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Bull, J. L., S. Tredici, E. Komori, D. O. Brant, J. B. Grotberg,
and R. B. Hirschl. Distribution dynamics of perfluorocarbon de-
livery to the lungs: an intact rabbit model. J Appl Physiol 96:
1633-1642, 2004. First published December 19, 2003; 10.1152/
japplphysiol.01158.2003.—Motivated by the goal of understanding
how to most homogeneously fill the lungs with perfluorocarbon for
liquid ventilation, we investigate the transport of liquid instilled
into the lungs using an intact rabbit model. Perfluorocarbon is
instilled into the trachea of the ventilated animal. Radiographic
images of the perfluorocarbon distribution are obtained at a rate of
30 frames/s during the filling process. Image analysis is used to
quantify the liquid distribution (center of mass, spatial standard
deviation, skewness, kurtosis, and indicators of homogeneity) as
time progresses. We compare the distribution dynamics in supine
animalsto those in upright animals for three constant infusion rates
of perfluorocarbon: 15, 40, and 60 ml/min. It is found that forma-
tion of liquid plugs in large airways, which is affected by posture
and infusion rate, can result in a more homogeneous liquid distri-
bution than gravity drainage alone. The supine posture resulted in
more homogeneous filling of the lungs than did upright posture, in
which the lungs tend to fill in the inferior regions first. Faster
instillation of perfluorocarbon results in liquid plugs forming in
large airways and, consequently, more uniform distribution of
perfluorocarbon than slower instillation rates in the upright ani-
mals.

liquid ventilation; surfactant replacement therapy; liquid bolus

DIRECT INSTILLATION OF A LIQuiD bolus into the lungs is
common to a number of pulmonary events and clinical
treatments. For example, the delivery of exogenous surfac-
tants into the lungs, surfactant replacement therapy (SRT)
(18), is a common treatment for neonates with respiratory
distress syndrome (RDS). The motivation of this study isthe
instillation of perfluorocarbon (PFC) liquid into the lungs
for liquid ventilation. Liquid ventilation involves filling the
lungs with PFC liquid and ventilating with either a gas [in
partial liquid ventilation (PLV)] or liquid [in total liquid
ventilation (TLV)] (5, 15, 16, 33-35). In PLV, itisdesirable
to form aliquid film that coats the airways and alveoli at end
inspiration. In TLV, the lungs are completely filled with
PFC and it is desirable to avoid gas trapping and overinfla-
tion of the lungs.

If liquid isinstilled in alarge enough quantity and given over
a short enough period of time, it can occlude airways to form
liquid plugs (7). These plugs can become air blown during
inspiration, or they may drain because of gravity, or both. The
liquid plug phenomenon is likely operative in the trachea and
larger airways. Important aspects of the flow are the plug

velocity and the thickness of the trailing film left behind as
functions of the driving pressure and fluid and tube physical
properties. Typically theliquid plug ruptures and then transport
is dominated by gravity drainage. The liquid layer thins to a
monolayer in the small airways and surface tension gradients
drive the flow of the liquid there (7, 13). Spreading of mono-
layers has been examined theoretically and experimentally
both by our group and by others (1, 2, 8, 10).

Previous studies have investigated the instillation of lig-
uids into animal lungs. Most of these studies have consid-
ered only the final distribution of theinstilled liquid, usually
surfactant (27, 38). Typically, a radiolabeled surfactant is
mixed with dye-labeled microspheres and instilled into the
lungs. The lungs are then flash frozen and cut into many (50
to 120) slices. The effects of surfactant type (11), dose size
and number (38), instillation technique (27, 32, 38), and
ventilation type (29, 30) on final distribution have been
studied in this manner. However, little work has considered
the dynamics of how the liquid reaches the final destination.
An exception to thisis our previous work on SRT (4), which
considered surfactant mixed with a radiopaque marker in-
stilled into excised rat lungs. In that paper, the surfactant
was instilled such that it either drained down the sides of the
trachea or formed aliquid plug in the trachea. The dose size
in SRT (18, 22) is much smaller than in liquid ventilation,
2-5 ml/kg body wt compared with 20—40 ml/kg. The goal of
the present work is to study the distribution dynamics when
ahigher volume of liquid isinstilled, including the effects of
instillation rate and posture.

PFCs have low surface tension and high oxygen and
carbon dioxide solubilities and have been shown to improve
lung mechanics and gas exchange in animal models of lung
injury (9, 14, 16, 17, 33—-36). Previous work has focused on
the mechanisms by which gas exchange is improved by PLV
(6, 11, 14, 16, 17, 19-21, 25). Functional residual capacity
and pulmonary compliance are increased (17, 39), and
pulmonary blood flow is redistributed to the better aerated
regions of the lung (9, 36). Randomized, controlled pilot
studies have suggested improvement in gas exchange during
PLV compared with conventional ventilation in patients
<55 yr of age with the acute RDS or acute lung injury (14)
and a significant reduction in progression to acute RDS in
patients with PLV (15). However, no significant difference
in ventilator-free days was noted for patients with PLV
compared with those with conventional mechanical ventila-
tion (15). Despite potential benefits of PLV, further evalu-
ation of beneficial effects and safety issues related to its
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clinical useis needed (15, 23, 24). Other work has focused
on expirationin TLV, inwhich aliquid tidal volumeis used,
and on how to avoid flow limitation or “choked flow”
because of airway collapse (26). However, there has been
little previous work on how to most homogeneously to fill a
lung for liquid ventilation. In this paper, we specifically
investigate the effects of patient posture and PFC instillation
rate on the dynamics of PFC distribution using an intact, live
rabbit model.

MATERIALS AND METHODS

Experiments. This experimental protocol was reviewed and ap-
proved by the University Committee on Use and Care of Animals.
New Zealand White rabbits were weighed and anesthetized with
intramuscular xylazine (5 mg/kg) and ketamine (20 mg/kg). After
sedation, an intravenous catheter was placed in the ear and heparin
was administered (1,000 units/kg). A tracheotomy was performed, and
a steel endotracheal tube, 3/16-in. diameter and 3-cm length, was
inserted 1.5-2.0 cm into the trachea. The endotracheal tube was
doubly secured with silk suture. The endotracheal tube was connected
to a 2-cm section of Tygon tubing which connected to a Y fitting.
Tygon tubing connected the Y to a small animal ventilator (Harvard
Apparatus, Holliston, MA). Pancuronium (0.1 mg/kg) was adminis-
tered intravenously. The rabbit was then mechanically ventilated with
atidal volume of 24 ml, a frequency of 40/min, and an inspiratory-
to-expiratory ratio of 1:1. The tidal volume was ~8 mi/kg for each
rabbit, as the body weight of each animal was ~3.0 kg, eg., 3.0 £ 0.1
kg. We used the same tidal volume and frequency for each rabbit, to
have the same gas velocity within the endotracheal tube for each
experiment. The gas flow within the endotracheal tube likely has an
effect on the velocity of liquid plugs formed in large airways, and we
wished to minimize variations of this between animals. A series of
images of the lung during ventilation, but before PFC instillation, was
also recorded and used for subtraction. X-ray images were acquired at
30 frames/s before and during PFC instillation by a high-resolution
fluoroscopy unit (Philips portable c-arm, Philips Medical Systems,
Amsterdam, The Netherlands), which is housed at The University of
Michigan Medical Center and recorded on a digital video tape re-
corder (DCR-TRV 310 NTSC, Sony, Tokyo, Japan).

After the liquid-free images were acquired, PFC was continu-
ously instilled into the endotracheal tube through a 23-gauge
needle (inserted through the wall of the 2-cm section of Tygon
tubing, with the hole sealed by tape) connected to a syringe pump
(Sage Instruments, Freedom, CA). The rabbit was positioned either
supine or upright (suspended with its spine vertical, its head at top
and rear feet at bottom), and PFC was instilled at a rate of 15, 40,
or 60 mi/min. These values were chosen to provide a range of
filling rates, without filling so fast that most of the PFC refluxes
into the Tygon tubing connecting the endotracheal tube to the
ventilator. In clinical trials of PLV (14), the PFC is typicaly
delivered slowly through a side port in the ventilator connect, such
that there is minimal liquid reflux. The experiments presented here
were designed to mimic the clinical setting. The maximum flow
rate was chosen to be slow enough that liquid reflux was not
appreciable at the start of instillation (60 ml/min). The other two
rates were chosen to provide rates that were considerably slower
but still possible with our experimental setup.

In PLV, the lungs are usually filled with liquid to functional
residual capacity. Estimating functional residual capacity to be
between 15 and 20 ml/kg, we used a total instillation volume of 60
ml. We did not base the instilled volume on weight because we
wanted each animal to have the same time of instillation and same
Reynolds numbers (ratio of inertial and viscous forces) of the
instilled liquid at a given instillation rate. Animals of ~3.0 kg
(3.0 £ 0.1 kg, ranging from 2.9-3.1) were selected for the
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experiments to eliminate any effect that body weight variances
might introduce. The experiments model lung filling in PLV and
approximately the first half of lung filling in TLV. After the
completion of the experiment, the rabbit was euthanized with an
intravenous injection of Beuthanasia (Schering-Plough Animal
Health, Union, NJ) (0.5 mi/kg). A necropsy was performed on each
animal to assess the presence of PFC in the pleural spaces (per-
fluorothorax), and, if PFC was identified, the animal was not
included in data analysis. These experiments were conducted with
seven animals for each posture-instillation rate combination. The
data analysis was conducted for each animal and the results then
averaged for all animals in the same posture-instillation rate
combination. The results are presented as means + SE.

Analysis. The X-ray videos of the PFC instilled into the lungs were
viewed, and qualitative observations were made regarding the homo-
geneity of distribution and the presence (or absence) of liquid plugsin
airways. To quantify the homogeneity and other indicators of the
liquid distribution, we used image-analysis techniques as follows. The
digital video was captured to a dual processor, Intel Pentium I11-based
computer (Precision Workstation 220, Dell, Round Rock, TX) viaan
IEEE1394 card (DV Raptor, Canopus, San Jose, CA). The video was
converted to a sequence of numbered bitmap images by use of Adobe
Premier (Adobe Systems, San Jose, CA). These raw grayscale 640- by
480-pixel bitmap images were then loaded in Matlab (Mathworks,
Natick, MA) as a double precision matrix in which each entry
corresponds to the intensity, 1"(x, y), of an individual pixel. In these
two-dimensional images, 1”(x, y) ranges from 0 (black) to 255 (white).
These images were then rescaled so that | = 255X [ones matrix] —17,
where | ranges from O (white) to 255 (black) and [ones matrix] is a
matrix in which every entry has the value 1. The matrix J(x, Y)
representing a preinstillation image at the same time in the breathing
cycle was digitally subtracted (by using Beer’s law) from each of the
images during the liquid instillation so that only the radiopaque
shadow remained visible.

The image without liquid for subtraction was calculated within the
image analysis program, on the basis of the timein the breathing cycle
and the breathing frequency indicated on the ventilator. Five frames
before and after the calculated image were also evaluated to account
for slight errors in the ventilator settings. Each image without liquid
was subtracted from the image with liquid and the number of negative
pixels determined. Negative intensity values of the subtracted (with
liquid — without liquid) image indicated the lung tissue did not line up
in the two images. If the lung tissue was perfectly aligned in the two
images, every pixel would have a positive intensity value because
only the liquid would remain. The image without liquid for subtrac-
tion was selected such that the number of negative pixels was
minimized. Accurate selection of the image without liquid for the
subtraction process was essential to the image analysis, because the
appearance of the chest wall and ribs in the subtracted image could
cause errors in the analysis.

Beer's law (37) relates the illumination of radiopague material in
an X-ray to the path length through the radiopagque material, z, via

[(x,y, 1) =lo(x y, he ™ (1)

where | is the intensity of an image containing material, o is the
intensity of an image without material, and m is the absorption
coefficient of the material. If tissue without liquid is considered, the
equation becomes

IT(X! yv t) = IFF(X! yv t)e_mTZT (2)

where |1 is the intensity of the tissue image, |« is the intensity of the
flood field (light source) without the tissue, mr is the adsorption
coefficient of the tissue, and zr is the path length through the tissue.
For an image containing tissue in which the liquid is of interest, the
equation becomes

L%y, t) = l1(x y, e ™™ 3)
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where | isthe intensity of the liquid, m_ is the adsorption coefficient
of the liquid, and z_ is the path length through the liquid. The scaled
intensity matrix is determined by substituting Eqg. 2 into Eg. 3 and
using element-by-element math to determine m_z_

||_(X, yv t)]
IT(Xv y: T)

where 7 isthe time during the cycle, t = 7 + T X nistime, T isthe
period of the breathing cycle, and n is the breath number. We use a
single cycle of the lungs ventilated without liquid to determine I+.
The matrix | was then filtered by using a thresholding process to
minimize digital noise. A blocking window was then used to crop the
image to consider only the section of the image that contained the
lungs, by setting the intensity everywhere else equal to zero.

A statistical analysis was then performed on | to assess the spatia
distribution of PFC. The distribution of liquid mass within the image
is characterized by a probability density function, P(Xo,yo0), where xo
and yo are dummy variables in the x and y directions, respectively

i » YO
Pt o) = e ©)

f ’ 1(x, y)dxdy

—oo V-0

1%y, ) =mz(xy,t) = —log[ (4

Note that we have dropped the t from the intensity and let it be
implied that we are considering a single image corresponding to a
specific time. In both the supine and upright images, we consider x to
lie aong the direction of the trachea and y to be normal to the x
direction.

The x-direction statistics are determined by first finding the mo-
ments about the x mean (X)

M(y) = f (x — X)*P(x, y)dx (6)

The average value for the kth moment is

M, = f Mi(y)dy = f (x—Xgeydx = > (x — ¥gx) (7)

- x=1

where the marginal probability density function is defined as

E3

(%, y)dy > (%, y)
glxe) = —— = (8

f f i ydxdy S S iy y)

—oo V¥~

x=1 y=1

and m and n are the dimensions of the matrix | in the x and y
directions, respectively. Figure 1 shows an image of the lung partially
filled with PFC. Computing the x-direction statistics is analogous to
dividing the image into dlices (a sample dlice is shown), lumping the
mass of the dlice at its x value, and then computing one-dimensional
statistics based on these lumped masses. This is illustrated by the
graph of g(xo) in Fig. 1. The slice shown in the lung image corre-
sponds to the slice shown on the graph, and slices from the entire
image result in the graph shown. The following statistical quantities
are defined in terms of the first four moments: mean value or center of
mass is given by X = M1 when Eq. 4 is calculated with respect to the
global coordinate system rather than the center of mass; spatia
standard deviation, ox = (M2 — M1?)Y2; skewness, skewy = Ma/o3;
and kurtosis, kurtx = MJ/cZ — 3. The corresponding horizontal
statistics may be computed by using Egs. 2-5 in the y direction.
Skewness is an indicator of the distribution around the mean. A
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g(xo)
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Fig. 1. Image of lungs that are partially filled with liquid and corresponding
graph of g(xo), which is used in calculation of statistics in the x direction. The
calculation of g(xo) involves subtracting the lung image without liquid from the
image with liquid (using Beer’'s law) and sectioning the resulting image into
dlices that lie in the y direction. The mass in each dlice is then added up to
produce g(xo). This is then used to calculate the x-direction statistics. An
analogous approach is used for the y-direction statistics.

positive (negative) skewness indicates an asymmetric tail extending in
the positive (negative) x direction. Kurtosis indicates the peakedness
or flatness of adistribution relative to anormal distribution. A positive
(negative) kurtosis indicates the distribution is more peaked (flat) than
anormal distribution (3, 31).

To assess the distribution of liquid, the lung images were sectioned
into quadrants and the fraction of each quadrant reached by PFC was
calculated. The centerline of the lungs, along the trachea, and a line
halfway between the superior and inferior edges of the lungs defined
the quadrants of the lung image. If a pixel had an | above a threshold
value, | = 0.2 X Imax, it was considered to have been reached by the
PFC. The number of pixels reached by PFC was calculated for each
quadrant, and the fraction of each quadrant reached by PFC was
determined by dividing its number of pixels reached by the total
number of pixelsin the quadrant. The homogeneity of the distribution
in the lungs was indicated by a homogeneity index, HI, that was
calculated as the ratio of the highest fraction reached to the lowest
fraction reached. Thus the HI is between 0 and 1 and is a gross-scale
indicator of how homogenous the lungs are filled.

We compared the experimental statistics (center of mass, spatia
standard deviation, skewness, and kurtosis) to corresponding statistics
from atheoretical model of asingle liquid plug that is blown through
a single straight tube. Halpern et al. (13) approximated liquid plug
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motion by a semi-infinite bubble in a tube and determined the
dimensionless trailing film thickness, f = h/a, of a steadily moving
bubble as a function of capillary number, Ca. Note that a is the tube
radius, and capillary number, Ca = pU/o, istheratio of viscous force
to surface tension force. Fluid viscosity and surface tension denoted
by w and o, respectively, and U is the speed of the liquid plug.
Halpern et al. estimate

f(Ca) = 0.36[1 — e ¥ (9)

From conservation of mass, the volume density of the liquid r(x) is
approximately

where xt is the location of the rear meniscus of the plug and L is the
plug length. Integrating the volume and scaling time, t, so that T =
t/T¢, where T isthe time at which the plug ruptures, we can obtain the
dimensionless kth moment of the distribution to be

2ma’f,
wal,

0=x=xXxg

Xr=X=x+L (10)

p(x) = {

M
malLkt

1 T\ T ke1y  (11)
:k+1{<2f) (2f—1)+[2f(1—2f)+1:| }

for0=T = 1. Statistics for this theoretical distribution of liquid from
a single liquid plug moving at constant speed in a single tube were
calculated by using these moments. Typica liquid plug velocities
from the video were ~3 cm/s, resulting in Ca ~4 X103, This value
of Cawas used to calculate f(Ca).

M (T, Ca) =

RESULTS

A total of 42 animals (7 at each instillation rate-posture
combination, 3.0 = 0.1 kg) were used, and none was found
to have perfluorothorax. After the analysis of datafrom each
animal, the results of these experiments were nondimension-
alized, with length scaled by lung length and time scaled by
time of PFC instillation. By this scaling, nondimensional
time can alternatively be thought of as the fraction of total
liquid instilled. This dimensionless data for all animals at a
given posture-instillation rate were averaged to produce a
mean * standard error at that condition. Figure 2 shows
images of lungs during the filling process in both postures,
and Figs. 3—6 show the quantitative data corresponding to
observed behavior.

Figure 2 showsthe liquid distribution at dimensionless times
of 0, 0.25, and 0.5 (i.e., when no PFC had been ingtilled,
one-quarter of the PFC ingtilled, and one-haf of the PFC
instilled) for supine and upright animals with an instillation
rate of 60 ml/min. In the supine posture (Fig. 2, A-C), the
distribution appears fairly uniform as time progresses, with the
liquid-filled regions becoming darker (i.e., more liquid mass)
as the lungs become more filled. In the upright posture (Fig. 2,
D-F), the lungs fill from the inferior regions upward. As time
progresses, the PFC level rises, with little liquid reaching the
superior lobes of the lungs. We observed that liquid plugs
formed in the trachea and large airways more frequently for the
supine animals than for the upright animals at a given PFC
ingtillation rate. When liquid plugs did form in the large
airways of upright animals, gravity, in addition to the air-blown
liquid plug dynamics, likely influenced their propagation, re-
sulting in preferentia filling of the inferior regions of the lungs
in the upright posture. From images, it was apparent that liquid
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plugs formed on each breath and were transported into the
lungs until they ruptured. At that point transport was driven by
gravity drainage and pressure gradients within the liquid layer.
Liquid plugs were also observed to reform in large airways on
expiration late during the instillation process. This was due to
capillary instabilities of the PFC layer, which likely thickened
as the lungs became fuller and sometimesled to PFC reflux out
of the lungs.

Figure 3 contains plots of X and o vs. t (A) and of skewy and
kurty vs. t (B) for supine animals with an infusion rate of 60
mi/min. Each data point is the average of al (7) the animals at
this condition. The values in A are scaled by lung length and
the valuesin B are scaled by their respective maximum values.
Figure 3 shows the resulting theoretical values of X and o vs.
t (C) and skewy and kurty vs. t (D). Spatial standard deviation,
skewness, and kurtosis in the x and y directions do not appear
strongly dependent on posture or instillation rate. Because
these were not statistically different between the different
cases, we only present these statistics for one parameter set
(supine animal, instillation rate of 60 ml/min, skewness and
kurtosis in x direction) here (Fig. 3B).

As shown in Fig. 3A, X isinitially near 0.2 because the lung
isessentially void of PFC at time zero. When liquid isinstilled,
X shifts to near the trachea, x = 0, and then propagates in the
positive x direction as the lungs fill. The propagation of the
center of mass is very dependent on the ingtillation rate and
posture; these effects are shown in Fig. 4 and discussed below.
From the theoretical model (Fig. 3C), the center of mass starts
near x = 0 and then propagates along the tube until the plug
ruptures. As shown in Fig. 3A, o increases with time after an
initial decrease for both the supine and upright animals. Att =
0, the spatial standard deviation in both directions is high
relative to later times, indicating that the lungs are not filled
with liquid and consequently the subtracted image is fairly
uniform. When liquid enters the lungs, ox becomes small,
indicating that the liquid mass is concentrated in a small area.
As the lungs become more filled with liquid, oy increases.
Similar behavior is observed in oy, for both supine and upright
posture (not shown). The theoretical o« starts near zero be-
cause the liquid plug is within the domain and then increases as
the plug moves along the tube, leaving behind a thin film of
liquid. The general behavior is similar to that observed in the
experiments.

As indicated by the error bars in Fig. 3B, skewy varied
greatly at early times between animals. The skewness started
out near —1 and increased to approximately +1 in the first
breath. As time progressed, skewy reached a slightly negative
value. The small absolute value of skewy indicates a relatively
symmetrical distribution about the mean. The negative value
indicates that the asymmetry present in the distribution results
in the tail toward negative values of x being larger. This is
because the PFC is instilled in the trachea (smaller x) and
propagates in the direction of increasing x. The skewness for
the single-tube theoretical model starts out near zero and
quickly increases before decreasing to near its initial value at
later times, indicating that at later times this theoretical distri-
bution is more symmetrical than at intermediate times. As
shown in Fig. 3B, kurty initially has a high variance and can be
positive or negative, before approaching a nearly constant and
dightly negative value at later times. Similar behavior is
observed in kurty (not shown). Near t = 1, the distribution is
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Fig. 2. Lung images for a supine animal with perfluorocarbon (PFC) instilled at a rate of 60 ml/min at dimensionless timest =
0(A),t=0.25(B),andt = 0.5 (C) and lung images for an upright animal with PFC instilled at arate of 60 ml/min at dimensionless
timest = 0 (D), t = 0.25 (E), and t = 0.5 (F). Note that the PFC tends to fill the lungs of upright rabbits from the bottom up,
whereas the supine lungs tend to fill more evenly. Time is nondimensionalized by total instillation time, so that t = 1 corresponds
to the time at which al 60 ml of PFC has been ingtilled. Alternatively, dimensionless time can be thought of the fraction of total

PFC that has been ingtilled.

flatter, i.e.,, more uniform, than a normal distribution, or
platykurtic. The kurtosis in the single tube theoretical model,
Fig. 3D, exhibits similar behavior.

Figure 4 shows plots of X vs. t for supine and upright
animals for each of the instillation rates, 15, 40, and 60
ml/min. As shown in Fig. 4, the x center of mass propagates
slower for the 15 ml/min instillation rate than for instillation
rates of 40 and 60 ml/min for rabbits in the supine posture.
When the animal isin the upright posture, the center of mass
propagates slowest for the 60 ml/min instillation rate. The
15 and 40 ml/min instillation rates yield similar propagation
rates at early times, but as time increases past 0.5 the x
center of mass moves in the negative direction for the 15
ml/min instillation rate. This behavior in the upright animal
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is due to the formation of liquid plugs in the large airways
at the fastest instillation rate. These plugs are then blown
through the airway tree on inspiration. The slower instilla-
tion rates do not appear sufficient to form liquid plugsin the
large airways, and transport isinitially dominated by gravity
drainage. Instillation rate, along with fluid properties and
tube position, has been shown to affect the formation of
liquid plugs in glass capillary tubes (7). When plugs are not
formed in large airways, the liquid may pool in more distal
airways to form plugs there. This behavior is likely respon-
sible for the X motion for 15 ml/min instillation rate. The
liquid initially drains quickly, resulting in fast X propaga-
tion. As more liquid is instilled, it pools to form plugs,
which are then blown through the airways. The effect of
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gravity on liquid distribution is weaker when plugs are
formed than it is when plugs are not formed. Plugs that
occlude the airways are more readily blown along by ven-
tilation than is a liquid film that air may flow past. The x
center of mass does not propagate downward as quickly
when plugs are formed because the plugs are transported
more homogenously through the airways.

Figure 5 shows fraction of lung quadrant reached (I >
0.2) vs. dimensionless time for supine animals with PFC
instillation rates of 15 (A), 40 (B), and 60 ml/min (C), and
for upright animals with PFC instillation rates of 15 (D), 40
(E), and 60 ml/min (F). The lung fraction reached by liquid
for an ingtillation rate of 15 ml/min varies slightly with
guadrant for the supine posture animal, as shown in Fig. 5A.
Initially, the fraction reached for each quadrant is zero
because there is no liquid in the lungs. As time progresses,
the lungs fill with liquid and the fraction of each quadrant
reached increases. For t > 0.6, the inferior quadrants have
higher fractions reached than the superior quadrants. De-
spite these differences, the fraction reached for all quadrants
is between 0.45 and 0.6 at t = 1 for the supine posture.
When the animal is upright, the fraction reached depends
strongly on the quadrant, as shown in Fig. 5D. Larger
fractions of the inferior quadrants are reached than are
reached in the superior quadrants. At t = 1, the fraction
reached ranges from ~0.1 in the upper left quadrant to
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nearly 0.8 in the lower right quadrant. Posture impacts the
fraction reached for each quadrant significantly for the 15
ml/min instillation rate. Differences between the left and
right superior or inferior quadrants appear to be due to lung
morphometry and the asymmetry of the first airway bifur-
cation, with the less sharply angled branch being preferred.
At low ingtillation rates, liquid plugs are likely not formed
in the trachea for upright posture. Consequently, the distri-
bution for this condition depends on gravity drainage and
formation of liquid plugs in small airways and appears more
strongly affected by bifurcation asymmetry than is the plug
propagation in the supine animals.

Similar behavior isnoted in comparing supine and upright
animals at an instillation rate of 40 ml/min (Fig. 5, B and E).
As for the supine animals with PFC instilled at a rate of 15
ml/min, the fraction reached does not exhibit as large
differences between left and right lung quadrants for the
supine animals as for the upright animals at 40 ml/min. At
an ingtillation rate of 60 ml/min (Fig. 5C), the fraction
reached for the lower quadrants is similar in the supine
animalsfor all times. At later times, the two upper quadrants
have similar fractions reached. The fraction reached varies
between ~0.4 and 0.6 for an instillation rate of 60 ml/minin
the supine animals at t = 1. The upright animals (Fig. 5F)
have a noticeable difference between fractions reached of
the upper and lower quadrants. However, at this instillation
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rate, lateral differences in fraction reached are small at each
time. The difference between the fraction reached in the
upper (~0.7) and lower (~0.4) quadrants is smaller for the
60 ml/min instillation rate than for the 40 and 15 ml/min
instillation rates and is larger than in the supine animals at
the same instillation rate. The faster instillation rate in the
upright animal results in liquid plug formation in larger
airways, including the trachea, (observed in X-ray images)
and consequently results in closer agreement in fraction
reached of upper and lower quadrants.

Figure 6 contains plots of HI (highest fraction reached in a
quadrant divided by lowest fraction reached in a quadrant) vs.
t for supine and upright animals, with PFC instillation rates of
15, 40, and 60 mI/min. HI vs. t depends on instillation rate and
posture. Initialy, HI is 1, because the lungs are empty and
consequently homogenous. Soon after t = 0, liquid enters the
lungs through the trachea and the distribution is no longer
homogenous, and HI is low. As the lungs fill with liquid, HI
increases. For the supine posture, instillation rates of 15 and 60
ml/min yield similar HI vs. t plots. HI for 40 ml/min is lower
for t > 0.5. An instillation rate of 60 ml/min often formed
plugs in large airways, whereas an ingtillation rate of 15
mi/min typically did not form liquid plugsin large airways. For
15 ml/min, the PFC must drain into small airways and pool to
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form plugs there. The ingtillation rate of 40 ml/min appeared
not to form liquid plugs in the trachea but often did past the
first airway bifurcation. Gravity drainage dominated the trans-
port before liquid plugs were formed, and the plugs did not
appear to form at al airways at a given generation, leading to
a less homogenous distribution than the other two instillation
rates for the supine posture.

For upright posture, the 15 and 40 ml/min ingtillation rates
have HI values =0.2 for all times. The 60 ml/min instillation
rate has a higher HI compared with the slower instillation rates
at all times and reaches HI =~ 0.5 at t = 1. The formation of
liquid plugs in larger airways with thisinstillation rate resulted
in a more homogenous distribution of liquid. Despite this, the
effects of gravity result in a less homogenous distribution than
the same ingtillation rate in the supine posture, HI ~ 0.5
compared with HI =~ 0.7. For the 15 ml/min instillation rate in
the upright posture, the formation of liquid plugs was delayed
until distal airways, asthe liquid drained because of gravity in
large airways and pooled in smaller ones to form liquid plugs.
In the upright posture at this rate, airway bifurcation geometry
seemed to strongly affect the distribution. At this instillation
rate, plugs are lesslikely to formin the tracheaand liquid pools
to form plugs that are then blown into the lung regions distal to
the location of plug formation. This results in the latera
differences in filling seen in Fig. 5 and the higher HI at 60
ml/min in Fig. 6.

DISCUSSION

The finding that liquid plug formation in large airways
results in more homogeneous PFC distribution than when
plugs do not form in large airways is similar to our previous
findings in which varying the position of the instillation tube
affected plug formation in the smaller doses of SRT in
excised rat lungs (4). The plug formation in this work is
affected by animal posture and instillation rate rather than
instillation tube position. Liquid plugs tend to form more
readily in the supine posture and consequently that posture
results in more homogeneous filling. In the upright posture,
the lungs tend to fill from the bottom upward. Instilling the
PFC faster resultsin a greater tendency to form liquid plugs
in the large airways, and the resulting air-blown plug flow
produces a more homogeneous PFC distribution than grav-
ity drainage alone. Plug formation remains important in the
resulting homogeneity even as the volume of liquid in the
lungs becomes large, as is the case in TLV or PLV. It
appears from the propagation of individual plugs and the
time evolution of the liquid distribution that instilled liquid
at a given breath goes to similar locations as on the previous
breath. This may change as the liquid lining thickens be-
cause of the film left behind by liquid plugs.

We also noted from the video that, on expiration, thick liquid
linings reform plugs, which are then carried out of the lung (for
dimensionless times near 1 and instillation rate of 60 ml/min).
Thicker liquid linings are more prone to instabilities that result
in airway closure (12). A strategy to prevent the reflux of
instilled liquid in the clinical situation would be to instill liquid
plugs slowly, so that they leave behind a thinner liquid layer.
In thelimit of Ca << 1, Eq. 9 yieldsf ~0.72 Ca®>23, indicating
athinner trailing film for slower (smaller Ca) plug propagation.
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Fig. 5. Fraction reached vs. time for supine animals with instillation rates of 15 (A), 40 (B), and 60 ml/min (C) and fraction reached
vs. time for rate upright animals with instillation rates of 15 (D), 40 (E), and 60 mi/min (F). The fraction reached is shown for each
lung quadrant: upper left (UL, »), lower left (LL, a), upper right (UR, ), and lower right (LR, @). Note that the lungs of upright
animals tend to fill in the inferior regions first and exhibit left-to-right asymmetry in filling. The fractions reached of each quadrant
in the supine animals are more closely grouped.
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Fig. 6. Homogeneity index vs. t for supine (A) and upright animals (B), at
instillation rates of 15 (m), 40 (a), and 60 ml/min (e). In general, homogeneity
index is higher for the supine animals than for the upright animals.

Although there has been little previous work on the distri-
bution of instilled PFCs, previous studies have suggested that
bolus ingtillation of surfactant results in a more homogeneous
distribution than a constant infusion (32, 38). In these studies,
the bolus ingtillation involved instilling a quarter dose of
surfactant (typically 1 mi/kg) followed by 30 s of ventilation
and then the administration of the remaining quarter doses at
similar timeincrements until the entire dose was delivered. The
constant infusion involved instilling the entire surfactant dose
through a side port in the ventilator tubing over a period of 30
min. Both of these instillation techniques involved changing
the position of the animal to alow gravity to act in a variety of
directions. The constant infusion was found to result in a less
homogeneous distribution than the bolus infusion method (32,
38). This is consistent with the present study, because we
would expect liquid plugs to form in the bolus-instillation
technique, and liquid plug formation in large airways is not
very likely in the constant-infusion method because of the very
slow infusion rate.

Despite this PFC delivery process being very complex and
involving many liquid plugs rather than a single one, the single
tube theoretical model captures some of the genera trends of
the distribution statistics. A more complicated theoretical
model that accounts for multiple liquid plugs, the delivery of a
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new plug with each breath, airway branching, and the potential
for plug reformation would be more applicable to the results of
this study. However, this simple analysis provides some indi-
cation of the distribution behavior that would be expected from
an air-blown liquid plug, which shows some similarities to the
experimental results due to the considerably more complicated
effects of delivery of many liquid plugs.

A limitation of this study is that the two-dimensional imag-
ing technique does not account for the distribution of liquid
normal to the plane of the image. Using Beer's law accounts
for the varying depth of PFC into the image but does not
provide details of how it is distributed. It is expected that
variationsin this direction are less significant than variationsin
plane considered, particularly for the upright posture. To assess
the importance of this, weimaged supine animals from alateral
view and were unable to observe variations in liquid distribu-
tion from the front to the back of the animal. This was in part
due to the cardiac shadow blocking much of the lung image
and the thinness of the lungs in that direction compared with
the length from superior to inferior lobes. On the basis of this,
we considered the two-dimensional imagesto provide adequate
on the distribution of instilled liquid for comparison of upright
and supine animals. However, a study that utilizes three-
dimensional imaging could be a worthwhile future investiga-
tion. Although this investigation has considered the effects of
several variables on distribution of instilled liquid for large
ingtillation volumes, there are many other factors that are
important. Future studies could investigate the effects of fluid
properties, such as viscosity, density, and surface tension.
Likewise, the effects of ventilation rate and tidal volume
should also be addressed by future studies. This study has
focused on the effects of instillation technique on the resulting
PFC distribution. We expect the distribution to have an appre-
ciable impact on the effectiveness of the pulmonary support
provided by liquid ventilation, and these effects will be atopic
for future studies.

In conclusion, our experimental results indicate that pos-
ture has a significant effect on distribution of instilled
liquid, with upright posture resulting in lower homogeneity
index and greater difficulty filling superior regions of the
lung. Instillation speed influences resulting distribution. The
fastest and slowest filling rates resulted in a more homoge-
neous distribution than the medium rate for supine animals.
The faster filling resulted in a more homogeneous distribu-
tion for upright animals because it favored liquid plug
formation in large airways. When liquid plugs are formed,
either in large airways because of fast enough instillation or
in distal airways because of pooling of liquid, the distribu-
tion distal to the location of plug formation is more homo-
geneous than if plugs had not formed. The effect of airway
geometry on liquid plug transport does not appear as strong
asthe effect of airway geometry on gravity drainage without
plug formation. The resulting distribution dynamics are
important in delivering the instilled liquid to its desired
location, and this may potentially allow specific regions of
the lung to be targeted for delivery.
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