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Pulmonary Function after Ventilation with

Fluorocarbon Liquid (Caroxin,-D)

Jaime G. Tuazon, M.D.,* lerome H. Modell, M.D.;f
C. lan Hood, M.D.;# Edward W. Swenson, M.D.§

To determine whether animals can breathe fluo-
rocarbon liquid and then be reconverted to breath-
ing air without permanent alterations in lung func-
tion or structure, 32 mongrel dogs were anesthe-
tized and ventilated for an hour with Caroxin-D
fluorocarbon liquid. In all animals arterial blood—
gas tensions were measured and pH determina-
tions made serially. In 16 dogs, pulmonary re-
sistance, compliance, and Vo/Vr were measured
before and repeatedly after liquid ventilation.
During ventilation with Caroxin-D, adequate ar-
terial oxygen tensions were maintained; Pco- in-
creased and pH decreased, retuming to normal
immediately after reconversion to breathing gas.
A decrease in pulmonary compliance was found
24 hours after ventilation with fluorocarbon, but
this value returned to normal within 72 hours.
Pao’s 24 hours after ventilation with Caroxin-D
were significantly higher than in previous studies
with FX-80. Surviving animals were followed for
at least a year, after which time normal pulmo-
nary function was found. The authors conclude
that dogs can be ventilated with Caroxin-D fluoro-
carbon briefly with return to normal g function
for at least a year, even though residual fluoro-
carbon remains in the lung after a year. (Key
words: Liquid breathing; Fluorocarbon; Pulmo-
nary lavage; Pulmonary function.)}

RECENTLY, we demonstrated that adult dogs
can be oxygenated by ventilation with a fluo-
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rocarbon liquid (FX-80 §) at 1 atmosphere.
Upon reconversion to breathing gas, ventila-
tion was Iabored and the dogs were hypoxemic
for approximately a week when they breathed
air. Histologic studies of the lungs showed
acute inflammation three hours after liquid
ventilation, following by a macrophagic re-
sponse which was most prominent at 72 hours.
A return toward normal was apparent at ten
days. Significant numbers of vacuolated mac-
rophages were still present at one month, but
completely disappeared by 18 months.*

If man is to breathe fluorocarbon liquid, one
which causes no permanent alteration in lung
function or structure must be found. We con-
tinued, therefore, to seck a more suitable
liquid. Since FX-80 is a mixturc of at least
eight compounds,® we chose to study pulmo-
nary function of dogs ventilated with another
fluorocarbon liquid, Caroxin-D,*® which shows
only one major peak on gas chromatography.
This should eliminate the possibility that any
changes in structure or function of the lungs
might be secondary to significant amounts of
an impurity or isomer.

Materials and Methods

Thirty-two mongrel dogs (weight 15 = 3.3
kg +1) were anesthetized with sodium pento-
barbital and paralyzed with succinylcholine
chloride during one hour of liquid ventilation
with Caroxin-D. The same basic methodology
described previously was followed.* One hour
of liquid ventilation was chosen because, if
found applicable to man, this would be ap-

€ CsFi0. 3M Company, St. Paul, Minn. {vapor
pressure at 37 C =358 mm Hg; boiling point 99.93
C; density 1.88 g/ml).

80 C,F=O-. Trademark of Allied Chemical
Corporation, Morristown, N. J. ( formerly identi-
fied as P-1D) (vapor pressure at 37 C=12.8 mm
Hg; boiling peint 135 C; density 1.75 g/ml).

% All values expressed in this manner are means
=SD,
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Fic. 1. Arterial blood-gas tensions and pH before, during, and for a year after dogs
breathed Caroxin-D fluorocarbon liquid for one hour {means =SD).
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proximately the time needed for pulmoniry
lavage. The fluorocarbon was then drained
from the lungs by gravity and the dogs re-
tumned to breathing gaseous oxygen.

At least three days prior to the experiment,
16 of the dogs were anesthetized with sodium
thiopental and their pulmonary resistances,
compliances, and deadspace/tidal volume ra-
tios were determined. Pressure, flow, and vol-
ume were recorded during controlled ventila-
tion. Compliance was calculated from the re-
lation of volume and pressure at the point of
zero air flow at the height of inspiration. Re-
sistance was calculated by choosing two points
at equal Jung volumes; point A during inspira-
tion and point B during expiration. Since lung
volumes are identical at these two points, the
pressures overcoming elastic resistance of the
lung will be the same. The difference be-
tween pressures recorded at points A and B,
therefore, represents the sum of the pressures
exerted against nonelastic resistance.  This
pressure (AP) was then related to the air flow
(F), measured by a pneumotachograph during
the same period. Resistance (R) was then
obtained by the formula R=AP/F.3 The
deadspace/tidal volume ratio (Vp/Vy) was
measured using the modified Bohr equation.t
One, 3, 7, 14, 30, 90, 180, 270, and 360 days
after the dogs were ventilated with fluorocar-
bon liquid, they were reanesthetized with so-
dium thiopental, 16-20 mg/kg, and pulmo-
nary function studies (PFS) were repeated.

The remaining dogs served as controls and
were followed with blood-gas determinations,
but without PFS. Nine of the dogs were elec-
tively sacrificed for histologic examination of
lung tissues five to 20 months after ventilation
with fluorocarbon liquid. Their lungs were in-

flated with 10 per cent bulfered formalin at
30 to 50 em pressure.  Samples were taken
from each lobe. Nine to 13 pulmonary sec-
tions from each animal were examined. All
sections were stained with hematoxylin and
eosin.

Tissues from Dog 563, sacrificed 20 months
after Caroxin-D ventilation, also were anu-
Ivzed chromatographically for residual fluoro-
carbon. Known weights (0.2 to 0.6 g) of the
tissues (kidney, liver, brain, fat, and lung)
were ground, with addition of 4 ml n-Hexane.
The resultant solutions were centrifuged, dried
and analyzed by injection into a Perkin-Elmer
model 990 chromatograph equipped with a
Nickel 63 electron capture detector. The
carrier gas used was 90 per cent argon and
10 per cent methane at a flow rate of 45 ml/
min; the detector was kept at 290 C, op-
erating on puised mode at 100-microsecond
intervals. A 11 X 12’ stainless steel column
with 10 per cent silicone DC-200/12,500 on
Chromosorb W, AW, DMCS was used. The
remaining animals are still alive to permit
long-term follow-up studies.

Results

All 32 dogs survived ventilation with Car-
oxin-D fluorocarbon liquid for one hour and
reconversion to breathing gaseous oxygen.
The arterial oxygen tension during ventilation
with liquid was satisfactory (fig. 1}). Paco,
increased and pH, decreased during ventila-
tion with Caroxin-D, but values returned to
normal within 15 minutes after the dogs re-
sumed breathing gaseous oxygen (fig. 1).
After liquid ventilation, draining by gravity
failed to recover 200-300 ml of Caroxin-D
from each dog. Although some may have
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Fic. 2. Lung five months after liquid ventilation with oxygenated Caroxin-D. Note macro-
phages in alveoli (small solid arrows), particularly around the bronchioles and in the perivas-
cular interstitium (large opea arrows) {hematoxylin and cosin, X133).

evaporated during the esperiment, presumably
significant amounts remained in the lungs.

Two dogs in the PFS group died 24 hours
after liquid ventilation. Examination of their
Jungs showed pneumonia. Another died of
bite wounds four weeks after ventilation with
liquid. One was mistakenly sacrificed after
survival for a year. A fifth dog died during
anesthesia after 2 year. In the control group
two were found dead of bronchopneumonia in
their cages three days after liquid ventilation.
A third dog pulled out his indwelling arterial
catheter on the tenth day and was exsangui-
nated. Another was found dead a month after
liquid ventilation, but autolysis precluded
satisfactory postmortem examination. Nine
animals were electively sacrificed for exami-
nation of the lungs, and the remaining 14 dogs
are still alive and well 12 to 18 months after
ventilation with liquid.

Since the pH,, Paco,, and Pay, values in
the control and PFS groups were almost
identical, the two groups were combined for
analysis (fig. 1). Pag.’s were less than 70 torr
(F1o, = 0.21) in only five of the 32 dogs 24
hours after liquid ventilation; within 72 hours
they were more than 70 torr in 26 of the 27
survivors.  Although the mean Pag, at this
time was 83 = 7.2 torr, it was still significantly
different from the pre-experimental control
value (92 = 7.7 torr) (P <0.001). Pag,’s at
Fio. = 1.0 were above 363 torr in all of these
dogs at 72 hours. Pag.’s reached normal
values by seven days and remained normal for
the vear of study (fig. 1). pH,’s and Pago,’s
of the dogs were normal at all times tested
after liquid ventilation.

Arterial systolic blood pressure declined ap-
proximately 20 torr during inhalation when
the lungs were being filled with fluorocarbon,
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Fic. 3. A (abote), Lung 20 months after liquid ventilation with oxygenated Caroxin-D.
| 1 & around bronchiol s Tar i

and in per interstitium (large open

Note mac:

arrows) and the of any

hymal reaction to the macrophages. Some sections of

the lung contained far fewer m'nc;ophaﬁes than are shown in the illustration (hematoxylin and

eosin, X123). B (facing page), Deta
in perivascular interstitium, normal alveolar

of 34 (boxed area) to show vacuolated macrophages
septa, and scattered intra-alveolar macrophages

(small solid arrow) (hematoxylin and eosin, X475).

returning to normal during the exhalation
phase in every dog. Intratracheal pressures
ranged from 26.1 = 1.3 torr on inhalation to
—92.9 + 8.9 torr during exhalation.

Decreased lung compliance was found 24
hours after ventilation with liquid (P = 0.023).
Compliance had returned to mormal by one
week and, although there was some fluctua-
tion in the mean values for resistance and
compliance from time to time, both were nor-
mal a year after ventilation with liquid (table
1). The deadspace/tidal volume ratios ranged
from 0.50.05 to 0.44:0.01 throughout
the experiment.

On histologic examination, the lungs of ani-

mals sacrificed at intervals from five to seven
months after liquid ventilation were indistin-
guishable from each other. In all lobes of all
animals there were varying numbers of large
vacuolated macrophages, which presumably
contained fluorocarbon (fig. 2). These were
scattered singly and in small groups in the
alveoli and on the alveolar septa. Larger
groups of macrophages formed prominent in-
tra-alveolar clusters around bronchioles. Mac-
rophages were also numerous in the inter-
stitium of the lung, forming sheaths about
bronchioles and small vessels, and were pres-
ent in hilar lymph nodes. Apart from the
presence of the macrophages, the alveolar

20z Iudy 0z uo 3sanb Aq ypd°20000-00020€ L6 L-Z¥S0000/9 L ZEEZ/FE L/Z/BE/HPd-01o11e/ABO|0ISOUISBUE/WOD IIEUYDIDA|IS ZESE//:d}}Y WOI) papeojumoq



Anesthesiology:
V35, No 2 Feh 1073

septa, airways, and vasculature were histo-
logically normal.

The lungs of two animals sacrificed at one
year and one animal sacrificed at 20 months
(fig. 3) all contained macrophages similar in
number and distribution to those in the ani-
mals sacrificed at five to seven months. Owing
to variation in bers of macrophages from
animal to animal in the dogs sacrificed at five
to seven months, it was not possible to state
categorically that the animals examined at a
vear and at 20 months had significantly re-
duced numbers of macrophages. However,
there was no evidence of parenchymal reac-

VENTILATION WITH FLUOROCARBON LIQUID

tion to the residual (fluorocarbon) macro-
phages.

The extracts from brain, kidney, and liver
did not give Caroxin-D peaks even when
tested at maximum sensitivity (attenuation
200), and when 3-pl amounts were injected.
The extract of fat tissue had a Caroxin-D con-
centration of 0.0086 mg/g; that of the left
lung, 1.58 mg/g; that of the right lung, 1.64

mg/g.
Discussion

This study confirms our earlier reports that
life can be supported for brief perieds by ven-
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tilation with fluorocarbon liquid.* Although
the dogs in this series did have moderate hy-
poxemia at Fiy,=0.21, mean Pag, was 76
torr at 24 hours and 83 torr three days after
liquid ventilation. Both of these values are
significantly higher than those found after ven-
tilation with FX-80 (P < 0.001). ‘hile it
took only three to seven days for Pag, to re-
turn to normal after ventilation with Caroxin-
D, it took ten days for a similar return to nor-
mal after ventilation with FX-50.1

Although mean Pag, was 76 torr a day after
ventilation with Caroxin-D when the dogs
breathed 21 per cent oxygen, it was more
than 400 torr when they breathed 100 per
cent oxygen. The latter value indicates that
a true, or absolute, intrapulmonary shunt due
to perfused but nonventilated alveoli played
only a minor role in the mild hypoxemia ob-
served while the dogs breathed air. This fact,
coupled with the decreased compliance ob-
served at that time, suggests that uneven ven-
tilation might have been responsible for the
hypoxemia. Since diffusion studies were not
performed, however, we cannot rule out a dif-
fusion problem as a possible contributing
factor.

Two other explanations are also possible.
First, fluorocarbon remained in the lung. This
could restrict the volume of air necessary to
£l the lung and, thus, could be reflected in
decreased compliance. Even though oxygen
is quite soluble in Caroxin-D (42.2 vol per
cent at 1 atm gas pressure at 37 C),% when
the dog breathed room air the residual fluoro-
carbon would contain only 3 of this amount.
The diffusion of oxvgen in this liquid, while
probably faster than diffusion in saline solu-
tion, should be slower than in an equal volume
of gas. This may then manifest as a relative
shunt, which is minimized when the fluorocar-
bon is fully saturated with oxygen at a high
Po.-

Furthermore, the vapor pressure exerted by
this liquid (12.8 torr at 37 C) would act as a
space-occupying lesion and decrease the Pao.
available for transfer. On this basis, one
would expect a lower Pag, after breathing
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FX-80 (vapor pressure =358 torr at 37 C)
than after breathing Caroxin-D.

In light of the normal blood gas, compliance,
resistance and Vy/Vy values found a year after
ventilation with Caroxin-D, we were surprised
to find significant amounts of fluorocarbon re-
tained in the lungs when the dogs were sacri-
ficed. Whether this would eventually lead to
scarring of the lung tissue and interfere with
normal gas exchange awaits further study, al-
though no reactive process, apart from per-
sistence of macrophages, can be demonstrated
after 20 months. Apparently, more fluorocar-
bon was retained after 18 months than was
seen in our previous study with FX-80.t e
attribute this to the lower vapor pressure
of Caroxin-D compared with FX-80, which
would suggest that the former evaporates
more slowly from the lung.

Since pulmonary function tests and Pag, re-
turned to normal within three to seven days
after liquid breathing, we conclude that dogs
can be ventilated with Caroxin-D fluorocarbon
liquid with return to normal Jung function for
at least 20 months, even though residual fluo-
rocarbon remains in the lung.

The authors thank W, A. Warner, M. K. Tham,
C. A. Hardy. E. J. Kuck, B. C. Ruiz, J. Brogden,
J. Major, and P. Warwick for their valuable assist-
ance.
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