


































































































reconnected after the 1- or 2-minute exposure to centripetal accel-
eration. Heaters in the oxygenator reservoir maintained the liquid

at normal body temperature (37°C). A rectal thermistor probe was used
to continuously monitor body temperature, and a similar thermistor
probe monitored the temperature of the surrounding saline.

Figure 3 is a photograph of the apparatus used in the initial
g P S Pl
liquid-breathing studies. The oxygenator is shown connected to the

respirator, For a clear view, the respirator was photographed on a
small table.

sion respirator assemblies used in the initial liquid-
breathing studies. (A) Water-immersion respirator. Re-
movable cover for access to the immersed animal. Trans-
parent Lucite, 20 cm x 20 cm x 100 cm. (B) Breathing lic
compartment, Transparent Lucite tank holds approximately
4 liters of oxygenated fluorocarbon. (C) Respiration
pump. (D) Oxygenator. (E) Recirculation pump. Transfers
exhaled fluorocarbon to the oxygenator (D), and returns oxy-
genated fluorocarbon to the breathing compartment (B),

(F) Breathing valve, (C) Balloon. Simulates the animal's

juid
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Figure 4,

Water-immersion liquid-breathing apparatus mounted in the
centrifuge cockpit., Dog positioned left side down in the
immersion tank, with head nearest the camera., At this

time, the dog was restrained only by pelvic and shoulder
straps and breathed room air spontaneously. Later, the dog
was immersed in saline, The respiration pump in the fore-
ground withdraws a tidal volume of saline from the immersion
tank on inspiration and returns the saline to the tank on
expiration. The small Lucite tank beneath the respirator
pump contains fluorocarbon during the liquid-breathing part
of the experiment which followed. The row of catheters from
ports along the side of the immersion tank are connected to
individual strain gauges through hydraulically actu.ted
valves., The valves permit flushing the catheters and insert-
ing calibration pressures in the strain-gauge lines from a
remote station during rotation of the centrifuge., X-ray
source and image intensifier used to obtain biplane films
and video images are shown in the left and right-hand mar-
gins, respectively.

22









Results and Conclucions

In the air-breathing experiments, water immersion minimized narrow-
ing of the rib cage, and minimized inertial displacements and deforma-
tion of the abdomen during the exposures to centripetal acceleration,as
the films shown in Figure 5 demonstrate,

A-P ROENTGENOGRAMS DURING +le AND +6Gy

WITH AIR (A.C) AND WATER (B.D) IMMERSION RESTRAINT

Figure 5.

(Dog. 12.5 kg, Morphine-Pentobarbital Anesthesia)

AIR IMMERSION WATER IMMERSION

Thoracic roentgenograms of a dog in the left decubitus posi-
tion at 1Gy and during exposures to +6Gy during spontaneous
respiration in an air environment (A,C),and during controlled
respiration of air in a water-immersion restraint system
(B,D).

Identification of positions of the tips of the recording
catheters: PA, pulmonary artery, PA,, for pressure record-
ing, PA2, for injection of circulatory indicators (indocya-
nine green, 697 renovist); LA, left atrium; LPV, left pulmon-
ary vein; Ao, aorta; Pl, pleural catheters, Pl;, lateral
(superior) border of right pleural space, Pl;, lateral
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of the other three dogs in this group, the pulmonary vein blood remained
100% oxygenated throughout the 120-second exposure. In the other two
dogs, the pulmonary vein blood was slightly less well saturated with
oxygen than the femoral artery blood, indicating venous-arterial shunt-
ing in the particular region of the lung from which venous blood was
being sampled by the catheter, Variation between animals in the ver-
tical position of the pulmonary vein-sampling catheter could account for
a large part of the variability in the calculated pulmonary shunt values
obtained. In each of the three plots, venous-arterial shunt values of
less than 20-25% are probably not significant (3),

The data used in the plots of Figures 9,10, and 11 are shown in
Table IV (See Appendix),

The inertial effects of acceleration on the chest wall, thoracic
contents, and abdomen were reversed when the animal breathed fluoro-
carbon, compared with air, as illustrated in Figure 12,

THORACIC ROENTGENOGRAMS DURING RESPIRATION WITH
AIR(A,C) AND LIQUID FLUOROCARBON(B,D)
(Dog 14.5 kg, Morphine -Pentobarbital Anesthesia,
Water Immersion Restraint)

AID BRCATUINA Ei iiMBAr ABBAL SAmr A 0in

Figure 12, Comparative thoracic roentgenograms of a dog under morphine-
pentobarbital anesthesia with controlled respiration in a
water-immersion restraint system, breathing air at 16 and
during exposure to +6Gy (left upper and lower panels,
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Anesthesia was maintained during all surgical and experimental
procedures with sodium pentobarbital and morphine.

THORACIC ROENTGENOGRAMS SHOWING POSITION OF

SENSING DEVICES FOR BREATHING LIQUID FLUOROCARBON

(13.5 kg Dog, Right Decubitus Position,
Morphine - Pentobarbital Anesthesic)

Lateral roentgenogram before beginning of liquid breathing
(left) and dorsal-ventral roentgenogram during liquid breath-
ing (right). FP and FP.; electromagnetic flow probe chron-
ically implanted around ascending aorta, and its cutaneous
connector, respectively. RVp and RAp; electrode catheters
with tips positioned in right ventricular outflow tract and

in right atrium near the superior caval orifice, respectively,
for control of heart rate and atrial-ventricular systolic
interval. LPl and RP1 catheters with tips positioned in
pleural space at left superior and right dependent margins

of lungs, respectively. PA; and PA, catheters with tips posi-
tioned in pulmonary artery. ECG; electrocardiographic leads.
TT; bilateral fluid-filled tubes with menisci (F) at mid-
lung level for recording this zero-reference level for each
strain gauge-catheter manometer system by connecting each
gauge via its respective remotely controlled } -way stop-
cock to this hydraulic pressure reference system., Note in

the right panel that: 1) the lung fields appear as lighter
areas in relation to the darker silhouette of the heart, which
is less dense than the fluorocarbon-filled lungs; 2) the dark
margin between the superior border of the lungs and the pari-
etal margin of the thoracic wall caused by pleural fluid
displaced upward by the heavier fluorocarbon-filled lungs.
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level of fluorocarbon in the inhalation chamber was adjust-
ed to the midlung level of the animal by adding or remov-
ing fluorocarbon from the oxygenator and by adjusting the
shunt flow. Liquid levels in each chamber were read on
scales attached to the outside of each chamber. The coils,
packed in crushed ice, condensed fluorocarbon vapor which
otherwise would have been steadily blown off by flow of
oxygen through the chamber. The condensed fluorocarbon was
returned to the inhalation chamber.

Figure 3.

Photograph of the fluorocarbon oxygenator-water-immersion

respirator assembly:

(A) Variable rpm dc motor.

(B) 8-inch finned aluminum nebulizing wheel directs high
velocity spray of fluorocarbon to impact against the
four walls of the chamber. The liquid is nebulized
in a 100 percent oxygen atmosphere. Oxygen diffuses
into and carbon dioxide diffuses out of the liquid
droplets.

(C) Exhalation chamber. The valve which controls shunt
flow of fluorocarbon from inhalation to exhalation
chamber is mounted on outside wall at left end.

(D) Row of catheter ports on far side of respirator.
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(E,F)

(¢)

(H)

Selector valves connect separate inhalation and exhalation
lines, respectively, to either room air or to oxygenated
liquid.

Lucite platform., Elevates animal so that midthoracic level
coincides with longitudinal axis (marked by metallic screws)
of immersion tank. Water-tight electrical connectors shown
on right-end of immersion tank are for ECG leads (top) and
thermistor probes (bottom) used to record rectal temperature
and temperature of saline within respirator.

Respiration pump., Associated Scotch yoke linkage, pump
motor, and linear displacement transducer are shown,

Figure 4
Fluorocarbon spinning disc oxygenator assembly for liouid-breathing
studies.
(A) variable rpm dc motor
(B) fluorocarbon condensing coils
(C) atomizing disk
(D) inhalation compartment
(E) exhalation compartment
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minimized by connecting Lucite Y directly to endotracheal
tube, Three sintered stainless steel plates distribute
oxygen flow over a large area near the bottom of the in-
halation and exhalation chambers to partially oxygenate the
fluorocarbon. Complete oxygenation and carbon dioxide re-
moval is accomplished by continuously circulating preoxy-
genated fluorocarbon from the exhalation chamber over the
nebulizing wheel to the inhalation chamber. Fluorocarbon
is circulated by a centrifugal pump (not shown) in the
bottom center of the oxygenator and driven by a shaft exten-
sion from the nebulizing wheel.

A pneumatically actuated slide valve was mounted external to the respira-
tor to open and close the animal's inhalation and exhalation lines in
proper sequence and timing upon electrical command from the respirat n
pump. The slide valve replaced the breathing valve originally mounted
within the saline-filled respirator at the outlet of the endotracheal
tube. Also, the inhalation and exhalation lines were brought out at

the end of the respirator in a straight line path to the oxygenator
instead of out the side of the respirator in a "U" shaped path to the
oxygenator as in the original design. The modified valve and inhala-
tion-exhalation line assembly minimized airway pressure losses due to
resistances to flow and due to mass and viscosity of the respirable
liquid. Hence, the peak-to-peak pressures applied to the body surface
of the animal to move the liquid in and out of the lungs in the modified
respirator were one-half the values in the former.

Figure 3 is a photograph of the actual respirator-oxygenator assem-
bly used in the present study.
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Figure 3. Photograph of water-immersion respirator fluorocarbon-oxygen-
ator assembly., (A) variable rpm dc motor controlled by
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ASSEMBLY FOR PERCUTANEOUS INSERTION OF
METAL TAGS FOR STUDY OF REGIONAL MOVEMENTS
OF LUNG PARENCHYMA IN INTACT DOGS

Metal Tags m

—_—

Figure 1. Needle-trocar assembly for tagging pulmonary parenchyma with

l-mm metallic markers of different shape, illustrated in the
insert,
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ORTHOGONAL ROENTGENOGRAMS OF DOG IN PRONE POSITION
SHOWING LOCATION OF PARENCHYMAL TAGS AT END-INSPIRATION

(Dog 21.5 kg, Morphine - Pentobarbital Anesihesia)

Figure 2,

Ventral-dorsal and lateral roentgenograms used to determine
the positions of percutaneously implanted stainless steel
radiopaque tags for measurement of displacements of differ-
ent regions of the lungs and regional lung volumes during
the respiratory cycle, as well as changes in direction and
magnitude of the force environment in dog studied without
thoracotomy. The abbreviations RP1, LPl, RV, RA, Ao, and
Eso indicate the positions of the tips of liquid-filled
catheters connected to strain-gauge manometers for simul-
taneous recordings of pressures from the potential right
and left pleural spaces, the esophagus, right ventricle,
pulmonary artery, and aorta, respectively. The silhouettes
of the steel wire "crosshairs" which intersect at the level
of the sixth thoracic vertebra (left panel) are used as
reference points for measurements of the spatial positions
of metal tags and catheter tips.
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-Steel Frame
Strain Gauge

Transducer with Catheter. Axis of Rotation

/

~ Thistle Tube

Holder with Cross Wires ——

Biplane Cassette ‘:
for Reference Levels

Plastic Half-Body Cast——

:

Figure 4, Half-body cast fixed in steel supporting frame used to main-
tain the dog in the head-up and head-down positions during
measurements of pleural pressures and related variables.
Method of supporting strain-gauge manometers is illustrated.
Cassette holders for biplane roentgenograms with steel-wire

; crosshairs on their front surface to define zero-pressure

; reference level from which all transducers were initially
calibrated are shown. Dog was secured in half-body cast

i with band straps around all four extremities and to the steel

3 cage by nylon cords from his eyeteeth to cage top and by sim-

ilar cords from his ankles to cage bottom. The abdomen was

partially supported by a loose binder,

Figure 5 shows the biplane orthogonal x-ray system with the cube
representing the dog's chest within the transradiated space. The
dimensions of the orthogonal x-ray system (s,q,t,p) and the x',y', and 2'
coordinates of each tag from the central axes of the two systems must
be known in order to correct for the magnification inherent in a diver-
gent x-ray system,
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