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The effect of viscosity on the distribution of perfluorocarbon instilled into the lungs for
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liquid ventilation was investigated. Perfluorocarbon (either perfluorodecalin or FC-

3283) was instilled into the trachea during ventilation at a constant infusion rate of
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40 ml/min and radiographic images were obtained at 30 frames/s. Image analysis was

performed and the homogeneity index of the distribution was computed for images at the
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end of inspiration of each breath to evaluate the evolution of perfluorocarbon distribution
during filling. The higher viscosity perfluorocarbon (perfluorodecalin) resulted in a more
homogeneous distribution. This was attributed to perfluorodecalin’s higher propensity to

form liquid plugs in large airways and to those plugs leaving behind a thicker liquid
layer as they propagated through the lungs. [DOI: 10.1115/1.2354214]
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Introduction

There are many clinical situations in which liquids are instilled
into the lungs. Examples include surfactant replacement therapy
(SRT) [1,2], lung lavage, pulmonary delivery of medications and
genetic material [3,4], and liquid ventilation [5]. This study is
primarily motivated by liquid ventilation, but is relevant to these
other liquid delivery situations. There are two liquid ventilation
methodologies currently under investigation: partial liquid (PLV),
in which the lungs are partially filled with perfluorocarbon (PFC)
and ventilated with a gas tidal volume, and total liquid ventilation
(TLV), in which the lungs are totally filled with PFC and venti-
lated with a liquid tidal volume [5-7]. PFCs, which have low
surface tension and high oxygen and carbon dioxide solubilities,
have been shown to improve gas exchange and lung mechanics in
animal models of lung injury [5,7,8]. PLV has shown promise in
treating newborns with congenital diaphragmatic hernia by induc-
ing lung growth [9]. A uniform distribution of instilled PFC is
desired in both PLV and TLV to avoid gas trapping and over
inflation of the lungs, and PFC distribution influences PFC elimi-
nation, gas exchange, and respiratory compliance [10].

The various clinical protocols in the literature for filling the
lungs for liquid ventilation have been developed primarily through
trial and error. Most studies on delivery of surfactant [11-13] or
PFC [10,14] to the lungs have focused on the final distribution
rather than the dynamics and mechanisms of distribution. Our
prior studies demonstrated that instillation technique [15] and res-
piratory rate [16] can cause significant differences in the resulting
distribution of surfactant in the lungs. Typical dose sizes for SRT
are 2—5 ml/kg of body weight [2], significantly smaller than the
20—-40 ml/kg typical of liquid ventilation. Our previous work on
filling the lungs with PFC showed that instillation rate and posture
affect the distribution dynamics during the filling and the final
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homogeneity [17]. Although it was shown that supine posture re-
sults in a more homogenous distribution of perflubron [17], it may
be desirable to use an upright posture to minimize reflux of liquid
from the lungs, and to potentially increase the strain in the gravity
dependent part of the lung to induce growth in treating diaphrag-
matic hernia [9]. We hypothesized that PFC viscosity affects the
distribution dynamics of liquid instilled into the lungs, and exam-
ined these effects in this study by comparing the behavior of two
commercially available PFCs of similar density and surface ten-
sion, but different viscosity.

Methods

Experiments. The experimental procedure was similar to the
procedure we used previously to investigate posture and instilla-
tion rate effects [17], and we summarize it here, highlighting dif-
ferences. Two PFCs with different viscosities were used. One
group of animals was instilled with perfluorodecalin (PFDEC) (F2
Chemicals, Preston, England), which has a relatively high kine-
matic viscosity (2.90 cSt). PFDEC has been used in previous lig-
uid ventilation studies [18], and in clinical trials in Europe [19].
The other group of animals was instilled with FC-3283 (3M Spe-
cialty Materials, St. Paul, MN) plus barium (Sigma, St. Louis,
MO). Since FC-3283 alone was not sufficiently radio-opaque to
be easily observed in the video images without adjusting the im-
age contrast with software, barium was added. A solution of 5 ml
barium and 500 ml FC-3283 had the same optical density, as mea-
sured in a series of experiments on sample mixtures, as the
PFDEC. The viscosity and surface tension of the FC-3283+Ba
mixture were measured using an Oswalt bulb viscometer and a
ring tensiometer, respectively, both of which we have used in
previous work [20,21]. The kinematic viscosity of FC-3283+Ba
(1.09 c¢St) is approximately that of perflubron which has been
used in clinical trials of PLV [9] and our previous study [17]. The
density and surface tension of PDEC and FC-3283 are very simi-
lar, but the viscosity is much different (see Table 1), allowing
investigation of viscous effects.
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Table 1 Physical properties of the PFDEC and FC-3283+Ba
PFDEC FC-3283+Ba
Chemical formula CyoF s CoF,y N
Molecular weight 462 521
Density, p, kg/m? 1930 1820
Kinematic viscosity, v=u/p, cS 2.90 1.09
Surface tension, o, dyn/cm 19 16

This experimental protocol was reviewed and approved by the
University Committee on Use and Care of Animals. New Zealand
white rabbits (3.1+0.2 kg) were anesthetized (Xylazine, 5 mg/kg,
and Ketamine, 20 mg/kg). A tracheotomy was performed and an
endotracheal tube (3/16 in. diameter) was placed. Heparin
(100 units/kg) was administered intravenously and allowed to cir-
culate prior to euthanizing the rabbit by an IV dose of Beuthanasia
(Schering-Plough Animal Health, Union, NJ) (0.5 ml/kg). Previ-
ous studies suggest that there is minimal change in behavior of the
lungs of intact rabbits within one hour of euthanasia [22,23]. All
experiments in this study were, therefore, performed within
40 min of euthanasia. The rabbit was ventilated by a small animal
ventilator (Inspira ASV, Harvard Apparatus, Holliston, MA) with
ambient air using a tidal volume of 24 ml, a respiratory frequency
of 40 breaths/min, and an inspiratory-to-expiratory ratio of 1:1.
We did not vary the tidal volume or frequency between rabbits, so
that the gas velocity within the endotracheal tube was the same for
each animal. We considered a pressure of 30 cm H,O to be ex-
cessive (and potentially damaging to the rabbit’s lungs) and lim-
ited the peak inspiratory pressure to <27 cmH,0O via a one-way,
by pass valve in the circuit. The animal was placed in upright
position prior to PFC instillation and a continuous sequence of
X-ray images of the lung during ventilation were obtained at a
rate of 30 frames/s by a high resolution fluoroscopy machine
(Philips portable c-arm, Phillips Medical Systems, Amsterdam,
The Netherlands) and recorded to digital video tape. After acquir-
ing liquid-free images to use for image subtraction, we acquired a
sequence of lung images during the instillation of 60 ml of PFC
through the endotracheal tube at a constant infusion rate of
40 ml/min from a syringe pump (PHD 2000 Programmable, Har-
vard Apparatus Inc., Holliston, MA). This instillation rate corre-
sponds to the middle instillation of our previous study [17], and
was chosen as a representative example of instillation rates that
might be used clinically. The instillation was performed in five
animals for each PFC, and the data for each PFC were averaged
for the five animals.

Analysis. We viewed the X-ray videos of PFC filling the lungs
and made qualitative observations regarding the homogeneity of
the liquid distribution. Our previous image analysis techniques
[17] were used to quantify the homogeneity of the liquid distribu-
tion, and are summarized as follows. The digital video was trans-
ferred to a Pentium 4 computer (OptiPlex Dell, Round Rock, TX)
and converted to a series of images using Adobe Premier (Adobe
Systems Incorporated, San Jose, CA). Noting that lung size is
minimum at end-expiration and that the respiration rate was
40 breaths/min, we used image processing to determine the time
during the ventilation cycle of each breath [17] that corresponded
to each image. Images at end-expiration of each breath (60
breaths occurred over the 1.5 min instillation period) were se-
lected for analysis to produce a time sequence of images. Each
image was read into MATLAB (Mathworks, Natick, MA) as a
double precision matrix whose elements correspond to the inten-
sity, I"(x,y), of individual pixels. In these two-dimensional im-
ages, I"(x,y) ranged from 0 (black) to 255 (white). The images
were then rescaled so that /=255 X [ones matrix]—I", where I
ranges from 0 (white) to 255 (black) and [ones matrix] is a matrix
in which every entry has the value 1.
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We used image subtraction (using Beer’s law) to produce an
image of the instilled PFC by itself. Beer’s law relates the illumi-
nation of radiopaque material in an X-ray to the path length
through the radiopaque material [24]. Applying Beer’s law to the
lung tissue with and without PFC, and subtracting element-by-

element yields the scaled intensity matrix, 1. The matrix I was
then cropped using a border mask (constructed from the unsub-
tracted image of the unfilled lung at end-inspiration) to include
only the lung portion of the image. The images were sectioned
into quadrants, as defined by the centerline of the trachea and a
line half way between the superior and inferior edges of the lungs.
A pixel in the image was considered to have been reached by

liquid if I at that location was greater than a threshold value, 1

=0.2 X1, As in our previous studies [15-17], this threshold
value was specified based on the amplitude of noise in lung im-
ages without liquid and the intensity when a minimal thickness of
liquid was present. The sensitivity of the results to the threshold
value was assessed to ensure that the threshold was not set artifi-
cially high. The number of pixels reached by PFC in each quad-
rant was calculated, and the fraction of the quadrant that was
reached by PFC was computed, as a measure of the liquid distri-
bution. The homogeneity index HI which is defined as the ratio of
the highest fraction reached to the lowest fraction reached, was
calculated as a gross-scale indicator of how homogenous the lungs
are filled. The value of HI can range from O to 1.

Theory. To examine how PFC viscosity influences distribution,
we considered a theoretical model of a single liquid plug that is
blown through a single straight tube. Although airway branching
is ignored in this model, it is intended to provide insight into the
transport of a single liquid plug during the inspiration phase of a
single breath. Halpern et al. [25,26] approximated liquid plug mo-
tion by a semi-infinite bubble in a tube and determined the dimen-
sionless trailing film thickness, f, as a function of capillary num-
ber, Ca, to be

f=hla=f(Ca)=0.36[1 — e2¢"] (1)
where a is the tube radius and capillary number, Ca=uU/ o, is the
ratio of viscous force to surface tension force. Fluid viscosity and
surface tension denoted by u and o, respectively, and U is the
speed of the liquid plug. The volume density, center of mass of the
liquid distribution, and the time, T, at which the plug ruptures
were calculated from conservation of mass based on f. Time, t,
was nondimensionlized as 7'=1/ T;. Ca was higher for PFDEC,

resulting in different values of f and T for each PFC, so we use
subscripts to indicate the PFC. The dimensionless position (scaled

by initial plug length) of the leading edge of the plug is A=T(1
=2f)12f+1 for0< 7 <1. Because dimensionless time is therefore

different for each PFC, we rescaled f"PFDEC to obtain the corre-
sponding dimensionless time based on 7 for FC-3283, e.g., T
=Trc383=TprpEc fre 3083/ frrprc. The theoretical distribution of
liquid was also calculated from the film thickness distribution,
such that the volume density of the liquid, p(x,?), is approximated

by
27a’f, 0<x<ux2)
p(x,t) = 2 (2)
mas, xp(t) S x < x7(1) + L,(7)
where x7 is the position of the trailing meniscus of the liquid plug
and L, is the length of the plug. Note that x;+L,, is the dimen-
sional position of the leading edge of the liquid plug. This theo-

retical distribution of liquid was then integrated to calculate its
center of mass at various times.

Results

For the experiments, time was normalized by the time of instil-
lation, T, =60 ml/(40 ml/min)=1.5 min, to result in a dimen-
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Fig. 1

Lung images at various times: (a) PFDEC and (b) FC-
3283 at t=0, the start of instillation; (¢) PFDEC and (d) FC-3283
at t=0.33, when 1/3 of the PFC is instilled; (e) PFDEC and (f)
FC-3283 at t=0.67, when 2/3 of the PFC is instilled; and (g)
PFDEC and (h) FC-3283 at t=1, when all 60 ml of the PFC has
been instilled. Note that time is scaled by infusion time, so that
time indicates the fraction of total PFC that has been instilled.

sionless time that ranged from 7=0 at the initiation of PFC instil-
lation to r=1 at the end of PFC instillation. This dimensionless
time also an indicator of the fraction of the total PFC that has been
instilled at that particular instant, e.g., half of the PFC had been
instilled when #=0.5. The data from all animals in a PFC group
were averaged at each time instant and the standard error of the
mean was calculated. The results are presented as mean + stan-
dard error. A sequence of lung images during the filling process is
shown in Fig. 1. The images on the left side of Fig. 1 are during
filling with PFDEC and the ones on the right are during filling
with FC-3283. Images are shown for r=0, 0.33, 0.67, and 1. Ini-
tially, there was no PFC in the lungs, and as time progressed the
lungs filled. The lungs filled with PFDEC appeared more homog-
enous than those filled with FC-3283. The images correspond to
end-inspiration, which was used for the analysis. Liquid plugs
could be observed in airway generations 0-2 for PFDEC and in
slightly smaller airways (generations 3 and 4) for FC-3283 during
inspiration. The fraction reached increased in time for both PFCs
(Fig. 2), and was higher in each quadrant at a given time for
PFDEC compared to FC-3284. The difference between the frac-
tion reached in the upper and lower quadrants was smaller for
lungs filled with PFDEC (more viscous) than for lungs filled with
FC-3283 (less viscous). Similarly, the difference in the fraction of
the right and left quadrants reached by PFDEC is smaller than the
corresponding difference in FC-3283. Both PFCs reached more of
the lower quadrants compared to the upper quadrants. HI was
generally higher for PFDEC (more viscous) than FC-3283 (Fig.
3). At early times, there was a high variability in HI, with little
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Fig. 2 Fraction reached versus time for each of the four lung
quadrants when filled with (a) PFDEC and (b) FC-3283. Each
graph contains the fraction reached for the upper left (UL),
lower left (LL), upper right (UR), and lower right (LR)
quadrants.

difference between the two liquids. HI was 1 at r=0 because an
unfilled lung is homogeneous. As liquid entered through the en-
dotracheal tube, the value of HI became zero (since at very early
times the lower regions are unfilled). Once PFC reached the lower
lung regions, this initially high variability decreased and the two
liquids began to behave differently. HI increased more rapidly and
reached higher levels for PFDEC than for FC-3283. The maxi-
mum value of HI for FC-3283 was 0.5, while for PFDEC the
maximum value was greater than 0.8, indicating a fairly homoge-
neous distribution (the maximum possible HI is 1).

1.004

1 A PFDEC
0.75 {I&g

0.50 ¥ FC-3283

0.259

Homogeneity Index

0.004A-

Fig. 3 Homogeneity index, HI, versus time, t, for PFDEC and
FC-3283
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Fig. 4 (a) Leading edge of liquid plug versus T, and (b) center
of mass versus T, for PFDEC (dashed line) and FC-3283 (solid
line)

The theoretical results for the motion of a single liquid plug
through a single tube are shown in Fig. 4, where time is scaled by
the time required for an idealized plug of FC-3283 to rupture and
position is scaled by the initial plug length. The lines stop at the
time corresponding to plug rupture. The FC-3283 plug propagates
further than the PFDEC plug before rupturing (Fig. 4(a)). The
center of mass moves further for FC-3283 than for PFDEC (Fig.
4(b)), corresponding to further propagation into the lungs.

Discussion

The results demonstrate that a more viscous liquid can result in
a more homogeneous distribution in the lungs. In fact the HI
obtained by PFDEC is slightly higher than the maximum obtained
in our previous study [17] for supine posture, which yielded a
more uniform distribution than upright posture in that study. This
appears to be due to the dynamics of liquid plugs, which occurred
in larger airways for animals instilled with the more viscous PFC
(PFDEC), and deposition of liquid by them. The theory provides
some insights into the deposition of PFC by the plugs. As indi-
cated by Eq. (1), film thickness increases with Ca. For the same
U, which is determined by the ventilation waveform, and o val-
ues, a more viscous fluid leads to a higher Ca and a thicker film
behind the liquid plug. Note that Capppgc~ 3Capc.30g3 for the
same U and o. As the liquid plug propagates along the airway
tree, it splits as it passes through airway bifurcations and shortens
in length as liquid is left behind. Ca is smaller in small airways
where velocities are smaller due to the airway area expansion,
reducing the thickness of the deposited liquid. When the plug
length, L, decreases to zero, the plug ruptures and the liquid is
then transported due to surface tension gradients [20,21] and
gravitational drainage. Less viscous plugs leave behind less liquid
and propagate further into the lungs before rupturing (Fig. 4),
leading to a less homogeneous distribution of liquid. The theoret-
ical predictions of the propagation of the leading edge of the lig-
uid plug indicate that the FC-3283 plug will propagate approxi-
mately 1/3 farther into the model airway before rupturing than the
PFDEC plug will (Fig. 4(a)). Likewise, the center of mass of
liquid delivered by a single plug of FC-3283 is predicted to be
approximately 50% further into the model airway (Fig. 4(b)).
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These theoretical results suggest that the less viscous liquid, when
it does form a liquid plug within the airway, will be delivered
more distally than the more viscous liquid. The liquid deposited
by each plug during each breath contributes to the overall liquid
distribution dynamics that are quantified by the experiments. Re-
peated delivery of the majority of instilled liquid to the inferior
region of the lungs during each breath leads to a less homoge-
neous overall liquid distribution as time progresses, as was the
case for FC-3283 in the experiments (Figs. 2 and 3).

Although no prior studies have examined the effects of viscos-
ity on the homogeneity of instilled liquids, the influence of liquid
plug dynamics in this study is consistent with our previous study
[17] in which a more homogeneous PFC distribution was attained
when liquid plugs formed in the large airways. When liquid plugs
do not form in the trachea, the instilled liquid drains by gravity
into smaller airways where plugs then form [15]. Less viscous
liquids are less likely to form liquid plugs in the trachea, as was
demonstrated in a glass tube model of the trachea [27]. Previous
studies on liquid distribution in PLV have suggested that a more
viscous PFC results in a less homogeneous distribution because
the higher viscosity provides higher resistance to transporting the
PFC [10]. In that study, two different PFCs were used and the
distribution of PFC following instillation in rabbits was more ho-
mogeneous for the less viscous one. The dynamics of the instilla-
tion process were not investigated in that study. The different
results are likely due to different filling protocols. In the current
study, the animals were positioned upright rather than supine, and
the instillation rate was faster with ~20 ml/kg delivered in
1.5 min compared to ~17 ml/kg over 5 min in the PLV study
[10]. Tt is unlikely that the very slow instillation in that study [10]
lead to liquid plug formation, but the presence of liquid plugs
during lung filling was not assessed in that study. If liquids are
instilled slowly enough, their transport in large airways is driven
primarily by gravitational drainage [15,17,25]. In that transport
mode, viscous dissipation of momentum opposes transport of the
liquid, producing the less uniform final liquid distribution noted in
that study [10].

The findings of the present study suggest that low viscosity
PFCs may be useful for targeting the gravity dependent regions of
the lungs for liquid delivery. Along with the previously demon-
strated effects of posture, instillation rate [17], instillation tech-
nique [15], and ventilation rate [16], viscosity could potentially be
selected to obtain the desired distribution of an instilled liquid.
Previous studies have demonstrated that PFCs can be mixed to
produce a PFC with engineered properties [28]. However, the op-
timal PFC properties for TLV are yet to be determined. Although
more viscous PFCs might be preferred for the relatively homog-
enous liquid distribution they provide, less viscous PFCs may be
advantageous to other aspects of TLV, such as preventing the oc-
currence of expiratory airway collapse [29]. PFC viscosity is one
of many PFC properties; e.g., density, interfacial tension, and gas
solubility; and distribution homogeneity is one criterion that
should be considered in the engineering of PFC properties to op-
timize TLV efficacy.

While this study provides important information regarding the
effects of viscosity on liquid delivery to the lungs, which was its
aim, it has a number of limitations. Only two PFCs were com-
pared, because of practical limitations on the availability of PFCs
with similar properties except viscosity. These two were selected
because of their large differences in viscosity. Although there are
many parameters related to ventilation and instillation that could
conceivably be varied during the filling process, this study did not
investigate the effects of them. Future work should consider the
effects of tidal volume, breathing frequency, functional residual
capacity, filling volume, and instillation rate in order to fully op-
timize delivery of PFC for particular treatment modalities. The
two-dimensional images do not provide information regarding the
homogeneity of liquid in the direction normal to the plane of the
image. The use of euthanized animals in this study likely did not
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change the distribution dynamics since previous investigations
demonstrated little change in the mechanical properties of rabbit
lungs within one hour following euthanasia [22,23]. This did,
however, preclude investigating the effects of liquid distribution
on gas exchange. The animals in this study were positioned up-
right rather than supine, and care should be used in applying these
findings to the supine posture. The choice of posture was moti-
vated by potential advantages that might be provided by an up-
right posture or by elevating the patient’s head. The length of the
rabbit lung is relatively small compared to that of an adult human,
and, based on elevation differences, the gravitational effects in a
supine adult human are likely at least as significant as those in an
upright rabbit. This suggests that plug formation and higher PFC
viscosities might be advantageous for even filling in adult hu-
mans. The length scale of a neonatal lung is similar to that of the
rabbit lung considered here, and, even though the lung morphom-
etry is different, the findings of this study may be applicable to
neonatal humans. The desired distribution of PFC in the neonatal
lung will depend on the primary goal of treatment, which might be
for treating respiratory distress syndrome or for treating diaphrag-
matic hernia [9]. Distending the inferior regions of the lung and
inducing growth there might potentially benefit from a distribution
of liquid that favors that region, whereas a uniform distribution
might be beneficial for enhancing gas exchange.

In conclusion, our study demonstrates that PFDEC can lead to a
more uniform liquid distribution compared to the less viscous FC-
3283. This was attributed to PFDEC liquid plugs leaving behind a
thicker liquid layer, resulting in a more uniform distribution, and
to the propensity for PFDEC to form liquid plugs in the larger
airways during instillation. Liquid viscosity is a parameter that
may potentially be selected to either target specific regions of the
lung or achieve a homogeneous liquid distribution.
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