter the bulk ®RT varies greatly with strain amplituds, the transport does not
the surfactant in the bulk to reach the surface due to the sorpti¥@fy @ much with the period of the oscillatory wall streteh,y ,
kinetics. However, whefi ¢ is larger, compressing the membranét @ givenA in our model of SRT. However, for a fixed minute
results in surfactant leaving the surface and entering the bufRntilation, larger tidal volumes are possible when the breathing
fluid. The bulk concentration gradient is steeper at the distal eRYCl® Period is longer. As the transport of surfactant into the al-
for larger Tey . Unlike very small values off ¢y, the longer veolar region is considerably hlgher whdnis large (=0.2), it
cycling periods allow sufficient time for surfactant to adsorb to tH'@Y be advantageous to use large tidal volumes and large breath-
air-liquid interface. However, these features do not cause thid cycle periods with SRT to increase surfacitfmt transport. The
cycle-averaged transport of surfactant and liquid to be greatly ggiaracteristic fluid velocity for SRT is-0.03 ms™~ based on the
riod dependent. There is strain amplitude dependence since YREOSity of water. This is two orders of magnitude larger than
strain amplitude influences the magnitude of film thickness afgtimates of the vlel(_)cny imparted to the mucus by the cilia
choice for the viscosity of the liquid layer, but it still suggests

3.1 Limitations of the Model. We have presented a modelsyrfactant transport can be significant.
of SRT that retains the physiologically relevant features. However, Our model can be modified to consider the clearance of surfac-
future models could include such effects as air friction on thgint and liquid from the lung by appropriately changing the sur-
liquid layer, and variations in the relative inspiration/expiratiofactant boundary conditions at the proximal and distal ends of the
portions of the breathing cycle. While we do not expect the préungs. This is currently being investigated.
viously mentioned items to have large effects on the results, a
bett_er_unders_tanding (_)f the strain field in the_ airways, a mo/r@cknowledgments
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