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abstract 

special design wasSusedrtoPcnah°riand li<,uid oxygenator assembly of 

re&idual lu4 v^LTÎn 1“' an<l “dal *"d 
either liquid fluorocarbon FC 80 or íí? f1 °r oxy8ent and then, 

studies in 30 animals: (Î) Artería Í * ?“ DC 20°- In aparate 

pulmonary arteriovenous shunting causedT^rai ^ t0 dependent 
not minimized by water-*mm«,-«,* g fused by transverse accele’-ation was 

»i« «.ter «« l;quid braathin* 
shunting and downward dlsplocement of the arterlo',enous 
acceleration. (2) « 0, t^C beart ^ue to transverse 

recorded by ¡ chronicí??í Ímo?an?eHCff7 í" the aSCendí^ aorta was 
beat-to-beat stroke voluL^ÏÎ d el*ctroma8netic flovcmeter, and the 

computer. Ph^ c ha^oTiñ eaT;: , 0"-Una CDC H0° di^“ 
by variation, in intr«S0«"lc? ai™« VOlur •’<!re 
sures produced by the reso rator r« otber internal body pres- 

exchange with liquid fluorocarbon mÍ^ÍÍ" adequate respiratory gas 
pulmonary blood flow was determinen h ^ The spatial distribution of 
nique. Up to 4 inlecti^n. f aí«d by a radi<>active embolization tech- 

madt into the right ventric?e anH*^”^lly labeled microspheres were 
from each injection reor^iaM * dlftributi°n of microspheres 
of each injection, ias de?e?niíed^h? P“lm°naíy bl°od floW &t the time 
resolution computer-controlled scintiscan°? t^e fntire lun8 by a high- 
breathed the heavier-th.m-hinnH intiscan"in8 technique. When dogs 

in the superior regions of the lumTdurini?011’ bl°0d fl°W WaS increased 
acceleration; blood flow derr»a<.enS uUrinf exP0Sures to transverse 

blood silicone oil. (4) Blood rn breathed the üghter-than- 
hypocapnic levels in normo°vld bC controlled at normal or 

for 4 to 8 hours. The possibility °xy8enated fluorocarbon 
and/or escape of fluorocarbon from difcussed/bat oxygen toxicity 
system contributed to the death of fh airways into the circulatory 
cessation of liquid brea^híne Hn ^686 an mals to 30 hours afier 

mUltlPla P-^o'bbical vac,.?;., ua'eí“ dt1S‘sT.tuXUrí,Pdr:“"í.nS.0f 

iii 



CONTESTS 

Section I INTRODUCTION AND SUMMARY OF SEPARATE STUDIES . 1-12 

References 10-12 

Section II EFFECTS OF +Çy ACCELERATION ON BLOOD OXYGEN SATURA¬ 
TION AND PLEURAL PRESSURE RELATIONSHIPS IN DOGS 

BREATHING FIRST AIR, THEN LIQUID FLUOROCARBON IN A 
WHOLE-BODY WATER-IMMERSION RESPIRATOR. 

Abstract - 

Introduction - 

Methods --- 

Procedures -- 

Results and Conclusions 

References - 

Tables I, II, III, and IV.139-145 

Section III RESPIRATORY VARIATIONS IN LEFT VENTRICULAR STROKE 

VOLUME DURING LIQUID BREATHING. 

Introduction 

Methods - 

Results - 

References -- 

13- 39 

13 

14- 15 

15- 23 

23-24 

25-38 

39 

41-54 

41 

41-45 

45-54 
54 

Tabins XIV and XV 165-167 

Section IV EFFECTS OF +Gy ACCELERATION ON THE REGIONAL DISTRIBU¬ 

TION OF PULMONARY BLOOD FLOW IN DOGS BREATHING 

ORGANIC LIQUIDS IN A WHOLE-BODY WATER-IMMERSION 
RESPIRATOR.. 

Abstract --- 

Introductlon 

Methods -- 

Results -—- 

References — 

Section V STUDY OF ACIDEMIA IN DOGS BREATHING OXYGENATED 
FC 80 LIQUID FLUOROCARBON . 

Introduction 
Methods - 

Results - 

References -- 

55 

55-57 

57-64 

64-73 
74 

75-88 

75-78 

79-82 

82-86 

87-88 

Table V 147 

Pracrito! MU Uuk 

•* -*-**W*M**(i§ 



Section VI 

Section VII 

Section VIII 

Section IX 

Appendix 

CONTENTS (continued) 

COMPUTER PROCESSING OF PHYSIOLOGICAL DATA . 89-102 

Program for On-line Digitization of Physiological 

Pressures Recorded in Centrifuge Experiments --- 91-93 

Program for Generating an Ink-on-Paper (Calcomp) 

Plot of the Results Stored on the Updated Tape -- 93-98 

Program for Statistical Analysis of Physiological 

Pressure Measurements-——_-___98-101 

References____ 102 

Tables I, II, VI, VII, VIII thru XV — 139-167 

EFFECT OF INFLATION LEVELS AND BODY POSITION CHANGES 

UPON REGIONAL PULMONARY PARENCHYMAL MOVEMENTS 
IN DOGS AT  .. 103_114 

Methods and Results - 103-114 

Sunmary-—___...... 

References —-----^ 

EFFECT OF CHANGES IN THE MAGNITUDE AND DIRECTION 

OF THE FORCE ENVIRONMENT ON REGIONAL DISTORTION 

OF LUNG PARENCHYMA IN DOGS. 115-123 

Methods and Results —————_______115-123 

References-----^23 

GAS EMBOLISM DUE.TO INTRAVENOUS INJECTION OF 

PC 80 FLUOROCARBON . 125-135 

References-—----- ... 

Tables XVI, XVII. 169-171 

TABLES I thru XVII. 13?-173 

vi 



IPQfc'ïiiimiui.ijui. 

ij ' iwm «jMpi 11 ... m tu mu w ui wi 

UMCLASSIPTED 
S>cnrity Cl«»»i»c«tlon 

DOCUMENT CONTROL DATA • R & D 

rsrB.,A ::::: m<- g ^ ^ s^a- -.>*» c...^ 
Mâyo C1ÍQÍC "IPO,,T **cu«irv CLA*»iric*riON 
Mayo Foundation Ljfticlasaified 
Rochester, Minnesota 55901 

2b. GROUP 

SSÜ18 °F BREATHING UQUID FLUOROCARBONS ON REGIONAL DIFFERENCES IN PLEURAL 
PRESSURES AND OTHER PHYSIOLOGICAL PARAMETERS 

« descriptive no tes fl"»« of raporf anrf fncliMlv« rial««; 

Final report - 23 May 1969 - 3 January 1972 
a Ait* — • — • — - ^- w _ 
* *u-. HORISI (t'irai ñama, middi* Initial, 

Donald J. Sass 
Earl H. Wood 
Janes F. Greenleaf 

lãêt nmm9) 

Erik L. Ritman 
Hugh C. Smith 

• REPORT date 

December 1972 
•« CONTRACT OR GRANT NO. 

6. PROJECT NO 

e Task No. -03 

,,. Work Unit No. -39 

f1*1609-69-C-0058 

10 DISTRIBUTION STATEMENT 

7«. TOTAL NO OP PAGES 

173 
7b. NO. OP REPS 

22L 
SA. ORIGINATOR'S REPORT NUMBERIS) 

SAM-TR-72-15 

PO"T NOISI <Any "“nbara that may ba aêtl0iad 

Approved for public release; distribution unlimited. 

la. SPONSORING MILITARY ACTIVITY 

USAF School of Aerospace Medicine 
Aerospace Medical Division (AFSC) 
Brooks Air Force Base, Texas 70235 

u.. mm a t w*er-imn.r.ion respirator and liquid oxygenator assembly of special desian 
re8pir&tory ra^e “»d tidal and residual lung volumes iS dogs ^ 

’ a*r °r 03^®*n» ^d then, either liquid fluorocarbon FC 00 or silicone 
oil DC 200. In separate studies in 30 animals: (ll Arterial hypoxemia due L 
dépendent pulmonary arteriovenous shunting caused by t rans ve rse ac ce le ratlin ur * not 
minimized by water-immersion alone, but liquid breathinrcombined Sith wnt^ 

dependent pulmonary arteriovenous shunting and downward displacement of the 

tS^giS^Sîinïfïi?^??^,8 ?rdUCed ^ ^ ««Pintor to maiííiin Sí^aíe^i“? 
blood^fîoî SÍrSt^m?nííq^d flu°roca5Î>on- (3) The spatial distribution of pulmonary 
of î a ra^oactive embolization technique. Up to U injections 

differentially labeled ndcrospheres were made into the risht ventrlei* An^”th- 

noTiïl^tfLIrîSg^ÎAS?“ eftCh îeSrüSnïiÂîeTf^Âa^bî^d riow at the time of each injection, was determined throughout the entire lune bv a 
hi ^i-re solution conçutcr-c ont rolled scintiscanning technique. When does breathas th*. 
heavier-than-blood fluorocarbon, blood flow was iScreaSd ií thíríSpíSr wSSSÍ If 

br^i 
fST^trates” ni*™î:ibîiîtnîhdiÂ5.ifth2“Â^ori?ft;*»i/fl',oroc,r,,oî 
these°animl8f2tmtoh^oahrr*y8 nt0 th* cffculatory contributed“d/theedeâÇh of these animals 24 to 30 hours after cessation of liquid breathing. On-line digital 
conputer processing of multiple physiological variables used in these studies is 
Q68CrxDQQ# 

DD ,^..1473 i UNCLASSIFIED 
Security ^'lAiitrtcation 



•WWHP. .I. «Ill ■PIUPHLIPWWWPWIIWIP' 

ama 
KKV WORDS 

ROUK 

LINK 0 

ROLK WT 

LINK W 

ROLK WT 

Acceleration 
Pulmonary function 
Liquid fluorocarbon 
Oxygen saturation 
Pleural pressure 
Stroke volume 
Pulmonary blood flow 
Computer processing 

/ cL^ UWCLAS8IFIED 
Security Ctasiification 

AtSC AAF» WASH.. D C 1*73 



LIST OF ILLUSTRATIONS 

Section II - £MB 
1. Water-immersion respirator assembly -   16 

2. Liquid-breathing assembly --   17 

3. Photograph of oxygenator-respirator assembly —- 19 

4. Photograph of respirator in cockpit of centrifuge ------ 22 

5. Thoracic roentgenogram, air- and water-immersion-25 

6. Computer plots, oxygen saturation, air- and water- 

immersion, breathing air 27 

7. Pleural pressure plots —.................. 29 

8. Computer plots, oxygen saturation, breathing air 
and liquid  30 

9. Oxygen saturation, A-V shunts, breathing air . 32 

10, Oxygen saturation, A-V shunts, breathing oxygen - 34 

11. Oxygen saturation, A-V shunts, breathing fluorocarbon -- 35 

12. Thoracic roentgenograms, breathing air and fluorocarbon -36 

Section III 

1. Schematic oxygenator-respiration assembly--—--- 42 

2. Thoracic roentgenograms showing flowmeter probe ———- 44 

3. Computer plots, left ventricular stroke volume ———— 45 

4. Computer plots, aortic flow pulses 45 

5. Pleural pressure relationships -—-—-—--- 48 

Section IV 

1. Photograpl air-dried lung and lungs embedded in foam --- 56 

2. Schematic oxygenator-respirator assembly ———-—-..- 53 

3. Photograph, oxygenator-respirator assembly ---—---- 59 

4. Photograph spinning disc oxygenator 50 

5. Photokymograph, physiological variables, microsphere 
injections----—----(j2 

6. Spectrometer window settings ----....... 34 



wmmwmrnim'mm mm 

LIST OP ILLUSTRATIONS (continued) 

7. Pulmonary blood flow, breathing air and fluorocarbon 
1 and .. 65 

8. Changes in blood flow due to acceleration, breathing 
air and fluorocarbon-  55 

9. Changes in blood flow due to acceleration, breathing 
air and silicone oil-- 

10. Comparison change in blood flow due to acceleration, 

breathing liquids of different specific gravity _ 69 

11. Pleural pressure plots _   71 

12. Comparison pulmonary blood flow and zonal perfusion 
pressures- 72 

Section V 

1. Average blood gas tensions and pH of 14 dogs 
breathing air, then liquid 7g jj 

2. Schematic drawing of oxygenator-respirator assembly —— 79 

3. Photograph of oxygenator-respirator assembly -- 80 

4. Blood gas tensions and pH in 2 dogs, pH controlled 

by supplemental buffer base.—..g4t85 

Section VI 

1. Photokymograph, breathing fluorocarbon, 6.9Gy ————— 90 

2. Photokymograph, pressures during microsphere injections, 
breathing air and DC 200 -.—.—_ 94 

3. Computer-processed pressure tracings corresponding 

to original recordings in Figure 2-— 95 

4. Computer-processed pressure tracings, breathing FC80 
during 6.9Gy exposure qg 

5. Pleural pressure relationships —- 100 

viii 



LIST OF ILLUSTRATIONS (continued) 

Section VII 

1. Needle assembly for tagging lung parenchyma - 104 

2. Orthogonal roentgenograms showing lung tags ---------- 105 

3. Photomicrograph, capsule surrounding lung tag 106 

4. Photograph, half-body cast for head-up, head-down 
studies ----——....—.................—...._  107 

5. Geometrical relationships, orthogonal x-ray system --- 108 

6. Comparison, actual versus x-ray measurements of bead 
separation --   IO9 

7. Movement of lung tags, prone to head-up position 
in 1 dog- HO 

8. Shift in lung tags, prone to head-up and prone to 
head-down positions, 3 dogs-HI 

9. Effect of spontaneous inspiration on lung shifts, 
head-up and head-down dog -.........—..—......— 112 

10. Comparison lung shifts due to spontaneous and positive 
pressure inflation-----...___113 

Section VIII 

1. Lung shifts during respiration ———--.—......... 117 

2. Regional changes in lung volume during respiration — 118 

3. Effect of acceleration on lung position and regional 
volume h9 

4. Regional changes in lung volume and position in 
respiratory cycle during 7Gy ——-.............- 120 

5. Regional ventilation, at 1G 121 

6. Regional changes in lung volume due to acceleration -- 122 

7. Regional ventilation at 7Gy ——-----...... 123 

Section IX 

1. Arterial blood gas tensions and pH ———————— 127 

2. Platelet counts and concentration of FC 80 in blood — 129 

3. Vapor pressure-temperature relationship (fluorocarbon) 132 

lx 



í 

Table I 

Table II 

Table III 

Table IV 

Table V 

Table VI 

labje VII 

laMe v;;i 

Table IX 

Table X 

LIST 07 TABLES 

Summary of Experimental Arrangement Used in Air- 

Breathing, Air-Iranersion, and Air-Breathing, Water- 
Immersion Studies . 139 

Summary of Experimental Arrangement Used in 
Liquid-Breathing Studies__ ^ 

Relationship of Pleural Pressures at End-Expiration 

to »««teal Height In Thorax of 5 Dogs During Air 

and Hater Immersion in Left Decubitus Position. 
Breathing Air_     ^ 

Oxygen Saturation and Physiological Shunt Data 

ummary of 14 Liquid-Breathing Experiments 
(Mean and Standard Error)_  ^ 

Mixed Venous Blood Chemistry Determinations in Do^s 
Ventilated with FC80 Fluorocarbon .  Ul 

Computer Printouts Multiple Physiologic Pressures 

Recorded in Six Successive Respiratory Cyclesj Dog 
Breathing Air During Exposure to 7GV Force 
Environment - y ---- 

Computer Printouts Multiple Physiologic Pressures 

Recorded in Seven Successive Respiratory Cycless Dog 
Breathing Silicone Oil During Exposure to 7GV 
Force Environment----- 

Computer-Processed Measurements of Multiple Physio¬ 
logical Pressures and Other Variables in Dogs 

Breathing Organic Liquids} Summary for Individual 

Dogs and Means for the Group, +lGy Breathing Air, 
Immersed in Air (Mean and Standard Error) __ 155 

Computer-Processed Measurements of Multiple Physio¬ 
logical Pressures and other Variables in Dogs 

Breathing Organic Liquids; Summary for Individual 
Dogs and Means for the Group, +1GV Breathing 
Air, Immersed in Water.I___^ 

Computer-Processed Measurements of Multiple Physio¬ 
logical Pressures and Other Variables in Dogs 

Breathing Organic Liquids; Summary for Individual 

Dogs and Means for the Group, +7Gy Breathing Air, 
Immersed in Water —.-... 

...159 

X 



u 111 

LIST OF TABLES (continued) 

Table XI Computer-Processed Measurements of Multiple Physio¬ 
logical Pressures and Other Variables in Dogs 
Breathing Organic Liquids; Summary for Individual 
Dogs and Means for the Group, +lGy Breathing 1007. 
Oxygen, Immersed in Water - 161 

Table XII Computer-Processed Measurements of Multiple Physio¬ 
logical Pressures and Other variables in Dogs 
Breathing Organic Liquids; Summary for Individual 
Dogs and Means for the Group, +lGy Breathing FC80 
Liquid Fluorocarbon, Immersed in water --- 163 

Table XIII Computer-Processed Measurements of Multiple Physio¬ 
logical Pressures and Other Variables in Dogs 
Breathing Organic Liquids; Summary for Individual 
Dogs and Means for the Group, +7Gy Breathing FC80 
Liquid Fluorocarbon, Immersed in Water ------------ 165 

Table XIV Summary of Computer-Processed Measurements of Multiple 
Physiological Pressures During +lGy Force Environment 
in Water-Immersion Respirator With and Without Liquid 
Breathing 167 

JafeU XV 

Table XVI 

Tabla XVII 

Summary of Computer-Processed Measurement of Multiple 
Physiological Pressures During +7Gy Force Environment 
in Water-Immersion Respirator With and Without Liquid 
Breathing------169 

Concentration of FC 80 in Tissues and Body Fluids 
Immediately After a 14 kg Dog Breathed FC 80 
for 16 Hours ----— _____171 

Estimated Gas Tensions (mm Hg) in Blood of Animals 
Injected Intravenously with FC 80 Liquid Fluoro¬ 
carbon Under Different Conditions of Ventilation 
and Ambient Pressure______ 

» 



EFFECTS OF BREATHING LIQUID FLUOROCARBONS ON REGIONAL DIFFERENCES 

IN PLEURAL PRESSURES AND OTHER Pf'YS 10LOGICAL PARAMETERS 

SECTION I 

Introduction and Summary of Separate Studies 

All physiological as well as injurious effects of whole-animal 

acceleration are produced by relative movement and deformation of the 

body tissues. Visceral organs and body structures move and deform in 

a gravitationa]-inertial force environment because the body parts differ 

in specific weight and in their mechanical properties. Theoretitally, 

none of the physiological or injurious effects of acceleration would occur 

if the animal were supported or restrained in such a way that there is 

no relative movement or deformation of the body tissues due to inertial 

forces. Each method of body support will influence to some extent the 

mechanical response of the animal and, hence, the physiological effects 

produced by the acceleration. Since it is impossible to subject an 

experimental animal to other than a zero-G-force environment without 

some method of body support, the method of support is frequently an 

important variable in these investigations. 

The method of body support is especially important in studies of 

the effects of the force environment on the lung. The lung is particu¬ 

larly vulnerable when the animal is exposed to increased force environ¬ 

ments, irrespective of whether the forces are produced by air or water 

blast (1), vibration (2), impac : (3) or centripetal acceleration (4). 

The susceptibility of the lung is principally due to the large difference 

in specific weights between the blood and gases on opposite sides of the 

very thin alveolar membrane (these differences in specific weight in¬ 

crease in proportion to the acceleration), but the lung is also suscep¬ 

tible to inertial movement of structures adjacent to the lung, particu¬ 

larly the relatively dense and mobile abdomen, mediastinum, and chest 

wall. Depending upon the magnitude and direction of the force environ¬ 

ment, relative movement of the heart, chest wall, and abdomen may cause 

more important effects in the lung than those effects due to the differ¬ 

ences in specific weights between blood and gases on opposite sides of 

the alveolar membrane; for example, the inward displacement of the chest 

wall in air blast (5), and the inertial displacement of the heart and 

abdomen during impact (6) and vibration (2). The importance of relative 

motion of the abdomen and chest wall in producing alveolai rupture, medi¬ 

astinal emphysema, and other lung injuries has been recognized for hun¬ 
dreds ci years (7,8). 

The purpose of the studies detailed in this report was to investi¬ 

gate the physiological effects in dogs caused by increased force environ¬ 

ments produced by the Mayo Clinic human centrifuge. As the separate 

studies in this report indicate, we were concerned with demonstrating 

effects which could be attributed to differences between the specific 
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TeZuêJiltT'LT'l ^a”T°” of‘body^upport^used ülaíLTiheír 
„f-fcïÎI Î Water-immersion supports have been used by numerous 

în ^ H4 exPerimental anlmal studies of G-protection (9), äs weU as 
in studies of protection in human subjects against blackout dJ l 

centripetal acceleration in this laboíatory (ío)! aní în âÏuJïes 
human tolerance to acceleration by otherä (11). 

in wM^hSeC°nd Sectíon of this rePort describes the initial study 

s :":i" :;r;;s 

=f äHt-t s¡ sr™ 
with simnäp K ! laborato^ in humans, dogs and chimpanzers performed 

îr£irr^"':“"rLP'irj—^"ir 
ing the^ame^pecif it gravity ^s^ that of “,1gf'’Te"lblf U<,uld 

quantities^f *V*U,bU‘ty «£ »^anic liquids whlch^Îsaô ^^Irge'"' 

different Sd^h/^he“:1^)?’“"0'0*“^6““^"1'“ ^^‘tesÜd““"8 

shown ln Section II are lllustîatlve Cl«í. 0yy8<än 5*0“«Hon 
output by the indocyanine-green dye dilution technloT^ °f cardlac 
different when the dye was lol.rt.a .Z aî« Chn.tqile uer' appreciably 

• tion cycle, we conciudH ti. ' ^ c^l c ^U«'^“?8 1 reS»lr- 

blood oxygen saturation were caused by cSañgel l“ car,H.f ouinutn0“S 
aequent to the sinusoidal changes in externfl .L « ^I bo^y 

2 



pressures produced hy the respirator. To determine whether or not 

this was so, an electromagnetic flowmeter was chronically implanted 

around the root of the aorta in one dog, and the beat-to-beat changes 

in left ventricular stroke volume were continuously monitored through¬ 

out the respiratory cycle, first with the dog breathing room air, and 

then when breathing oxygenated liquid fluorocarbon in the water-immer¬ 

sion respirator. Details and results of the study are given in Section 

III. Maximum stroke volume occurred soon after the start of inspira¬ 

tion when the dog breathed air, and just prior to full inspiration when 

the dog breathed fluorocarbon. The average stroke volume was approxi¬ 

mately one-third greater, and the peak-to-peak changes in stroke volume 

were roughly twice as great, comparing measurements from liquid-breath¬ 

ing and air-breathing experiments, respectively. These results were 

thus in agreement -vith our earlier conclusions. 

Use of a water-immersion body support in these studies offered 

what at first was thought to be a secondary advantage, but which over 

the course of all of the studies has proved to be a primary advantage; 

viz,, that of providing accurate control of the rate and depth of res¬ 

piration, and of the residual volume of the lung. Thus, the water- 

imn.ersion respirator progressive!]'’ developed during the course of these 

studies into a we11-instrumented and extremely valuable whole-body 

water-füled plethysmograph especially suited to centrifuge studies 
in dogs. 

As is well known, capillary blood flow, or total capillary blood flow 
per cubic centimeter of tissue, is not uniform throughout the lung but 

generally increases in successive horizontal strata through the lungs in 

a superior-to-dependent direction, i.e., in the direction of gravity, 

until near the dependent parts of the lung where the flow decreases (12, 

13,14). These regional differences in blood flow become exaggerated 

when the force environment is increased (15,16), Various mathematical 

and physical models have been proposed to explain the regional differ¬ 

ences in pulmonary blood flow (12,13,14). All of these models make two 

basic assumptions: 1) the blood pathways are in continuity in the lung 

and, thus, the capillary blood pressure in any stratum can be predicted 

from purely hydrostatic considerations; and, 2) the respiratory pas¬ 

sages are also in continuity so that when there is no flow of respira¬ 

tory gases, the alveolar pressure in all expanded regions of the lung 

is atmospheric (the specific weight of the gases is virtually zero). 

Theoretically, blood flow would be uniform throughout the lungs in a 

zero-G environment, or if the alveoli were filled with a liquid having 

the same specific weight as blood and other tissues; viz., about 1.0. 

In the study described in Section IV, we tested this concept by 

measuring the effects of the force environment on the three-dimensional 

distribution of pulmonary blood flow in dogs breathing first air, and 

then an organic liquid. Over the past five years, investigators in this 
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tensions maintained the oxygen saturation of mixed venous blood at rela¬ 

tively high levels (approximately 707.)andmay have caused both the acidemia 

and the loss of blood-buffering capacity by a well-known mechanism (23). 

Most of the animals in these studies had saline-filled pressure¬ 

recording catheters in the thoracic aorta, the main pulmonary artery, 

the right and left pleural spaces, esophagus, upper trachea, and in 

either a major bronchus or the lower trachea. Pressure signals from 

strain-gauge manometers connected to these catheters were recorded si¬ 

multaneously on digital and analog magnetic tape, and on two paper photo¬ 

kymograph assemblies (on 30-cm-wide paper at 25 cm/sec and on 45-cm- 

wide paper at 5 cm/sec), along with signals from the cuvette oximeters 

and from numerous other instruments. Twenty channels of pressure and 

other data were routinely recorded on the two photokymographs alone. 

Analysis of these data would have been extremely laborious because of 

the large number of traces, the uncertainty in some instances in iden¬ 

tifying the individual traces when the traces criss-crossed and over¬ 

lapped as frequently occurred during rotation of the centrifuge, and 

because pressure corrections had to ba applied to a number of traces. 

The pressure corrections were necessary because the zero baselines 

shift due to changes in the force environment, because the animal 

shifts relative to the zero-pressure reference level due to inertial 

forces, and because we express some of the pressures (the tw> pleurais 

and the esophageal) as catheter-tip pressure by subtracting the ver¬ 

tical height of each appropriate catheter tip, determined from biplane 

thoracic roentgenograms, from the zer« -pressure reference level. 

Furthermore, we refer the two airway •'ressures (tracheal and bronchial) 

to the animal's midlung level, and since these pressures were measured 

in liquids of different specific gravity from that of the saline in 

the recording catheters, additional corrections to the airway pressure 

traces had to be made during the liquid-breathing portion of each study. 

The data reduction was enormously simplified by the development of sev¬ 

eral computer programs during the course of these studies. These pro¬ 

grams were fully utilized in the analysis of the pressure data recorded 

during the last seven animal experiments when the programs were opera¬ 

tional for the first time. Details concerning the use of these programs 

and the results of the pressure analysis in these animals are described 
in Section VI of this report. 

All investigations concerning the physiological or pathological 

effects of acceleration are implicitly, if not explicitly, concerned 

with the same fundamental problem. The problem is one of determining 

the relative motion and deformation of body tissues when a known accel¬ 

erative stress is applied. Tissues move in a very complex manner which 

is frequently difficult to measure but even more difficult to predict. 

Measurement by roentgenographic means is difficult because the relative 

displacements are often quite small, even at levels of acceleration 

which produce gross injury, and because usually there are not enough 

radiopaque parenchymal land marks to serve as motion indicators. Math¬ 

ematical models are sometimes helpful, but usually are of limited 
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breathing and had declined to 25/5 mm Hg by L’*e time the animal was 

switched to respiration with 1007. oxygen. Arterial blood oxygen 

saturation and blood-gas tensions had been normal throughout the 
liquid-breathing period. 

Each of the other 7 animals had breathed FC80 liquid fluorocarbon 

and fared better in the pos liquid-breathing period. Each maintained 

normal blood-gas tensions for approximately 20 to 24 hours while breath¬ 

ing an air-oxygen mixture or 1007. oxygen, administered either via endo¬ 

tracheal catheter or animal-triggered intermittent-positive-pressure 

respirator. After approximately 20 to 24 hours, each animal became 

hypoxic and hypercapnic and died within 30 hours after resuming gaseous 

respiration. In those animals ventilated with intermittent positive 

pressure, progressively higher airway pressures were necessary to ven¬ 

tilate the increasingly stiff lungs. All dogs showed clearing of both 

lung fields in repeated fluoroscopic examination and in thoracic roent¬ 

genograms within the first hour of gaseous respiration. 

At autopsy, the lungs were very congested and had a solid, liver¬ 

like appearance and texture, especially in the dorsal and diaphragmatic 

regions of the lower lobe. Only scattered areas of apparently normal 

tissue remained, largely in the apical lobes. Microscopic examinations 

in the last two dogs studied (See Section V) showed capillary conges¬ 

tion, widening of the perivascular spaces presumably due to edema, and 

generally normal alveolar architecture with minimal intra-alveolar 

hemorrhage or edema. The respiratory passages were clear. There were 

focal areas of dense alveolar infiltration of polymorphonuclear cells, 

suggestive of a chemical pneumonitis. Several sections showed throm- 
boemboli. 

The mechanism which produces acute congestive lesions of the lung 

is unknown (26,27). Evidently this lesion is a nonspecific response 

of the lung to closed-chest trauma of various kinds (26,27). Respira¬ 

tion with 1007. oxygen administered to dogs by endotracheal catheter or 

intermittent-positive-pressure respiration for 60 to 30 hours has been 

shown by others to regularly produce pulmonary congestive lesions 

(28,29). Spontaneous respiration with 95-987. oxygen caused massive 

congestive pulmonary atelectasis and death in other dogs in 32 to 83 

hours (30). Apparently, the surfactant of alveolar lining cells is 

eventually inactivated by high tensions of oxygen (28,29). Oxygen 

toxicity due to the high oxygen tensions in the liquid fluorocarbon 

during the 4 to 8 hours of liquid breathing, and due to the liberal ad¬ 

ministration of oxygen in the post-liquid-breathing period may have 

been a factor contributing to the death with congestive pulmonary le¬ 
sions in the dogs we attempted to have survive. 

Previously, other workers have shown that FC80 is lethal when 

administered in unemulsified form in dogs in quantities as small as 

0.1 (31) to 0.25 ml/kg (32). Dogs lived less than 60 hours 

X 
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SECTION II 

Effects of +Gy Acceleration on Blood Oxygen Saturation and 

Pleural Pressure Relationships in Dogs Breathing First Air. 

* 

Then Liquid Fluorocarbon In a Whole-Body Water- 

Immersion Respirator 

I 
Abstract 

A water-immersion respirator assembly has been used with dogs on 

the human centrifuge to compare effects of +lGy and +6Gy acceleration 

on cardiovascular and respiratory function under three conditions: 

(l) normal respiration in aii : (2) breathing air or oxygen while 

totally immersed in a saline-filled respirator chamber which provides 

control of respiratory rate, and tidal and residual volumes; and 

(3) when respired in the same manner with oxygenated liquid fluoro¬ 

carbon. Intrathoracic pressures were recorded by strain-gauge manom¬ 

eters connected to saline-filled catheters introduced without thora- 

cotO'iy into the thoracic aorta, pulmonary artery, right and left atria, 
left pulmonary vein, and right and left pleural spaces. Three cuvette 

oximeters measured oxygen saturation of blood continuously withdrawn 

from the thoracic aorta, pulmonary artery, and left pulmonary vein. 

Oxygen saturation measurements and intrathoracic pressures were ana¬ 

lyzed on-line by a CDC 3300 digital computer. The results indicate 

that: (1) arterial hypoxemia due to dependent pulmonary arterio¬ 

venous shunting caused by acceleration is not minimized by water immer¬ 

sion alone; (2) dogs can be respired with liquid fluorocarbon for four 

hours or longer, without clinical signs of respiratory distress, with 

arterial PC02 values maintained at will between 16 and 40 mm Hg, and 

with arterial blood fully oxygenated at breathing rates between 4 and 

8 per minute; (3) liquid respiration prevented dependent pulmonary 

arteriovenous shunting at +6Gy; (4) vertical gradients in pleural 

pressure were approximately 0,7 cm H20/cm vertical distance between 

pleural catheter tips in air-breathing dogs in contrast to slightly 

greater than 1.0 cm H20/cm vertical distance in liquid-breathing ex¬ 

periments; (5) liquid breathing prevented inertial displacements of 

the heart and other mediastinal structures to dependent sites in the 

thorax, and roentgenographically evident pulmonary atelectasis in 

dependent regions. During exposures to +6Gy, the heart floated upward 

into the superior hemithorax with somewhat overexpansion of the depen¬ 

dent left lung. The specific gravity of the fluorocarbon was 1.76. 

Theoretically, liquid breathing can protect against pulmonary-arterio¬ 

venous shunting and injury due to acceleration, and injury to the thora¬ 

cic contents due to transient or sustained extreme changes in environ¬ 

mental pressure. Liquid breathing can also minimize decompression prob¬ 
lems associated with such changes. 
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Introduction 

Previous studies in this laboratory have shown that exposure to 

centripetal acceleration produces in man, chimpanzees and dogs, a 

decrease in arterial blood oxygen saturation, and that this decrease 

In blood oxygen saturation is due to pulmonary blood perfusing poorly 

ventilated regions in the most dependent parts of the lung (1,2,3). 

Pleural pressure measurements along with observations from biplane* 

roentgenograms and videotape angiograms indicate that pulmonary 

atelectasis in dependent regions is due to lung collapse in these 

regions because of the increased weight of the superposed lung and 

mediastinal structures, particularly the heart and great vessels. How¬ 

ever, dependent atelectasis may also be produced by inertial displace¬ 

ment of the diaphragm Into the thorax and by inward movement of the rib 

cage. If the atelectasis due to these effects of acceleration were 

significant, then improved restraint of the chest wall and abdomen 

should minimize the decrease in blood oxygen saturation during acceler- 

ation. Furthermore, if alveolar collapse due to the increased weight 

of the lung were the primary cause of the arterial desaturation, then 

U 1J8 the alveoli and conducting airways with a respirable liquid 
should prevent alveolar collapse, and thereby prevent decreases in 

oxygen saturation due to blood perfusing poorly ventilated atelectatic 
regions. 

With these principles in mind, we exposed dogs to either +1GV and 

+6Gy, or +lGy, +3.7Gy, and +6.9Gy (inertial movements of the heart and 

rí!¡!íyjlscera ír0m !l8ht Side of the body t0 the left> under three 
??uíti0nS£ and I"®®811160 the oxygen saturation of blood continuously 

withdrawn from the aorta, pulmonary artery, and from a vein draining 

the dependent left lung. The three conditions were: first, with the 

dogs immersed in air and spontaneously breathing room air (i.e.. the 

dogs were positioned on their left side in the cockpit of the «ntri- 

fuge with oniy pelvic and shoulder belts for restraint); second, with 

the dogs immersed in saline and mechanically ventilated with room air 

in! r used to minimize inertial displacements of the 

«Ïh !n2 abd°men)> and thiro, with the dogs immersed in water 

peíaíure 07«C)! oxygenated fluorocarbon at normal body tem- 

,nnTh? of oxygen in fluorocarbon is about 40 ml oxygen/ 
100 ml, and solubility of carbon dioxide in fluorocarbon is about 

160 ml carbon dioxide/100 ml. It is biologically inert, and the vapor 

pressure, viscosity, and appearance of liquid fluorocarbon are similar 

to those of water (4). Unlike water, the specific gravity of fluoro¬ 

carbon is 1.76; 1.0 would have been ideal in these studies. In this 

study the respiratory passages were completely filled with 

HnUÍH n*6*’ C0"tai"ed no free 6as>. and the dogs literally breathed 
liquid fluorocarbon for periods of 4 to 8 hours at normal body tem¬ 

perature, with ventilation rates of 4 to 6 per minute, all the while 



maintaining normal blood Pq„ and Pço? values, and without signs of 
respiratory distress. * ¿ 

Methods 

Seventeen dogs, 11.0 to 14,5 kg body mass, were anesthetized with 

sodium pentobarbital, 30 mg/kg i.v. initially, with supplemental i.v. 

administrations of sodium pentobarbital and morphine sulphate as re¬ 

quired throughout the experiment. In the first 12 dogs, a straight 

thin-walled metal endotracheal tube was inserted through a tracheotomy 

and the esophagus tied through the same wound after an esophageal or 

gastric catheter had been positioned. A flexible Tygon endotracheal 

tube was inserted through a tracheotomy in the latter 5 dogs, and 
the esophagus was not tied. 

Radiopaque Teflon or woven nylon catheters were introduced percuta- 

neously and positioned under fluoroscopic control as follows: two 

were placed in the main pulmonary artery for recording pressure and 

blood sampling, one in the right atrium, one in the thoracic oorta, 

and one in the abdominal aorta for recording pressure and blood sam- 

pling, respectively, and one in the femoral vein for reinfusion of the 

sampled blood. Two catheters introduced via the right external jugu¬ 

lar vein were positioned in the left atrium and a left pulmonary vein 

(in one dog, a right pulmonary vein was r.atheterized by a transseptal 

technique). In all b-it the first three dogs, two radiopaque polyeth¬ 

ylene catheters (1.3 a o.d., 0.8 mm i.d.) were inserted without thora¬ 

cotomy into the left and right pleural spaces and their tips manipu¬ 

lated under fluoroscopic control to the superior and dependent sur¬ 

faces of the lung. All catheters were filled with heparinized Ringer's 

solution (2500 unita heparin/100 ml). Tables I and II (See Appendix) 

summarize the experimental arrangement for each of the 17 animals; dogs 

numbered 1 through 8 in Table I, and the first 9 dogs listed in Table II. 

The dog was then placea in the left lateral position within a 

water-immersion body-support respirator assembly (to be described), and 

the assembly mounted in the cockpit of a 4.4 meter radius centrifuge. 

During the rotation of the centrifuge, the cockpit tilted such that the 

resultant vector of acceleration remained in the same direction relative 

to the animal as the 1G gravitational vector. Using biplane roentgeno¬ 

grams, the tank was positioned so that the long axis of the tank and 

the midlung level of the dog coincidei vith the axis of tilt of the 

cockpit. All catheters were connected io Statham strain gauges mounted 

in the cockpit at approximately the level of its axis of tilt. This 

level was the zero-pressure reference and corresponded to the midlung 

of the animal at +lGy. Details of the techniques used to measure pres¬ 

sure during centripetal a. celeration are described elsewhere (5). 



Figure 1 is a schematic drawing of the water-immersion body- 

support respirator assembly when the dogs were totally immersed in 
saline (37 C) and ventilated with room air. 

ASSEMBLY FOR STUDY OF EFFECTS OF WATER IMMERSION 
ON INTRATHORACIC PRESSURE RELATIONSHIPS 

BV-Breathing Valve 
(£¡21 Saline 

Figure 1. Assembly for study of effects of body support by water 

immersion on intrathoracic pressure relationships during 

changes in the magnitude of the gravitational-inertial 

force environment. The whole animal is enclosed in a rigid 

chamber filled with saline. Respiratory rate and tidal 

volume are controlled by the motor-driven respiration pump 

which adds and removes saline from the immersion tank in a 

sinusoidal manner. The functional residual lung volume is 

controlled by adding or withdrawing saline from the immer¬ 

sion chamber. The assembly is thus a whole-body plethysmo- 

graph mounted in the cockpit of the centrifuge, permitting 

control of many variables of respiration during centripetal 
acceleration. 
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ventilated the animals in a sinusoidal manner by alternately withdraw¬ 

ing and returning saline from and to the immersion tank in Drinker 

respirator fashion. Tidal volume and frequency were continuously vari¬ 

able by the pump over the ranges of 0 to 480ml and 0 to 20 per minute, 

respectively. Residual lung volume was varied by either adding or sub¬ 

tracting saline from the constant volume system. Residual lung volume 

was measured as in air-filled plethysmographs by application of Boyle's 

Law. In this measurement, the inhalation and exhalation lines were 

occluded by the two large outside valves, and the decrease in airway 

pressure was measured as the airway volume was increased in known incre¬ 

ments by withdrawing known volumes of air from the airway into a cali¬ 

brated syringe. When necessary, a small dose of succlnylcholine 

(0.3 mg/kg, i.v.) was administered to prevent spontaneous respiratory 

movements which frequently occurred during the 20-30 second measurement 

period, especially when the residual lung volume was small. 

Figure 2 illustrates the arrangement of the assembly used in the 
first three liquid-breathing studies. 

ASSEMBLY FOR STUDY OF EFFECTS OF BREATHING LIQUID FLUOROCARBON 
ON FORCE ENVIRONMENT DEPENDENT REGIONAL DIFFERENCES 
IN INTRATHORACIC PRESSURES . BLOOD FLOW, AND OXYGENATION 

QUICK DISCONNECT 

Figure 2. Representative drawing of the water-immersion respirator 

assembly. A) Recirculation pump. Variable displacement 

and frequency pump similar to respiration pump (C), trans¬ 

fers exhaled fluorocarbon to the oxygenator (B), and returns 

oxygenated fluorocarbon to the breathing compartment. 



B) Oxygenator. Exhaled fluorocarbon is nebulized by flow¬ 
ing the liquid onto a rapidly spinning disc. Carbon dioxide 
is removed from the fluorocarbon and oxygen is replaced by 
nebulizing the liquid in an oxygen-rich, carbon dioxide-poor 
atmosphere. 
C) Respiration pump. Inspires the water-immersed animal bv 
removing a volume of saline from the immersion tank while 
simultaneously supplying the same volume of fluorocarbon to 
the animals airway from the breathing compartment. Expires 
the animal by adding saline to the immersion tank while re¬ 
moving an equal value of fluorocarbon from the airway. Dis¬ 
placement and frequency of the pump are continuously variable 

Z*** \la<nèeS ?f 0’500 ml and 0-20 Per minute> respectively. D) Breathing valve. Separates flow of inhaled and exhaled 
fluorocarbon. Dead space is minimized by connecting the valve 
directly to the endotracheal tube. 

UonreaÍHÍr«íÍ0^PUmP Wîthdraws saline from the immersion tank on inspira¬ 
tion and simultaneously supplies an equal volume of oxygenated liquid 
tlonr0ÍÜrb0n £]0m íhe breathlnS compartment to the airway. On expira¬ 
tion, the respiration pump reverses the flow, returning saline tothe 
miners ion tank and removing fluorocarbon from the lung. The total dis- 

siouîni 0£ °f fluorocarbon, «llL, aTanÎml, 
resni1? ►k constant throughout the respiration cycle, and as a 
be exíect-d Pleural* ^ntJavaacular. and immersion tank pressures would 
be expected to vary little throughout the cycle. 

“ma^der of lhe equipment shown in Figure 2 was used to oxy- 
CrL “uo^carbon. remove cardon dioxide from the fluorocarbon, 
and return freshly oxygenated fluorocarbon to the breathing compartment. 

cnnVlt flu°rocarbon was continuously oxygenated and carbon dioxide 
continuously removed by circulating the fluorocarbon in the oxygenator 
ïizedV?£r ?rr<¡¡ yapidly sPinnin8 8_inch aluminum disc which Sbu- 
tained bv 3 10°% 0Xygen atmosPhere. The atmosrhere was main¬ 
tained by a 3-liter-per-minute flow of oxygen into the oxygenator. 

Just prior to the liquid-breathing portion of the study, the ani- 

trÍLW!r fÜntMlat!;d WÍth 100’/o 0Xygen for about 15 minutes to deni- 
trogenate the blood and other tissues. Gas bubbles were visible in the 

liíes ío íhe br£rhiÍately ^ SViftching the halation and exhalation 
ThP h Ïk, h 8 comPartment filled with oxygenated fluorocarbon. 
The gas bubbles progressively diminished in number with each exhalation 
;? a H 5 10 minutes of liquid breathing, there were no gas bubblei 
visible in either the exhaled or inhaled fluorocarbon. 

trn?Urí?8 eXpe;iments in which the centrifuge rotated or during con- 
wls df£ pel oxygenator assembly mounted on a mobile cart 
“ I the anima‘ inhaIed and exhaled fluorocarbon from the 4 liter breathing compartment, and the oxygenator was promptly 
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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 
liquid-breathing studies. The oxygenator is shown connected to the 
respirator. For a clear view, the respirator was photographed jn a 
small table.

11

Figure 3, Photograph of the fluorocarbon oxygenator and water-immer

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 liquid 
compartment. Transparent I.ucitc tank holds approximately 
A 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. (G) Balloon. Simulates the animal's
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lungs in preliminary tests. (H) Check valves in the recir¬ 
culation pump. (I) Quick-disconnect valves, separate the 
portable oxygenator assembly from the restraint system prior 
to rotation of the centrifuge, and reconnect the two assem¬ 
blies after the centrifuge stops. (J) Reservoir, supplies 
water for filling the immersion tank (A) and drains the tank 
(13-gallon capacity). (K) Air supply to pneumatic seal in 
the cover of the immersion tank. Rapid access to the immersed 
animal is accomplished by deflating an air cuff in the tank 
cover and removing the cover. (L) 3-way valves for switching 
the animal's airway from room air to respirable liquid. (M) 
Electric heater to control the temperature of the oxygenated 
fluorocarbon. Body temperature is held constant by heat 
exchange with the inspired fluorocarbon. (N) Fluorocarbon 
reservoir. Used to prime the recirculation pump and to fill 
the interconnecting Tygon tubing. (0) The interrupted line 
separates the respirator assembly, which is normally mounted 
in the centrifuge cockpit, from the oxygenator assembly, which 
is pushed to or from the cockpit via mobile cart. 

A major problem with this arrangement was partial closure of the 
airways during expiration. Due to the much larger compliance of the 
40-liter immersion tank than the 4-liter breathing compartment, the 
immersion tank pressure lagged the breathing compartment pressure. On 
expiration, the rate of fluorocarbon removal was initially greater than 
the rate at which the thorax was compressed externally, and large pres¬ 
sure gradients were developed between intrathoracic pressures and the 
lumen of the endotracheal tube, negative within the endotracheal tube, 
and positive at other sites in the thorax. These pressure imbalances 
were large enough to cause partial closure of the trachea or major 
bronchi during expiration, just distal to the intrathoracic end of the 
endotracheal tube. During inspiration, the intratracheal and intrabron¬ 
chial pressures were greater than the intrathoracic pressures, and the 
airways remained patent. Even with the partial airway closure problem, 
the first three animals were ventilated for 4 to 6 hours with liquid 
fluorocarbon at rates of about 4 per minute while maintaining satis¬ 
factory control of blood Pco? anc* ^0? values. Blood pH was maintained 
between 7.35 and 7,45 when the animal breathed room air in the water- 
immersion respirator for several hours before liquid breathing commenced. 
Immediately after the animals were switched to liquid breathing, the 
blood pH progressively decresed to values near 7.0 by the end of the 
fourth hour of liquid breathing. Since cardiac output and the tensions 
of oxygen and carbon dioxide in mixed venous blood were within the range 
of normal, we cannot explain the abrupt onset of metabolic acidosis ob¬ 
served in these three dogs during the liquid-breathing part of the 
studies. 

After the first three experiments,the apparatus was modified. 
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The last three experiments showed that large increases in resistance to 

flow through the trachea during expiration (i.e., partial airway closure) 

did not occur when the animal's airway was connected to a reservoir 

filled with oxygenated fluorocarbon and with the surface of the fluoro¬ 

carbon maintained at approximately midlung level. The fluorocarbon side 

r*sPiration PumP was disconnected, and the animal respired by 
withdrawing and adding saline from and to the immersion tank, but the 

fluorocarbon in the modified arrangement flowed passively between oxygen¬ 

ator and the animal. At those times when the centrifuge rotated, or 

during control 1G exposures, the oxygenator was disconnected and the 

animal breathed fluorocarbon from the breathing compartment. The 

liquid level in the breathing compartment had been previously adjusted 

to the same level as in the oxygenator, and inhaled and exhaled fluoro¬ 

carbon were partially separated by a baffle dividing the breathing com¬ 

partment. Partial airway collapse would still occur when residual lung 

volume was small, but was promptly relieved when saline was removed 

from the immersion tank to increase residual lung volume. To promptly 

detect airway closure if it occurred, pressures in the inhalation and 

exhalation lines, and within the trachea and endotracheal tube, were 

continuously monitored and displayed on an 8-channel recording oscillo¬ 
scope at the centrifuge control station. 

Oxygen saturation was measured in blood continuously sampled 

from the pulmonary artery, pulmonary vein, and abdominal aorta by cuvette 

oximetry. Three roller pumps positioned between the cuvettes and a 

femoral vein reinfusion catheter withdrew blood through the cuvettes 

ThP ï1*18,151000 back lnt0 the animal during these measurements. 
The oximeter signals were digitized, fed on-line to a CDC 3300 digital 

computer, and the oxygen saturation measurements along with the calcu¬ 

lated pulmonary and systemic arteriovenous shunt values were displayed 

every 2 seconds on a storage oscilloscope at the centrifuge control 

after each exposure to centripetal acceleration 
and after the +lGy control exposures, the oxygen saturation values 

measured during the exposure were graphed on a high speed computer- 
driven incremental plotter (Calcomp). F P 
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Figure 4. Water-insnersIon liquid-breathing apparatus mounted in the 
centrifuge cockpit. Dog positioned left side down in the 
inmersion 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 intenslfier used to obtain biplane films 
and video images are shown in the left and right-hand mar

gins, respectively.
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Figures 6 and 8 are illustrative of these plots. Cardiac output was 

measured with the indocyanine-green dye technique. The densitometer 

signal was digitized and the cardiac output computed on-line and dis¬ 

played along with the dye curve in real-time on another storage oscil¬ 

loscope at the centrifuge control station. Techniques for the on-line, 

real-time display of blood oxygen saturation and cardiac output are 
described elsewhere (5). 

Pressure and other data were recorded in parallel on two photo- 

kymographic assemblies, 14-channel and 7-channel magnetic tape instru¬ 

mentation recorders, and on digital tape. Simultaneous events were 

identified in the separate records by binary coded decimal signals 

recorded simultaneously by each recording assembly. 

Either an AP or lateral roentgenogram was obtained in almost 

every exposure to centripetal acceleration and during the control 

+lGy exposures to determine the position of the tips of the pleural 

catheters relative to midlung. The vertical positions of the catheters 

were measured to calculate the pressure at the catheter tip as described 

elsewhere (5). Figures 5 and 12 are examples of AP roentgenograms ob¬ 

tained during control and +fGy exposures in both air-breathing and 

liquid-breathing experiments, respectively, and show the number and 

relative position of the recording and sampling catheters. 

The partial pressures of oxygen and carbon dioxide, and pH of blood 

sampled from the pulmonary artery, aorta, and pulmonary vein catheters 

were measured immediately before (in some animals) and always after each 

exposure, as well as periodically throughout each experiment to monitor 

the cardiovascular status during the course of the experiments which 
typically lasted 12 to 20 hours. 

Procedures 

Initial determinations of pressures, cardiac output, blood gases, 

and oxygen saturations were made in all dogs during +lGy control periods, 

and during at least one +6Gy exposure in each of nine dogs, with the ani¬ 

mal immersed in air (immersion tank dry) and breathing room air spontane¬ 

ously. The immersion tank was then filled with physiologic saline, the 

stroke volume of the respiration pump adjusted to 480 ml, and the control 

and +Gy measurements were repeated under each of three conditions: 

1) Saline was either added to or removed from the tank until the 

respiratory variations in tank pressure balanced around zero. 

Typically the peak tank pressures would measure + 15 cm H2O on 

expiration and -15 cm H2O on inspiration under balanced condi¬ 

tions. Lung volume at full expiration was typically 600-800 ml, 

and 1,000 to 1,300 ml at full inspiration, as measured by the 
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Boyle's Law technique. 

^"rliïdua?'?00 ml r1Ine ““ ""O™1 tank to 
rã. 

Siam's.™ 2 arrss 
Tank pressures usually varied between n oh e C ?k‘ 

c^Lr30 cm at -1 
additional dogs' we^e s'^uílv^rdí^ ^ three conditio^- Nine 
uration, cardiac output Ind ore, ^ measurements of oxygen sat- 

with liquid fluorocarbon Wdiateïrafterthe^î^Î ^ Ventilated 
Only control measurements at 1G were made with exPeriments. 
and breathing air spontaneous!v w Z S he dog immersed in air 
experiments were made under the’th^ee^ "a^r’irnmersion air-breathing 
The last dog was exposed t0 ^ +3 °or ^ Vol'me- 

p~b:“lY^Ls;Y:as 

Of intravenous sodiun, pentobarbital and ^ípMne^íípK^TrYiiíêd?3 

liquid^ventilatio^t^ventilation^ith íSo/"1"31 “iS S”1Uhed 
inhalation and exhalation lines were Íuíned °Xyêen’ IW0 ValV6S in the 
shown in Figure 1, and approximately 100-200 m/n3086 t aPParatus 
from the lung in 3 or 4 exhalation/ r° 20° 1 fluorocarbon were removed 
by adding 200 to 3oS ml sauíêY íb. °c ^ thoracic „all. 
Of only small amounts of additional f immersi°n tank. resulted in removal 
saline was then drained from flu°rocarbon from the lung. The 
tion was resumed, first with lOO'/TxvLZ ffnk’ fnd sP°ntaneous respira- 

dogs that had not received repeated ïoL^ f WÍth ^ air’ ^ a11 
during the experiment. ? °f succinylcholine (0.3 mg/kg) 

and the lungs ^36 °f S°dÍUm Pentobarbital 
carbon could be drained^fr^Tthe roll amounts of additional fluoro- 

their weight, the lung's proTaí^ co'nUilV^'ío^íotffí^8^8 / 
The lungs were perfused with forman« j uj t0 ml ^^norocarbon. 
prepared. The results of th. hw Í fnd, histological sections „ere 
here. US °f the hlstological studies „ill „0t be presented 
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Results and Conclusions

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 -HGy AND +66y
with air (A.C) and water (B.D! immersion restraint

(Dog. 12.5 kg. Morphine-Pentobarbital Anesthesia)

AIR IMMERSION WATER IMMERSION

-f /
...

+ 6 6w
•

Figure 5. Thoracic roentgenograms of a dog in the left decubitus posi

tion at IGy 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, PAj, for pressure record

ing, PA2, for injection of circulatory indicators (indocya

nine green, 6<)7. renovist); LA, left atrium; LPV, left pulmon

ary vein; Ao, aorta; PI, pleural catheters, Pl2t lateral 
(superior)border of right pleural space, Pli, lateral

■ i



(dependent) border of left pleural space. T-T indicates 

lead-tagged floats on the menisci of the zero-reference 

thistle-tube system, the vertical height of 
which is adjusted to coincide with midlung level (5). 

However, there wore no statistically significant differences in the 

oxygen saturation measurements, or in the computed arteriovenous shunt 

vaiues when the animal was immersed in saline and when immersed in air. 

The table compares arterial oxygen saturation values, and computed A-V 

¿j“”tS.in dofs at +1Gy and first during air immersion, then during 
ter immersion. Average values and standard error of the mean are 

!nHWnwf°I 7 ??8k* We conclude that improved support of the abdomen 
and chest wall by water immersion does not protect against A-V shunting 

in the lower lung during transverse -KJy acceleration. The Calcomp 
piots shown in Figure 6 show the similarity in oxygen saturation values 

recorded during +6Gy exposures in 1 dog first immersed in air, then 
immersed in saline under balanced tank conditions. 

Table 

EFFECT OF BOr>Y RESTRAINT ON OXYGENATION OF BLOOD IN THE LUNGS 

Arteria 

--—— w.. » wr om iniL LUIMUfr 
(Average Values - 7 Dogs) -- 

1 Blood Oxygen Saturation - Per Cent 

Air Immersion Water Immersion 
+ lGy 89 + 1* 87 + 1 

+6Gy** 69 + 2 64 + 2 

Pulmonary Arteri ovenous Shunt - Per Cent of Pulmonary Blood Flow 

Air Immersion Water Immersion 
+ lGy 15 + 2 20 + 2 
+6Gy*** 44 + 2 52 + 2 

* Standard error of the mean. 

^ Minimum values at end of 60-second exposures. 
*** Maximum values. 
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COMPUTER (Colcomp) PLOT OF OXYGEN SATUBATinki 

(Dog, 14 kg, Morphine-Pentobarbital Anesthesia) 

», c°MPUTER (Calcomp) PLOT OF OXYGEN SATURATION 

0URHINGPUGOM0NAR: rZN0US' MIXED VEN0US' AND **™Zl SLOOO OUmUG 60-,.^0 EXPOSURE 70,6 0, WITH WATER IMMERSION 

(Dog, 14 kg, Morphine-Pentobarbital Anesthesia) 
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Figure 6 B 
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Figure 6. Computer-generated (Calcomp) plot of oxygen saturation 

of right pulmonary venous, mixed venous and arterial blood 

during 60-second exposures to +6Gy when (A) breathing air 

spontaneously, and (B) breathing air in the water-immersion 

respirator. The tip of the pulmonary vein catheter was 

located near the upper (medial) margin of the dependent left 

lung. The decrease in the amplitude of the airway pressure 

(respiration trace) during the acceleration plateau i.i (B) 

may have been due to a decrease in compliance of the chest 

wall. A smaller than normal residual lung volume could 

account for the decrease in chest wall compliance and the 

larger systemic shunt during the control period in (B) 
compared with (A). 

Figure 7 compares pleural pressure measurements at end-expiration 
in 5 dogs at +lGy and +6Gy when the dogs were immersed in air, and when 
immersed in saline. Each of the four panels has the same set of scales, 

viz., end-expiration pleural pressure at the catheter tip, in cm H2O, 

on the vertical scale, and catheter-tip distance above and below the 

midlung in centimeters on the horizontal scale. The pleural pressure 

gradient, i.e., the pressure difference between the two catheter tips, 

in cm H2O, divided by the vertical distance between the catheter tips, 

in cm, per G acceleration, was always less than 1.0 cm H20/cm/G for 
all dogs, as shown by the 1:1 line included for reference. The 1:1 rela¬ 

tionship would have been observed if the intrathoracic contents behaved 

as a simple liquid with a specific gravity of 1.0. Figure 7 was plotted 

from the measurements shown for the individual dogs in Table III (See 
Appendix). 
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RELATIONSHIP OF PLEURAL PRESSURES TO VERTICAL HEIGHT 
IN THORAX OF 5 DOGS DURING AIR AND WATER IMMERSION 

IN LEFT DECUBITUS POSITION 

F I Gy 
Individual Values Average Values and SE 

DISTANCE below MIDLUNG (cm) 

Figure. 7 Effect of +Gy acceleration on the difference between end- 
expiratory pleural pressures at superior (right) and depen¬ 

dent (left) surfaces of the lungs of 5 dogs. The animals 

were first immersed in air and then immersed in water. The 

symbols identify individual dogs. The open symbols connected 

by dashed lines and the solid symbols connected by solid lines 

are values measured simultaneously at superior and dependent 

regions in the thorax when dogs were immersed in air and water, 

respectively. The thick-hatched line indicates the gradient 

in pressure between superior and dependent sites in the pleu¬ 

ral spaces which would be expected if the thoracic contents 

behaved like a system with a specific gravity of 1.0. Cath¬ 

eter-tip positions were determined using biplane thoracic 

roentgedograms obtained during expiratory phase of respira¬ 

tion. Pleural pressures were measured in photokymographs 

and adjusted to catheter-tip level (5). 

The two right-hand panels of Figure 7 show that there were no sig¬ 

nificant differences in gradient between air-immersed and water-immersed 

animals. However, some measure of the improved support by water immer¬ 

sion is shown in the right-hand panels by the minimum shift in catheter- 

tip positions relative to each other and relative to midlung} i.e., the 

chest wall and lung margins apparently did not move nearly as much 
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during the +6Gy exposure« when the animals were imnersed in water, as 
when immersed in air, consistent with roentgenographlc observations, 
such as Illustrated by Figure 6. 1 

#««-ÎniÎh!^Î!yid"ïr*4îh1?* 8tudlei» which ln th* 9 dogs were per 
ÍÍ^ÍÍní Í n ? 4ir-br®»thing studies, pulmonary arterial-venous 
shunting due to acceleration was either prevented or greatly minimized, 
as the Calcomp plot of Figure 8(B) Illustrates. 1 

COMPARISON OF EFFECTS OF Gy ACCELERATION 
ON BLOOD OXYGEN SATURATION WHEN 

BREATHING AIR AND LIQUID FLUOROCARBON 

(OOG 10.3 kg, MORPHINE - PENTOBARBITAL ANESTHESIA) 

BREATHING AIR A 

^ BREATHING OXYGENATED LIQUID FLUOROCARBON (FC BO) 

£ too- (Aorta) 

ft: a 

PULMONARY VENOUS ( Pulmonar¡T vTin ) 

■"V 
5 VENOUS (Pulmonary Artory') 

ACCELERATION (61 
30 MCMlSt 

\ 

CODE 3T8 
3 09 a m 

7 
5 
3 

379 380 381 

Figure 8 Computer (Calcomp) plot of oxygen saturation during 1-minute 
exposures to 4Gy acceleration when (A) breathing air, inmersi 
in water, and (B) breathing oxygenated liquid fluorocarbon, 
immersed in water. The decrease in the pulmonary artery 
blood oxygen saturation during the acceleration plateau in 
(B) was probably due to the steady decrease in oxygen content 
of fluorocarbon contained in the 4-liter rebreathing compart¬ 
ment. The oxygenator was promptly reconnected 
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to the breathing compartment after the centrifuge stopped 

rotating, and the pulmonary artery saturation gradually re¬ 

turned to the pre-acceleration value. The sinusoidal vari¬ 

ations in the oxygen saturation of the mixed venous (pul¬ 

monary artery) blood are at respiratory frequency and result 

from the changes in cardiac output associated with the si¬ 

nusoidal variations in pressure applied to the dogs total 

surface area by the respiration pump. (See Section III). 

No pulmonary arteriovenous shunt was demonstrated in this dog during 

the exposure to 6Gy when breathing liquid fluorocarbon. Small pulmon¬ 

ary shunts were, however, detected in several dogs during exposures to 

4-6Gy when breathing fluorocarbon. These small shunts were presumably 

due to blood perfusing poorly ventilated regions in the superior lung, 

since the oxygen saturation of blood sampled from a vein draining the 

dependent left lung in these dogs remained at 1007. throughout the expo¬ 

sures. The specific gravity of fluorocarbon (1.76) is greater than that 

of blood and other tissues (approximately 1.0), and thus pulmonary blood 

flow may have shifted to superior portions of the lung, while concomi¬ 

tantly, the heavier fluorocarbon may have preferentially ventilated the 
dependent regions. 

The results of oxygen saturation measurements and computed phys¬ 

iological shunts in a total of 14 liquid-breathing animals described in 

this section and in Section IV, are presented in Figures 9,10 and 11. 

The number of animals represented by each mean value in the plots is 

shown above each data point and the standard error estimate of the mean 

is indicated by the vertical bar at each point. No bar is shown by 

points computed for one animal only. Multiple determinations were made 

in each animal under each condition of ventilation and the means for 

each animal were used to compute the means for the group. 

When the dogs breathed room air in the respirator (Figure 9), the 

arterial blood oxygen saturation decreased abruptly during the first 

twenty seconds of exposure to +3, +4, +6, or +7Gy followed by a less 

rapid decrease during the remainder of each exposure. Systemic shunts 

of greater than 507. were computed for 20 seconds or longer exposure to 

either +6 or +7Gy, The greater decrease in oxygen saturation of pul¬ 

monary vein blood sampled from the left, dependent lungs at comparable 

times indicated that the venous-to-arterial shunting occurred in the 

dependent lung. Similar results have been reported in previous studies 
in this laboratory (3). 
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SECONDS FROM START OF ACCELERATION PLATEAU 

Figure 9. Blood oxygen saturation and physiological venous-arterial 
shunts in dogs exposed to increased force environments 
breathing air in water-immersion respirator. Left decub¬ 
itus position; morphine-pertobarbital anesthesia. Each data 
point is the mean computed for number of dogs shown at each 
point. Vertical bar is standard error estimate of mean for 
more than one dog. Multiple determinations were usually 
made in each animal under each set of conditions, and the 
mean for each dog was used to compute the means where more 
than one dog is indicated. FA, PV, and PA are oxygen satur¬ 
ation values in percent, measured by cuvette oximetry in 
blood continuously withdrawn from catheters positioned in 
the abdominal aorta (or femoral artery), a pulmonary vein 
draining the dependent left lung and main pulmonary artery, 
respectively. Values were determined from computer-generated 
plots, such as illustrated in Figure 8, for the control peri¬ 
od and at 20 to 60 seconds after the start of the acceler¬ 
ation plateau. Most exposures lasted 60 seconds, but some 
animals were exposed for 120 seconds (for pulmonary blood 
flow determinations), as indicated. 

Systemic venous-arterial physiological shunt is the fraction (in 
percent) of systemic arterial blood which was not oxygenated after trav¬ 
ersing the pulmonary circuit. Systemic shunt values were determined 
from the relationship: 
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Qs 97.5 - FA 

Qx 97.5 - PA 

where Qg is the ratio of shunt flow, Qg, to the total pulmonary flow, 

. Qx 
Qx; FA and PA are oxygen saturations in percent of systemic arterial 

and mixed venous blood, respectively; 97,5 is the assumed percent oxy¬ 

gen saturation of pulmonary blood which has perfused alveoli ventilated 
with room air. 

ï' 

l 

Pulmonary venous-arterial physiological shunt if. the fraction (in 

percent) of blood sampled from the pulmonary vein catheter which was 

not oxygenated after traversing the capillary bed. Ihe size of the 

shunt depends upon the particular region of the lung from which venous 

blood was sampled. Pulmonary shunt values were determined from the 
relationship 

Os' = 97.5 - PV 

. Qx' 97.5 - PA 

where Qg1' is the ratio of shunt flow, Qg', to the total flow, ¢/, in the 
• / 

QX 

vein at the tip of the sampling catheter; PV is the percent oxygen 

saturation of blood sampled from the pulmonary vein; PA and 97.5 were 

defined earlier. Shunt values of less than 20-25 percent are probably 

not significant (3). Note the abrupt decrease in blood oxygen satura¬ 

tion during the first 20 seconls of each exposure, followed by a less 

rapid decrease during remainder of the exposure. The greater decrease 

in oxygen saturation of pulmonary vein blood sampled from the left de¬ 

pendent lung at comparable times indicates that most of the physiolo¬ 
gical shunting occurred in the dependent lung. 

As shown in Figure 10, when the dogs breathed 1007. oxygen in the 

respirator during exposures to similar force environments, the decrease 

in arterial blood oxygen saturation was less abrupt, and the computed 

systemic shunt was smaller than when the dogs breathed room air during 
these exposures. 
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SECONDS FROM START 

OF ACCELERATION PLATEAU 

Figure 10. Blood oxygen saturation and physiological venous-arterial 

shunts in dogs exposed to increased force environments, 

breathing 99.6 percent oxygen in water-immersion respir- 

a or, left decubitus position; morphine-pentobarbital 
anesthesia. See legend of Figure 9 for details. When 

breathing oxygen, the decrease in arterial blood oxygen 

saturation was less abrupt and the physiological systemic 

hunt was smaller than in dogs breathing air during com¬ 

parable exposures to increased force environments. 

atrflhïrÎilÂti0n,ylthJ0Xy8enated FC 80 fluorocarbon (Figure 11) demon- 
even smAllcr decrGâspç in arto-t-joi ki a 

well «„ftn.„. ft acercases in arterial blood oxygen saturation as 

veii Î? “ft 4 decreases in saturation of mixed venous and pulmonary 
vein blood during exposures to comparable force environments. 7 
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Figure 11. Blood oxygen saturation and physiological venous-arterial 

shunts in dogs exposed to increased force environments and 

breathing FC80 liquid fluorocarbon. Decreases in blood 

oxygen saturation produced by exposure to increased force 

environment were smaller than the decrease produced by com¬ 

parable exposures when breathing air or oxygen. Pulmonary 

shunt values were less than systemic shunt values at corres¬ 

ponding times during exposures to +4Gy indicating that the 
sm.'.ll shunts that did occur were produced by pulmonary 

blood perfusing poorly ventilated regions in the upper parts 
of the lung. 

During the control period prior to rotation of the centrifuge, the 

oxygen saturation values were higher in mixed venous blood than when 

the dogs breathed 1007. oxygen. Pulmonary shunt values were less than 

systemic shunt values at corresponding times during exposures to +4Gy 
and +6Gy, indicating that the small shunts that did occur were produced 
by pulmonary blood perfusing poorly ventilated regions in the upper 

parts of the lung. In the five dogs exposed to +7Gy for 120 seconds, the 
pulmonary shunt was larger than the systemic. However, blood flow in 

the pulmonary vein catheter blocked in two of these animals, and in one 
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of the other three dogs In this group, the pulmonary vein blood remained 
1007. 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 1jng 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 20-257. 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)

AlO oor A TiUi H

Figure 12. Comparative thoracic roentgenograms of a dog under morphine* 
pentobarbital anesthesia with controlled respiration in a 
water-inmerSion restraint system, breathing air at IG and 
during exposure to +6Gy (left upper and lower panels.
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respectively), and breathing liquid fluorocarbon under the 

same conditions (right panels). 

Note that the heart shadow is less radiopaque than the more 

dense fluorocarbon liquid (specific gravity: 1.76). The 

heart is '•floating" at about midchest level (right upper 

panel) at 1G instead of being displaced towards the depen¬ 
dent border of the thorax as normally occurs (left upper 

panel). 

The 6-fold exaggeration of this condition during the expo¬ 
sure to +6Gy results in severe overexpansion of the superior 

(right) and concomitant partial collapse of the dependent 

(left) lung when breathing air (left lower panel). This 

situation is prevented when the lungs are filled with a prac¬ 

tically incompressible liquid. Since in this instance the 

liquid is more dense than the heart and blood, the heart 

actually "floats" upwards into the right hemithorax during 

the exposure to +6Gy (right lower panel), so that the depen¬ 
dent (left) lung is somewhat overexpanded. See legend 6 
for definition of symbols identifying positions of tips of 

recording catheters. 

Due to the difference in specific gravity between fluorocarbon and blood 

and other tissues, the diaphragm and heart floated upward during expo¬ 

sures to centripetal acceleration, and the lower chest wall curved down¬ 

ward, as the roentgenogram illustrates. 

Preliminary determinations of the pleural pressure relationships 

in these animals indicate that the gradients in pleural pressure in air- 

breathing dogs were about 0.7 cm l^O/cm/G, and that in dogs breathing 

liquid fluorocarbon with a specific gravity of 1.76, the pleural pres¬ 

sure gradients were 1.0 cm l^O/cm/G or slightly greater. 

In summary, blood oxygen saturation measurements in dogs exposed 

to +lGy and +6-7Gy under three conditions of restraint; viz., immersed 

in air and spontaneously breathing air, immersed in water and breathing 

air, and immersed in water and breathing oxygenated liquid fluorocarbon, 

indicate that decreases in oxygen saturation due to transverse accelera¬ 

tion cannot be significantly minimized by improved external restraint 

alone, but a combination of external body support and internal support 

of the lung by a respirable liquid can prevent significant alterations 

in arterial blood oxygen saturation due to acceleration. We described 

a technique for ventilating dogs for a number of hours with liquid fluoro¬ 

carbon, at normal body temperature, at respiratory rates between 4 and 

6 per minute, while maintaining normal and controllable blood PcOo an<* 
P02 tensions, with 1007. saturation of systemic arterial blood without 
signs of respiratory distress. The capability of maintaining arterial 

Pco2 at normal and below normal levels (16 to 40 mm Hg, 
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depending on respiration rate) with this system was somewhat surpris¬ 

ing, since a major problem in liquid-breathing studies reported by 

others has been the accumulation of carbon dioxide in the blood (8,9). 

Partial closure of the airways during expiration was a major problem 

with earlier methods investigated, and probably will be a potential 

problem in all methods of liquid ventilation. Metabolic acidosis 

occurred in all dogs shortly after switching to liquid breathing for 
reasons which are not clear. 

Theoretically, liquid respiration can protect the lung against 

adverse effects of extremely high acceleration (6), and may some day 

offer a practical solution to problems of decompression presently 
encountered in deep sea diving with gaseous respiration (7,8,9). 
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SECTION III 

Respiratory Variations in Left Ventricular Stroke Volume 

During Liquid Breathing 

Introduction 

The previous study demonstrated that when dogs breathed oxygenated 

liquid fluorocarbon in a water-immersion respirator, the oxygen satura¬ 

tion of blood continuously withdrawn from the thoracic aorta and from 

a vein draining the dependent lung was maintained at 1007.. However, the 

oxygen saturation in mixed systemic venous blood varied in an approxi¬ 

mately sinusoidal manner with the same frequency but not in phase with 

respiration. As discussed previously, these variations were thought to 

be caused by changes in cardiac output consequent to the sinusoidal 

changes in external and internal body pressures produced by the respira- 

tor. The purpose of the present investigation was to study the beat- 

to-beat changes in left ventricular stroke volume in relation to the 

phase of respiration in a dog breathing first air, then oxygenated liq¬ 

uid fluorocarbon in a water-immersion respirator providing control of 

respiration rate, tidal and residual lung volumes. 

Methods 

Nine weeks prior to this study, a dual-channel square-wave elec¬ 

tromagnetic flowmeter (Carolina Medical Electronics model 322) was 

implanted around the root of the aorta of a 13.5 kg dog, and eight, 

weeks prior to this study, complete heart block was produced in this 

animal by formaldehyde injection into the A-V bundle by a percutaneous 

technique (1). On the day of the study, catheters were introduced per- 

cutaneously into the main pulmonary artery, aorta, right atrium, right 

ventricle and right and left pleural spaces for recording pressures and 

for sampling. A catheter was placed in the inferior vena cava for rein* 

fusion of blood withdrawn through the cuvette oximeters. The right 

atrial and right ventricular catheters also incorporated electrodes fcr 

electrical pacing of the heart in addition to their use for pressure 

recording. The positions of most of the catheters and the flowmeter 

probe are shwn in the lateral roentgenogram in the left-hand panel of 
Figure 2. 

The dog was then positioned on its right side in the initially 

dry water-immersion respirator illustrated in the schematic drawing 

of Figure 1. The location on the animal's body surface of the flow¬ 

meter electrical connector prevented us from placing the dog in the 

left lateral position as in the other studies of this report. All cath¬ 

eters were filled with heparinized Ringer's solution and were connected 

Preceding page Mank 
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via individual ports in the side of the inmersión tank to strain-gauge 

manometers mounted outside the tank at approximately midchest level of 

the dog. This level, determined from P-A roentgenograms, was used as 

the zero-pressure reference for all manometers. The vertical distances 

of the pleural and esophageal catheter tips relative to the midlung 

level were measured from biplane roentgenograms, and these distances 

were used to correct the pleural and esophageal pressures to their re¬ 
spective catheter-tip levels (2). 

S3 Saline 

WATER IMMERSION 
OXYGENATOR ASSEMBLY RESPIRATOR ASSEMBLY 

Figure 1. Diagram of water-immersion respirator and fluorocarbon oxy¬ 

genator assembly used for liquid-breathing experiments. 

The dog, who is completely immersed in isotonic saline, is 

represented by a diagrammatic sketch of fluorocarbon-filled 

lungs and a blank space for the remainder of his body. 

The respirator-oxygenator assembly shown in Figure 1 was modified 

fre® the one described previously. The breathing compartment was divid¬ 

ed by a vertical baffle into partially separate inhalation and exhala¬ 

tion chambers to minimize venous admixture in the fluorocarbon. The 

recirculation pump replenished the inhalation chamber with freshly oxy¬ 

genated fluorocarbon and transferred exhaled fluorocarbon to the oxygen¬ 

ator. Before the animal was switched to liquid ventilation, a known 

quantity of fluorocarbon was added to the oxygenator, a shunt was opened 

between the inhalation and exhalation lines near the externally mounted 

valves (B), and oxygenated fluorocarbon was circulated by the pump to 

fill the system up to valves (B). Fluorocarbon was added to the system 

as necessary to adjust the liquid levels in the oxygenator and breath¬ 

ing compartment to the midthoracic level of the animal. The shunt was 
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then closed. After the animal was switched to liquid ventilation via 

valves (B), fluorocarbon was added to the oxygenator to maintain the 

liquid levels in the various compartmjnts coincident with the midthor- 

acic level of the animal. Thus, the amount added was equal to the quan¬ 

tity of fluorocarbon contained in the lungs and the inhalation and exha¬ 

lation lines on the animal side of the valves (B). The liquid levels in 

the oxygenator were read on the indicator (A), a thin-walled Lucite pipe 

calibrated in liters of liquid contained in the oxygenator reservoir. 

Liquid levels were maintained at midthoracic level by periodically stop¬ 

ping the recirculation and respiration pumps, the latter in the full 

expiratory position, and allowing the levels to equilibrate by passive 

flow through the check valves in the recirculation pump. Tidal volume 

was read directly from calibrated scales attached to both chambers of 
the Lucite breathing compartment. 

Baseline measurements of oxygen saturation, blood gas tensions, 

cardiac output, left ventricular stroke volume, pressures, and other 

data were first obtained with the dog breathing air spontaneously. The 

immersion tank was then filled with isotonic saline at 37°C, and the 

volume of saline adjusted until the variations in tank pressure produced 

by the respiration pump were balanced around zero, measured at midchest 

level. All measurements were repeated with the dog immersed and mechan¬ 

ically ventilated with room air at approximately ten to twelve 320-ml 

breaths per minute. The animal was next ventilated with 1007. oxygen 

for 10-15 minutes to remove nitrogen from the respiratory tree and body 

tissues before connecting the animal's airway to the breathing compart¬ 

ment containing oxygenated liquid fluorocarbon at 37°C. The respiration 

rate was reduced to approximately three to four 480 ml breaths per min¬ 

ute and the liquid breathing studies performed. The water-immersed dog 

was also subjected when breathing first air and then fluorocarbon to 

minute exposures to -4Gy and -7Gy force environments produced by the 

human cer.trifuge, but the results of these experiments will not be re¬ 
ported here. 

Oxygen saturation was measured in blood continuously sampled from 

the pulmonary artery and femoral artery by withdrawal through cuvette 

oximeters. Cardiac output was measured with the indocyanine-green-dye 

technique at dit «. . rent phases of respiration, and these values were 

used to calibrate the flowmeter when the dog breathed room air spontane¬ 

ously at the start of the study. The oximeter and densitometer signals 

were digitized and analyzed by an on-line CDC 3300 digital computer by 

techniques previously described (2). The flowmeter signal, all strain- 

gauge data, pneumotachograph signal, EGG, respiration pump displacement, 

cuvette and densitometer signals, and other variables were recorded in 

parallel on digital tape, analog tape, and two paper photokymographic 

recoïders. Blood and liquid fluorocarbon gas tensions were measured 

periodically with an 11-113 blood gas analyzer. The heart was electron¬ 

ically paced at 140 beats-per-minute with an A-V delay of 100 milli¬ 
seconds throughout the study. 
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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 Anesthesia )

r-

LPI'

Figure 2. 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. RV[) 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. LPI and RPl catheters with tips positioned in 
pleural space at left superior and right dependent margins 
of lungs, respectively. PA^ and PA2 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 3 -way stop

cock to this hydraulic pressure reference system. Note in 
the right panel thatt 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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The sterile pleural effusion present in this dog was a non- 
inf ectious reaction to the implanted flowmeter. 

Results 

Left ventricular stroke volume was calculated from the flowmeter 
signal by an on-line CDC 3300 digital computer and the beat-to-beat 
values were plotted versus time by a computer-driven incremental plotter 
(Calcorap) along with concomitant measurement? of intrathoracic pressures 
and other variables. 

COMPUTER-GENERATED PLOTS OF LEFT VENTRICULAR 
STROKE VOLUME AND RESPIRATORY PRESSURES 

DURING AIR AND LIQUID BREATHING 

(13.5 kg Dog, -I Gy, Morphine - Pentobarbl ta I Anesthesia ) 

Liquid Fluorocarbon Breathing : Air 
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.Figure 3. Computer-generated plots illustrating the phasic relation¬ 
ships between the respiratory cyclic changes in airway and 
pleural pressures generated by the wacer-immersion respira¬ 
tor and the associated variations in left ventricular stroke 
volume. Si and S2 indicate the time intervals in their 
recordings, tracings from which are displayed on a faster 
time base in Figure 4. 
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I!¡¡¡«Í!Í^h#í<1^P4í*1fc0VigU!:* 3 iS “ examPle of on« »uch computer- 
generated plot of stroke volume, right pleural pressure, and airway 
pressure obtained during an experiment in which the water-inmersed^oe 
was ventilated with room air. The right-hand panel of Figure 3 is a 
similar plot obtained during a liquid-breathing experiment. 

The plots of left ventricular stroke volume versus time were an- 

«í«XdK!teÍy ,í““soid*1 and »ynchronised with respiration (9-10 per min- 
eiíh ¡o* br**tîlln8 âlr» 4nd 3-4 P«r minute when breathing liquid fluoro¬ 
carbon), as illustrated in Figure 4. Maximum stroke volume occurred 

Î Sï*rt of the lnsP^r*tory phase when the dog breathed 
air, and Just prior to full inspiration when the dog breathed fluoro- V19 stroke volume was approximately 1/3 greater, and 
the peak-to-peak changes in stroke volume were roughly twice as great, 
comparing plots and air-breathing experiments, respectively. 

COMPUTER-GENERATED PLOTS OF 
AORTIC FLOW PULSES AND RESPIRATORY PRESSURES 

DURING AIR AND LIQUID BREATHING 
(13.3 kg DOG. -IG,. MORPHINE - PENTOBARBITAL ANESTHESIA) 
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Figure 4. Computer-generated plots of aortic flow pulses and respira- 
tory pressures during air and liquid breathing. See legend 
of Figure 3 for additional details. 8 

46 



Figure 5 is a plot of right (dependent) and left (superior) pleural 

pressures, and pressures in the esophagus measured at the respective 

catheter tips during maximum expiration versus the vertical distance of 

the catheter tip from the midlung level. During both air-breathing and 

liquid-breathing experiments, the pressure in the superior pleural space 

was more negative than in the dependent space. However, when breathing 

air, the vertical gradient in the pleural pressures averaged C.49 cm 

H20/cm, a value consistent with results from previous studies in air- 

breathing dogs and chimpanzees measured in this laboratory (2); whereas, 

during liquid breathing, the gradient was nearly 1.0, a value which 

would be predicted from hydrostatic principles if the catheter tips were 

positioned at different levels in a liquid-filled container. 

Important to these results, is the fact that this dog developed 

a chronic pleural effusion shortly after implantation of the flowmeter 

probe and required frequent aspirations of pleural fluid both before 

and during the present experiments. All of the biplane roentgenograms 

obtained during the present study clearly demonstrate remaining fluid 

in both pleural spaces which could not be completely aspirated through 

the pleural catheters. Possibly, the pleural pressure gradient of 

nearly 1.0 resulted from both catheter tips being positioned in two ver¬ 

tical hydraulic spaces separated only by the thin, nearly horizontal 

anterior and posterior mediastinal membranes. However, a pleural pres¬ 

sure gradient of approximately 1.0 was also found in later studies in 

dogs that were not known to have an abnormal amount of fluid in their 
pleural spaces (Section IV). 

Note in Figure 5 that when the dog was ventilated with air in the 

respirator, the pleural pressure at midlung was about 12-13 cm H2O nega- 

tive with respect to body surface pressure during expiration, compared to 

about 3-4 cm H2O negative relative to body surface pressure when the dog 

breathed fluorocarbon. Body surface pressure is indicated in the figure 

by a dashed line with a gradient of 1.0 cm H20/cm vertical height. Dur¬ 

ing inspiration the pleural pressures were 3-4 cm H2O negative relative 

to body surface pressure when the dog breathed either air or fluoro¬ 

carbon. The relationships during inspiration were not plotted on this 

figure, but similar relationships were found in other dogs as shown in 
Figure 5 of Section VI. 

The explanation for the large positive body surface pressure rela¬ 

tive to the pleural pressure during expiration when the dog breathed 

air is as follows: The volume of saline in the respirator had been ad¬ 

justed to produce equal positive and negative changes in pressure about 

zero, or atmospheric pressure, at midlung level. Immersion in water 

with the center of the thorax at atmospheric pressure was expected to 

produce a minimal change in residual volume of the lung from the value 

in the air-immersed animal (3,4). However, the fact that body surface 

pressures relative to pleural pressure at midlung were significantly 

greater during full-expiration than full-inspiration indicates that the 
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RELATIONSHIP OF PLEURAL PRESSURES TO VERTICAL HEIChT 

IN thorax during water immersion breathing air 

OR breathing oxygenated liquid fluorocarbon 

(13.5 kg Dog, R i g h t Decubit us Position, 
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Figure 5. 
e ° h °f Pl!uraí and es°Phageal pressures to vertical 

Fc S liouiî nX breathing first air, ther. oxygenated 
Î fluorocarbon in water-immersion respirator. 

catheîer tíos dit10 ^fdecubitus Position. Position of 
when6the reslirlli ^nt^oërams obtained when the respiration pump was in the full expiratory position. 

HmHHt0rp TtSAVVe VOlUme aPProximately 1,100 ml gas or 
nhnr u* ach d®termination of pressure was made from the 
photokymograph by averaging the pressures at maximum expira¬ 
tion pressure for several consecutive respiratory cycUs 
and adjusting this average to catheter-tip level! The number 

Prerre determinations for aid and liquid respiration are 
wenT'too s^n Standard errors for air-breathing data 
Pleural n^d „r° indicat^ Note the vertical gradient in 

breathing^Uquid6^luorocarbon^r°X^mate1^ ^ H2°/M “he“ 
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The large positive body-surface pressures relative to pleural pressure 

were necessarily generated as a result of the decreased compliance of 

the chest wall at the lower than normal residual volume. If the resi¬ 

dual volume of the lung had been normal, the difference between body 

surface and pleural pressure at midlung should have been approximately 

the same at either extreme of the respiratory cycle and peak-to-peak 

changes in body surface pressure between full-inspiration and full- 

expiration should have been less due to the increased compliance of the 

chest wall at the larger thoracic volume. 

Vascular pressure measurements relative to atmospheric pressure 

and relative to the surface of the body during spontaneous respiration 

with air, and ventilation with air or liquid fluorocarbon in the water- 

immersion respirator are summarized in the table below. All pressure 

measurements shown in the table were referred to midlung level. Pres¬ 

sures relative to the body surface were computed by algebraically sub¬ 

tracting body surface pressure, the pressure in the immersion tank at 

midchest level,from the vascular pressures measured at corresponding 

times. 

VASCULAR AND BODY-SURFACE PRESSURES 

IN WATER-IMMERSION RESPIRATOR WITH AND WITHOUT LIQUID BREATHING 

(Dog, 13.5 kg, Morphine-Pentobarbital Anesthesia) 

Respiration 

BS* 

Atmos 

Pressure, cm H2O 
Systemic Arterial Pulmonary Arterial 

Atmos BS Atmos BS 

Spontaneous 

Exp 

Insp 

0 

0 

177/127 

16'. 117 

177/127 

165/117 

35/15 

31/11 

35/15 

31/11 

Respirator 

Exp 

Insp 

13 

-17 

177/124 

148/109 

164/111 

165/126 

38/21 

22/4 

25/8 

39/21 

FC80 

Exp 

Insp 

36 

-56 

156/109 

90/41 

120/73 

146/97 

76/51 

-11/-37 

40/15 

45/19 

*Eo = body surface, \trr.os = atmospheric. 

This table can be understood best when supplemented by the data 

presented in similar form in Tables XIV and XV (See Appendix). Table 

XIV gives a statistical summary of computer-processed measurements of 

physiological pressures and other data obtained from studies in Section 

VI of regional pulmonary blood flow in 7 dogs. None of the 7 

had an implanted flowmeter, and all were studied in the left lateral 

position, but otherwise the experimental arrangement was similar to that 

used in the present animal. Table XV is a companion table summarizing 
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pressure measurements when the same 7 animals were exposed to a +7Gy 

force environment* Although concomitant measurements of left ventri¬ 

cular stroke volume are not available to supplement the 7G pressure 

measurements, comparison of 7G and 1G pressure data is worthwhile. 

The vascular pressures shown in the tables were expressed relative 

to atmospheric pressure and relative to body surface pressure. However, 

the pressures can be interpreted more readily if the pressures are also 

expressed relative to intrathoracic pressure by subtracting the pleural 

pressure at midlung from the corresponding vascular pressures. This 

was not done when the tables were prepared, although the pleural pres¬ 

sures at midlung are shown, from which the additional computations can 

be made. The pleural pressures at midlung were determined from the 

pleural pressure gradient lines illustrated in Figure 5 of Section VI. 

All of the data used to plot the pleural pressure graphs in this figure 
are also included in Tables XIV and XV. 

It should be noted that the expiration and inspiration pressures 

(shown in the Tables) for dogs ventilated with either air or liquid in 

the water-immersion respirator are maximum and minimum pressures in the 

respiratory cycle, respectively. When the animals were ventilated with 

air, the maximum or minimum pressures occurred at the full-expiration 

or inspiration positions of the respiration pump and hence, at the same 

time the thorax was minimally or maximally expanded, respectively. The 

internal and body surface pressures generated by the respiration pump 

when the animal breathed air reflect mainly chest wall and immersion 

tank compliance and, therefore, the pressures were in phase with the 

displacement of the pump. However, when the dogs were ventilated with 

liouid, the maximum or minimum pressures were determined by the inertia 

a viscosity of the flowing liquid as well as by the resistance and 

compliance in the system. Hence, the maximum or minimum pressures 

occurred before the full expiration or inspiration positions of the 

respiration pump, and when the pump was stopped the pressures continued 

to change momentarily, as illustrated in the tracings of Figures 1. 2. 
and 3 of Section VI, 

When the dogs breathed air spontaneously, aortic and pulmonary 

arterial pressures relative to atmosphere decreased during inspiration 

without change in the pulse pressures. If the aortic and pulmonary 

arterial pressures shown in Table XIV are expressed relative to the 

intrathoracic pressure environment, then the differences between inspira¬ 

tory and expiratory pressures are not statistically significant. Thus, 

the inspiratory decrease in these pressures can be attributed to a 

shift in baseline due to the concomitant decrease in the intrathoracic 
pressure environment relative to atmosphere. 

The re la’. Unships between the intrathoracic pressure, the pressure 

at the body surface, and atmospheric pressure were quite different when 

the dogs breathed air or liquid in the water-immersion respirator, 
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compared to the relationships during spontaneous respiration in air. 

în ?lMCevï; fí8Ur? 5 °í th,ÍS SeCti0n» t0 Fi8ure 5 of Section VI, and 
follows XIV See Ppendix) wiU clarify these relationships in what 

When the dogs were ventilated with air in the respirator, the 
pleural pressure at midlung was about -0.5 cm H20 with respect to 
atmosphere when the pump was in the full-expiratory position, compared 
to about -18.5 cm H20 when in the full-inspiratory position. If the 
vascular pressures are expressed relative to intrathoracic pressure, 
the respiratory changes in pulmonary arterial and aortic pressures are 
not statistically significant, although aortic pressures tended to be 
greater during inspiration. 

When the dogs breathed fluorocarbon, the respiratory fluctuations 
in pulmonary artery pressures relative to intrathoracic pressure were 
not significantly different, although the pressures were consistently 
lower during inspiration. Comparison of expiratory and inspiratory 
pulmonary artery pressures between air- and liquid breathing dogs also 
shows no significant differences, although the inspiratory pressures 
in the liquid-breathing dogs were slightly lower than in the air-breath¬ 
ing dogs. Changes in mean left atrial pressure with respiration were 
in opposite directions, when measurements in air and liquid-breathing 
animals were compared. In the latter, the mean left atrial pressure 
increased from about 3.5 cm H2O during expiration to about 6.5 cm HiO 
during inspiration; and in the former, mean left atrial pressure de¬ 
creased from 12.5 cm H20 during expiration to 7.5 cm H20 during inspira¬ 
tion. Mean aortic pressures relative to intrathoracic pressure signi¬ 
ficantly increased during inspiration, and the inspiratory aortic pulse 
pressures were about 507. greater than the expiratory pulse pressures. 

Similar comments apply to the pressure data (shown in Table XV) 
for the animals exposed to a 7G force environment and breathing air or 
luorocarbon in the respirator. When the animals breathed air, the 

aortic and pulmonary artery pressures were higher, but the left atrial 
pressures were nearly identical, comparing measurements relative to 
intrathoracic pressure at 7G and 1G respectively. In animals exposed 
to 7G and breathing fluorocarbon, the expiratory and inspiratory aortic 
and pulmonary arterial pressures were nearly identical with the corres¬ 
ponding measurements at 1G. However, the left atrial pressures were 
significantly higher during the 7G exposures. 

Similar comments also apply to the pressure data in Tables XIV and 
XV, expressed relative to intrathoracic pressure, for the one dog ex¬ 
posed to 1 and 7G force environments and breathing silicone oil. The 
aortic pressures in this animal were significantly lower both at 1 and 
7G than corresponding pressures in the oogs ventilated with fluorocarbon 
Silicone oil is toxic and the experiment had to be terminated after 1 
hour of liquid breathing because of progressive hypotension in this dog. 



The pulmonary arterial pressures decreased during inspiration in the 1G 

environment but increased by a barely significant amount during inspira¬ 

tion in the 7G environment. Left atrial pressures were not signifi¬ 

cantly different from corresponding pressures in the fluorocarbon-breath¬ 

ing animals when measurements at 1G are compared, but in the 7G environ¬ 

ment left atrial pressures in the silicone-oil-breathing dog were not 

as elevated compared to the average left atrial pressures in the animals 

ventilated with fluorocarbon. 

Thus, the phasic variations in aortic and pulmonary artery pressures 

relative to atmosphere in dogs breathing air in the respirator, during 

exposures to either 1 or 7G force environments, were probably caused by 

changes in the intrathoracic pressure environment relative to atmosphere. 

The phasic variations in pulmonary artery pressure in the dogs breathing 

fluorocarbon during 1 or 7G exposures likewise can be attributed to this 

effect. However, the inspiratory increase in aortic pressure and aortic 

pulse pressure in the liquid-breathing dogs, and the respiratory varia¬ 

tions in left atrial pressure in either air-or liquid-breathing animals 

were due to other causes than cyclic changes in intrathoracic pressure 

relative to atmosphere. Variations in peripheral and pulmonary vascu¬ 

lar resistances, and variations in left and right ventricular stroke 

volumes and their phase relationships, are possible factors. 

Mean peripheral vascular resistance can be computed by dividing 

systemic pressure by cardiac output measured at corresponding times. 

If the cardiac output measurements in the flowmeter dog are used in the 

computation,and if mean aortic pressure for this dog is estimated as 

diastolic pressure increased by one-third of pulse pressure (using the 

data for this dog shown in Table I), then mean peripheral vascular re¬ 

sistance was 89/3.3=27 cm H20/L/min during expiration, and 113/4,27= 

27.5 cm H20/L/min during inspiration. For comparison, corresponding 

values when the dog breathed air in the respirator were 128/3.11= 

41.2 cm H20/L/min for expiration, and 39/3.43=40.5 cm H20/L/min for in¬ 

spiration. Thus, computed mean peripheral vascular resistance was 

nearly the same at either extreme of the respiratory cycle when the 

dog breathed either air or liquid fluorocarbon in the respirator, al¬ 

though peripheral vascular resistance was about one-third less during 

fluorocarbon breathing. Hence, the respiratory variations in aortic 

pressure when the dog breathed liquid in a normal 1G force environment 

can be attributed to phasic variations in left ventricular stroke volume. 

Presumably the same was also true for the dogs studied in Section VI 

during exposures to either 1 or 7G force environments. 

Inferences concerning possible phasic changes in right heart out¬ 

put can be made by comparing intrathoracic pressures relative to the 

body surface at different phases of the respiratory cycle. When the 

animals breathed fluorocarbon in a 1G environment, the average intra¬ 

thoracic pressure was about -3 cm H2O with respect to body surface 

pressure during inspiration,and about -2 cm H2O during expiration. In 

the same dogs exposed to 7G, the corresponding intrathoracic pressures 

were 0 and -5 cm H2O. Although the respiratory changes in intrathoracic 
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pressure in the IG environment were small and not statistically signi¬ 
ficant, the trend was consistent in the dogs breathing either silicone 
oil or fluorocarbon during exposures to either l or 7G. A decrease of 
approximately 1 cm H2O in intrathoracic pressure relative to the 
body surface should cause a difference of about the same amount in 
pressure between the extrathoracic vena cava and the right atrium (5). 
Increased venous return to the right atrium should lead to a greater 
right heart stroke volume within 1-3 subsequent beats by the Starling 
mechanism (5,6,7,8). The increase in mean left atrial pressure during 
inspiration relative to intrathoracic pressure, observed in dogs breath¬ 
ing silicone oil or fluorocarbon during 1 or 7G force environments, may 
have resulted from augmented flow from the right heart. The greater 
left atrial transmural pressure thus produced should augment left ven¬ 
tricular stroke volume during inspiration, as observed in the flowmetei 
dog. 

When animals breathed air in the respirator, the intrathoracic pres¬ 
sure was more negative relative to body surface pressure during the ex¬ 
piratory phase, in either 1 and 7G environments, due to the lower-than- 
normal residual lung volumes in these animals, as noted previously. The 
increased pressure gradient between the extrathoracic vena cava and 
right atrium would be expected to increase venous return to the right 
atrium, which in turn should be followed by increased right heart output 
during expiration. However, as shown in Tables XIV and XV, left atrial 
pressure relative to intrathoracic pressure was greatest near full in¬ 
spiration, and if the flowmeter measurements in the one animal were 
typical for the others, left ventricular stroke volume was greatest at 
the start of inspiration. The combined flowmeter and pressure data 
suggests that respiratory changes in right and left heart outputs were 
out of phase when the dogs breathed air in the respirator. Out-of-phase 
changes in right and left heart outputs would imply that during expira¬ 
tion either the greater right than left ventricular output temporarily 
increased the pulrronary blood volume until the start of inspiration, or 
the greater venous r. turn to the right heart during expiration resulted 
in an increased residual volume of the right ventricle. An overdis¬ 
tended right ventricle and a volume-limiting pericardium can produce a 
decrease in loft ventricular output (9) which would persist for a few 
beats, in this situation, until the large difference in body surface- 
intrathoracic pressure causing the increased venous return is decreased 
by the start of inspiration. 

One might predict that if the dogs had been ventilated with a nor¬ 
mal residual lung volume when breathing air in the respirator, the pos¬ 
tulated out-of-phase changes in right and left heart stroke volumes 
would not have been observed. 

Although the mechanisms are speculative, the results of this study 
indicate that the phasic variations in body surface pressures and con¬ 
comitant transmitted changes in intrathoracic airway and other internal 
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SECTION IV 

Effects of 4Gy Acceleration on the Regional Distribution of Pulmonary 

Blood Flow in Dogs Breathing Organic Liquids 

in a Whole-Body Water-Immersion Respirator 

Abstract 

Dogs were supported in the left decubitus position in a whole-body 

water-immersion respirator which provided control of rate, tidal and 

residual volumes of ventilation. Successive injections of differen¬ 

tially tagged microspheres (15+5(i) were made into the right ventricle 

at IGy and during exposures to 7Gy when the dogs were being ventilated 
with room air, and then with an organic liquid (3M fluorocarbon, FC 80, 

or Dow Corning silicone oil, DC 200, 1.0 cs). The lungs were excised, 

inflated, dried, embedded en bloc in Styrofoam then cut into 1-cm-thick 

sections. Blood flow per milliliter of lung tissue was determined for 

each condition by computer-controlled high-resolution scintiscanning of 

each section. Pressures in the aorta, pulmonary artery, right and left 

atria, left pulmonary vein, upper airway and lower trachea, and right 

and left pleural spaces were recorded. Oxygen saturation of aortic, 

pulmonary arterial, and left pulmonary venous blood was measured con¬ 

tinuously by cuvette oximetry. When at lGy, the fraction of cardiac 

output traversing the left (dependent) lung was frequently less than for 

the right. However, fractional flow to the left lung was increased dur¬ 

ing exposures to 7Gy when dogs were breathing air and silicone oil (sp. 
gr. 1.76), as would be expected. 

'.ntroduction 

We measured the distribution of pulmonary blood flow in dogs, first 

breathing air and then breathing either FC 80, liquid fluorocarbon (spec¬ 

ific gravity about 1.8 (1) or silicone oil (DC 200) which has a specific 

gravity of 0.8 (2)). Pulmonary blood flow was measured by injecting 

radioactive 15-micron-diameter microspheres into the right ventricle, 

excising and drying the lungs which were then held inflated with air by 

a steady tracheal pressure of 30 cm H2O (Figure 1). The dried lungs 

(left panel) were potted in a polyurethane foam block and sliced trans¬ 

versely on a bandsaw into 20-25 1-cm-thick sections (as shown in the 

right panel). The complete cephalad surface of each section was scanned 

to determine the blood flow per cubic centimeter of inflated lung tissue, 

using a high-resolution computer-controlled scintillation scanner assem¬ 

bly previously developed in this laboratory (3). Up to four injections 

of differentially tagged microspheres could be made in each dog. The 

spatial distribution of blood flow was determined for each injection 

on the basis of the different energy spectra of the respective 
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Is^otope tags. Blood flow was determined at 1 and 7G with the dog on 
its left side, breathing first room air and then an organic liquid.

B

Figure 1A. Photograph of lungs resected en bloc from a dog and dried
in air for severai days. The lungs were held inflated while 
drying by a steady air pressure of 30 cm H2O applied to 
the trachea.

Figure IB. Air-dried lungs from a dog were potted in a quick-setting 
polyurethane foam. After curing for several days in a 
rectangular mold, the foam block with embedded lungs was 
cut by bandsaw into 20-25 1-cm-thick sections parallel to 
the transverse plane of the lung. The entire cephalad sur

face of each successive section from apices to diaphragmatic 
sufi'aces was then scanned by a computer-controlled point-to- 
point scanning assembly (3). The count and x, y, 2 coordin

ates at each point in the scan were stored on magnetic



tape, and with appropriate programs, a three-dimensional 

array of counts in correct anatomical relationship to the 

inflated lung could be reconstructed for each of the four 

microsphere injections for display purposes and for com¬ 

puting the spatial distribution of blood flow throughout 
the entire lung. 

Methods 

The animals were anesthetized with morphine and pentobarbital and 

saUnllnt HeSCribe<i ln SeCtl°n 11 “ith S°"e Brleny! 
illed a ïeîerS Were introduced ¿"to the vascular system without 

thoracotomy and their tips positioned with fluoroscopic and^oentgeno- 

terv former d?06 ^ f°lloWS: catheters in the main pulmonary ar¬ 
tery for recording pressure and for withdrawal of cuvette oximeter sam- 

Dlin^°nY^ ln the thoracic aorta (Pressure), abdominal aorta (sam- 
aiíi! * rÍAgh V®ntricle for injection of microspheres, right and left 
atria, and one in a vein draining the dependent left lung! The tip of 

the puimonary vein catheter was advanced as close to theater margin 

blnid asPoss^ble wlthout interrupting the flow of the sampled 

rivhr* i ° faline-filled catheters were introduced into the left and 

laKd al!° WÍíhOUt thoracotomy> and their tips manipu¬ 

les lío s^ L ? H3 SUIíaCeS °f the SU^erÍOr riêht -d dependent 
for alni^tinn r /a erS Were nositio™d ™ the stomach 

gaS’ and ln the lower ttlird of the esophagus for 

fasMoned î^8'' °T ^ (i*d*) pliable ^dotracheal tube, 

inferior to tíe Î if"’ W3S inserted throu8b a tracheotomy just 
larynX' The trachea was first almost severed trans- 

by umbilical Uoe'nLÍ^0^^ approximately 11 cm a«d secured in place 
trachea A Ä lig^UTes around the outer circumference of the 
and oositioned flb eathing va}ve was connected to the endotracheal tube 
sírumení Íe!d Cl0SÍ,t0 the trache°tomy as possible to minimize in- 

ca the ter í ^ esopha8us was not ligated. One air-filled 

fit ri aSt °ned ° T?ê°í tUbing WaS connectcd to a port with a Luer 
Irllslre ? the T' breathing valve to measure tracheal 

throueh the d catheter was Passed inside this tubing, 
ÎhiïnîeîÎ ! ¿ advanced until its tip was positioned in either 

were ufed fir Í!e ^ S bronchus* The two concentric catheters 
Ino !! for pressure recording and sampling during the liquid-breath¬ 
ing portion of the study; at that time both were filled witS saliÜ! 

The animal was then positioned on its left side in the initially 

d y water-immersion respirator and the shoulder and pelvic girdles Y 

loosely secured by umbilical tape ties looped through cleat! in 

bÜÜhin tht tank* The inspiratory arid expiratory sides of the ”Y" 
of Va f Were then connected via 7/8" Tygon tubing to the ports 
of selector valves passing through the side of the tank. ? 
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anA A rePresentative drawing of the complete water-immersion respirator 

of thÜTr i1 aSSe™ïly i3/hown i" Figure 2. Figure 3 is a photograph 

porti n 1 aSSembly’ and Figure 4 is a Photograph of the oxygenator 

Variable RPM 

OXYGENATOR 

ASSEMBLY 
WHOLE-BODY, WATER-IMMERSION 

RESPIRATOR ASSEMBLY 

Figure 2. 
Schematic drawing of water-immersion respirator-oxygenator 
assembly. The assembly differs from those described in 

Sections II and III. The oxygenator and breathing compart¬ 

ments were cor* ined into a single unit which was mounted in 

the cockpit of the centrifuge as an integral part of the 

“S?ír“0r- AS illustrated, the oxygenator reservoir was 
divided by a vertical baffle into separate inhalation and 

exhalation chambers, each capable of holding 5 liters. The 

liquid was fully oxygenated and carbon dioxide removal 

completed by continuously circulating fluorocarbon from the 

exhalation chamber over the nebulizing wheel to drain into 

the inhalation chamber. Full oxygenation of the fluorocar¬ 

bon was maintained by bubbling a portion of the 3 L/min 

oxygen supply through the liquid. Fluorocarbon was contin¬ 

uously in the center of the oxygenator and driven by a 

shaft extension from the nebulizing wheel. An external 

to Z^°n*í a, shunt-flow of fluorocarbon from inhalation 
to ..xhalation chambers, to permit the fluorocarbon to recir¬ 

culate over the wheel at a rate which could be varied inde¬ 

pendently of the respiratory rate of the animal. The 
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level of fluorocarbon in the inhalation chamber was adjust

ed to the raidlung 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 lAich 
flow of fluorocarbon from inhalation 
chamber is mounted on outside wall at left end.

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

controls shunt 
to exhalation



r
(E,F) 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 imnersion tank. Water-tight electrical connectors shown 
on right-end of imnersion tank are for ECG leads (top) and 
thermistor probes (bottom) used to record rectal temperature 
and temperature of saline within respirator.

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

Figure 4

Fluorocarbon spinning disc oxygenator assembly for 1 iao id-ljrca thing 
studies.

(A) variable rpm dc motor
(B) fluorocarbon condensing coils
(C) atomizing disk
(D) inhalation compartment
(E) exhalation compartment

Mm

M
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(F) electrical heaters 

(G) inhalation line 

(H) exhalation line 

(I) fluorocarbon trap in oxygen vent port 

(J) crushed ice compartment 

The assembly (Figure 4) resulted from substantial modifications to the 

one described in Section II. The modifications were necessary because 

there were two drawbacks in :he original arrangement: 

1. Unavoidable spillage of fluorocarbon in the process of connect¬ 

ing and disconnecting the oxygenator from the cockpit assembly. 

Loss of fluorocarbon made it difficult to maintain an accurate 

record of the total volume of fluorocarbon in the system from 

which the volume contained in the animal's lung could be deter¬ 

mined. 

2. Venous admixture during the period when the oxygenator was dis¬ 

connected. This was due to the fact that exhaled fluorocarbon 

was not completely separated from the inhaled fluorocarbon in 

either the oxygenator reservoir or the breathing compartment. 

The new arrangement prevented spillage of fluorocarbon because the 

oxygenator was mounted in the centrifuge cockpit as an integral part of 

the respirator and was not disconnected at any time; moreover, venous 

admixture could not occur because the animal inhaled from and exhaled to 

separate compartments. The rate of oxygenation of the liquid fluorocarbon 

was increased in the new oxygenator since only 8 liters of fluorocarbon 

were needed in the modified system in contrast to 16 liters in the ori¬ 

ginal, and the more powerful electric motor used to drive the nebulizing 

wheel (1 hp in the modified system versus 1/20 hp in the original) per¬ 

mitted a larger and continuous flow of liquid over the wheel. 

The remainder of the assembly was similar to the original. The 

respiration pump moved saline in and out of the tank in a sinusoidal 

manner, and either room air or liquid flowed passively in and out of the 

lungs in response to the alternating positive and negative pressures 

applied to the body surface by the pump. The exhaled liquid was received 

in the exhalation compartment. A centrifugal pump, mounted in a central 

column in the oxygenator and driven by a shaft extension from the nebu¬ 

lizing wheel, pumped a steady flow of liquid from the exhalation chamber 

upward and over the rapidly spinning nebulizing wheel. The oxygenated 

liquid drained into the inhalation chamber. The level in this chamber 

was maintained at midchest level and the temperature of the inhaled liq¬ 

uid was regulated to 37° + 1° C by electrical heaters. Residual lung 

volume was adjusted by adding or removing saline from the immersion tank 

and was measured by subtracting the volume of liquid in the oxygenator 

and in the inhalation and exhalation lines from the total volume added 

to the system. The residual lung volume was established early in the 
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experiment, with the dog breathing air, by adding or removing saline to 

adjust the body surface pressure to balance around zero at the midchest 

level. The liquid-breathing portion of the study was performed without 

changing the residual volume. 

Techniques for recording pressures, oxygen saturation, and cardiac 

output were as described in previous sections. 

Figure 5 shows a photokymograph recording of the multiple physio¬ 

logical pressures and other variables measured in all dogs to illustrate 

the conditions under which the microspheres were injected; in this case 

during an exposure to a force environment of 7Gy when breathing air (top 
panel) and when breathing silicone oil (lower panel). The sinusoidal 

variations in the pressure traces are due to the sinusoidal alterations 

in body surface pressure produced by the respiration pump. The pump was 

stopped in the inspiratory phase of the cycle and the pressures allowed 

to stabilize for several seconds before the microapheres were injected. 

During the 7G exposures, the microspheres were injected 120 seconds 
after the centrifuge reached the 7G plateau. 

MULTIPLE PHYSIOLOGICAL VARIABLES RECORDED DURING 

EXPOSURE TO 7Gy IN WATER-IMMERSION RESPIRATOR 

(006 17.,, MORPHINE-PENTOBARBITAL ANESTHESIA I 

BREATHING AIR 

BREATHING SILICONE OIL 

Figure 5 

62 



Figure 5. Multiple physiological pressures and other variables in a dog 

exposed to +7Gy, first breathing air (upper panel) and then 

breathing DC 200 silicone oil (lower panel) in water immer¬ 

sion respirator. The anesthetized dog was in the left decub¬ 

itus position. The photokymograph was generated by replay 

of the analog magnetic tape which was recorded during the 

experiment. For clarity, not all of the variables in the 

original recording are shown. The sinusoidal variations in 

all of the pressures were produced by the sinusoidal wave¬ 

form of body surface pressure (labeled tank) generated by 

the respiration pump. Two minutes after the start of the +7Gy 
exposure, the respiration pump was stopped in the inspiratory 

position and the pressures allowed to stabilize for several 

seconds. The radioactive microspheres were then injected 

into the right ventricle by a pneumatically driven syringe. 

A linear displacement transducer coupled to the syringe bar¬ 

rel recorded the syringe travel for timing purposes. Note 

that when the dog breathed air, the body surface and inter¬ 

nal pressures were in phase with the respiration pump. The 

peak-to-peak amplitude of the body surface pressures is a 

measure of the compliances of the chest wall and immersion 

tank in parallel. However, when the dog breathed the consi¬ 

derably more dense and viscous silicone oil, the internal 

and body surface pressures lagged the first derivative of 

pump displacement due to inertia and viscosity of the res¬ 

pirable liquid. Pressures shown in the photokymograph can¬ 

not be read directly but must be corrected as described in 

Section VI of this report. 

Figure 6 shows the window settings of the four channels of the 

gamma spectrometer used to determine the count rate of each isotope 

corrected for the presence of the other three. The numbers were deter¬ 

mined by placing point sources of each isotope at the focal point of 

the collimator, one at a time, and recording the normalized count rate 

in each channel. For example, when a point of source of 51Cr was counted, 

the count rate in the channel was 0.14, in the l^Ce channel 0.05, 

and in the channel, 0.01 of the count rate in the 51cr channel. 

The window settings were found by trial and error as those settings 

which would maximize the count rate of each isotope in its own channel 

and minimize the count rate in the other channels. The energy fraction 

matrix was used in the computer program to solve the four simultaneous 

equations necessary to determine the corrected count rate of each iso¬ 
tope at each location in the lung scan. 

One millicurie ^^Yb was injected when the dog breathed air at +10«; 

3.0 me l^Ce when breathing air at +7Gy. 10 me 5lCr when breathing liquid 

at +lGyj and 1 me ®5sr when breathing liquid at +7Gy. These activities 

resulted in approximately equal total counts in the entire lung in each 

of the isotope channels at most locations in the scan. 

i 
i I 
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ENERGY FRACTION MATRIX 

SPECTROMETER CHANNELS IN / <.E.V. 

ISOTOPE 
169 y ij 

44-58 
l4lCe 

135-154 
5lCr 

280-326 
85Sr 

400-650 

l69Yb 1.00 0.15 0.16 0.03 

-— 
l4lCe 0.04 1.00 0.00 0.03 

51 Cr I 0.14 0.05 1.00 0.01 

85 Sr 0.16 0.04 0.06 1.00 

Figure 6 

Results 

The three-dimensional array of counts generated by ®ca"ning 
entire cephalad surface of every lung section successively from the apex 

to the costrophrenic angles can be displayed in any projection or sec¬ 

tion of the lung desired in correct anatomical relationship to the topo¬ 

graphy of the inflated lung* 

Figure 7 is a dorsal-ventral projection of the vertical dist^b“" 

tion of pulmonary blood flow in one dog; first (in the right panel) wh 

breathing liquid fluorocarbon under the same conditions, right panel. 

The blood flow is expressed as the fraction of cardiac output Per cubic 

centimeter of inflated lung tissue on the ordinate against vertical 

height above the midsagittal plane of the inflated lungs on the abscissa. 

The dependent left border of the lungs is plotted on the left. 
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COMPARISON OF EFFECT OF INCREASE IN FORCE ENVIRONMENT 
ON VERTICAL DISTRIBUTION OF PULMONARY BLOOD FLOW 

WHEN BREATHING AIR OR LIQUID FLUOROCARBON (FC80) 
IN WATER-IMMERSION RESPIRATOR - INSPIRATORY POSITION 

(Dog 18kg, Morphine - Pentobarbital Anesthesia, Left Decubitus Position) 

Fraction of Yota! Blood Flow Traversing I Cubic cm of Inflated Lung Parenchyma 

Breathing Fluorocarbon ( FC 80) 
ISpt 1.761 

Breathing Air 

Superior 
Fight Lung 

Dopondont 
Loft Lung 

12 

VERTICAL HEIGHT OF LUNG PARENCHYMA 
ABOVE MID-SAGITTAL PLANE OF INFLATED LUNGS-cm 

Figure 7. Comparison of effect of increase in the gravitational-inertial 

force environment on the vertical distribution of pulmonary 

blood flow in anesthetized left decubitus dog, first when 

breathing air, and then when breathing FC80 liquid fluoro¬ 

carbon in a water-immersion respirator. Respirator held in 

full-inspiratory position during microsphere injections. 

7Gy injections were made 120 seconds after start of exposures. 
When the dog breathed air, pulmonary blood flow was increased 

in the midregions of the lung, but was increased in the supe¬ 

rior right lung when the dog breathed fluorocarbon. 
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During the exposure to 7Gy when this dog was breathing air, blood 
flow to the most superior portions of the lungs was abolished, while 

concomitantly, the flow was relatively unchanged in the most dependent 

region, and was increased in the midthoracic regions of the lung paren¬ 
chyma. 

The results with fluorocarbon breathing were similar in all five 

dogs. At 1G, blood flow was greater in the superior lung and Increased 
further to the superior and decreased in the dependent lung during the 

exposures to 7Gy, as would be predicted since the specific gravity of 
blood (1.0) is less than that of fluorocarbon (1.76). 

The average and variability of changes in vertical distribution of 

pulmonary blood flow produced by an Increase in the force environment 

from 1 to 7Gy in all dogs when breathing air or liquid fluorocarbon 

are shown as a dorsal-ventral projection in Figure 8. 

COMPARISON OF EFFECT OF INCREASE IN FORCE ENVIRONMENT ON VERTICAL 
DISTRIBUTION OF PULMONARY BLOOD FLOW WHEN BREATHING AIR OR LIQUID 

FLUOROCARBON IN WATER-IMMERSION RESPIRATOR-INSPIRATORY POSITION 

(Morphine Pentobarbital Anesthesia. Left Decubitus Position) 

Change In Fraction of Total Blood Flow Traversing: 

7mm-Thick Sagittal Sections 
of Inflated Lungs 

I Cubic cm 
of Inflated Lung Parenchyma 

VERTICAL HEIGHT OF LUNG PARENCHYMA 
ABOVE MID-SAGITTAL PLANE OF INFLATED LUNGS-cm 

Figure 8. Comparison of effect of increase in the gravitational-inertial 

force environment on the vertical distribution of pulmonary 

blood flow in dogs breathing air or liquid fluorocarbon in a 

water-immersion respirator. Means and standard error of the 

differences between values determined in anesthetized dogs 

when respirator held in full inspiratory position during ml- 

crosphere injections at 1 and 7Gy in left decubitus position. 
Note that regional pulmonary bl^od flow, expressed as fraction 

1 
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of the total cardiac output, was increased to the midregions 
of the lung when breathing air and to the upper lung when 

breathing the heavier-than-blood liquid fluorocarbon. 

In the left panel, the change in blood flow, plotted on the ordi¬ 

nate, is expressed as the fraction of cardiac output traversing succes¬ 

sive 7-mm-thick sagittal sections of the lungs, extending from the left 

lateral dependent border of the lung, on the left, to the right lateral 

superior border of the right lung, on the right. The average change 

in flow per cubic cm of lung tissue in each of these cross-sections is 
shown in the right panel. 

The changes produced by an increase in force environment when 

breathing air were similar to those reported previously in that, as 

would be expected from hydrostatic considerations based on the much 

greater specific gravity of blood than that of air-filled alveoli, a 

striking decrease in flow was observed in superior regions of the lungs. 

However, contrary to such considerations, no significant chunge was 

observed towards the dependent margin of the lungs in spite of the large 

increase in intravascular pressures present in this region, but rather 

the maximum increase in flow occurred in the midthoracic regions. 

Filling the alveoli with a liquid of greater specific gravity than 

blood reversed these changes. Flow increased in the superior and de¬ 

creased in the dependent lung, respectively, during an increase in the 
force environment. 

Since silicone oil, like air, has a specific gravity less than that 

of blood, it might be expected that an increase in the force environment 

would have a qualitatively similar effect on the pattern of the vertical 

distribution of pulmonary blood flow when breathing these two substances. 

That this is not the case is illustrated by comparison of the changes in 

verfical distribution of pulmonary blood flow in one dog caused by an 

increase in force environment from 1 to 7GV when breathing air and sili¬ 
cone oil (Figure 9). 7 

The pattern of the decrease in blood flow to the superior lung was 

similar in the two instances as might be expected from hydrostatic con¬ 

siderations. However, in the dependent lung the vertical distribution 

of the change in blood flow per cubic cm of lung parenchyma was strik¬ 

ingly different when breathing air than when breathing silicone oil. 

In the latter case, flow was increased throughout the dependent lung in 

accord with hydrostatic considerations. In contrast, during air breath¬ 

ing, flow per cubic centimeter actually decreased in the most dependent 

two centimeters of lung parenchyma in spite of the fact that intravascu¬ 

lar pressures were highest in this region and, if the alveoli and air¬ 

ways remained open, no concomitant increase in alveolar or airway pres¬ 

sure would be expected to counteract the; increased intravascular pres¬ 
sures of air breathing. 
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COMPARISON OF EFFECT OF INCREASE IN FORCE ENVIRONMENT ON VERTICAL 
DISTRIBUTION OF PULMONARY BLOOD FLOW WHEN BREATHING AIR OR LIQUID 

SILICONE OIL IN WATER-IMMERSION RESPIRATOR-INSPIRATORY POSITION 

(Morphine Pentobarbital Anesthesia, Left Decubitus Position) 

Change In Fraction of Total Blood Flow Traversing: 

7mm-Thick Sagittal Sections I Cubic cm 
of Inflated Lungs of Inflated Lung Parenchyma 

VERTICAL HEIGHT OF LUNG PARENCHYMA 
ABOVE MID-SAGITTAL PLANE OF INFLATED LUNGS-cm 

Figure 9. Comparison of effect of increase in gravitational-inertial 
force environment on vertical distribution of pulmonary 
blood flow in a left decubitus dog, first breathing air and 
then DC 200 silicone oil in water-immersion respirator. 
Differences between values determined after 120 seconds at 
7Gy and values at IGy are shown. Respirator held in full 
inspiratory position during microsphere injections. When 
the dog breathed either air or silicone oil (each less dense 
than blood), flow decreased in the upper right lung,, Flow 
increased mainly in the midregions of the lung when the dog 
breathed air, but increased in more dependent regions when 
the dog was ventilated with silicone oil. 

The predominant role of the specific gravity of the liquid being 
breathed as a determinant of the vertical distribution of pulmonary 
blood flow during liquid breathing can be illustrated by comparing the 
changes in vertical distribution of blood flow caused by an increase in 
force environment during breathing of a liquid with specific gravity 
greater than, and one with less than, that of blood, respectively (Figure 
10). As would be predicted from hydrostatic considerations, blood flow 
is increased to the upper regions of the lung and decreased in dependent 
regions when the alveoli are filled with a liquid, FC80 heavier than 
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blood, and the opposite effect is seen when the alveoli are filled with 
a liquid less dense than blood, silicone oil. 

This figure illustrates that when the alveoli were filled with a 

liquid with a specific gravity less than that of blood and tissue, the 

blood flow to the superior lung decreased during an increase in the 

force environment, similar to the effects when breathing «ir. However, 

contrary to the results with air breathing, there was relatively little 

change in blood flow near the midline of the lung when breathing sili¬ 

cone oil, and flow was increased at all levels dependent to this point. 

COMPARISON OF EFFECT OF INCREASE IN FORCE ENVIRONMENT ON VERTICAL 
DISTRIBUTION OF PULMONARY BLOOD FLOW WHEN BREATHING LIQUIDS 

OF DIFFERENT SPECIFIC GRAVITY IN WATER-IMMERSION 
RESPIRATOR-INSPIRATORY POSITION 

(Morphine Pentobarbital Anesthesia, Left Decubitus Position) 

Change In Fraction of Total Blood Flow Traversing: 

7mm-Thick Sagittal Sections 
of Inflated Lungs 

I Cubic cm 
of Inflated Lung Parenchyma 

Dependent 
Left Lung 

Superior 
Right Lung 

*10- 

f --. 
À. 

FC80 
(Spg 1.76)(5 Dogs) 

\ ; 
DC 200 

I (Spg 0.8) ( I Dog) 

lililí. 1- L i . 1 1__J l_. 

-6-4-2 0 2 4 6 

VERTICAL HEIGHT OF LUNG PARENCHYMA 
ABOVE MID-SAGITTAL PLANE OF INFLATED LUNGS-cm 

Figure 10. Comparison of effect of increase in the gravitational-inertial 

force environment on the vertical distribution of pulmonary 

blood flow in dogs breathing liquids of different specific 

gravity in a water-immersion respirator. Averages of 'Uffer- 

ences between values determined at end-inspiration in anes¬ 

thetized dogs when at 1 and 7Gy in the left decubitus posi¬ 

tion. Note the opposite effects of the increased force en¬ 

vironment on regional pulmonary blood flow when the dogs were 

breathing these two liquids. Flow was displaced in the depen¬ 

dent direction when the liquid breathed was less dense than 

blood, and vice versa when the lungs were filled with the 
heavier-than-blood fluorocarbon. 
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t mechanisms which prevent an increase or cause an actual decrease 
in blood flow to the most dependent regions of the lung during an in¬ 
crease in the force environment when breathing air have not been delin¬ 
eated with certainty. A 1007. arterial-venous shunt is a consistent 
finding in the most dependent regions of the lung during exposures to 
a force environment of 6 to 7G breathing air, and it has been postulated 
that the associated low oxygen and high carbon dioxide tensions may 
cause localized vasoconstruction in these regions (4-6). Liquid breath¬ 
ing greatly decreased or eliminated dependent pulmonary arteriovenous 
shunting during exposures to high force environments and hence the pos¬ 
ai le effects of localized changes in respiratory gas tensions on vascu- 
l?r^eSiStanCe 7)* Concomitantly, the degree of inertial displacement 
o the heart and lung parenchyma is greatly reduced during liquid breath- 

ng (7). The qualitative differences in the pattern of vertical distri¬ 
bution of blood flow in the lungs between air and liquid breathing may 
ki üe j ^rt tc> t^ie differences in gas tensions in pulmonary capillary 

cod and tissue as well as to the purely physical factors associated 
with the large differences in specific gravity and compressibility be¬ 
tween air-containing and liquid-containing alveoli and the blood perfus¬ 
ing these structures under the two conditions. 

The pleural fluid pressures recorded at or near the superior and 
dependent surfaces of the lungs when breathing air and liquids of dif- 
ferent specific gravity are shown in Figure 11. The average vertical 
gradient in pleural pressure was slightly but significantly less than 1.0 
w en ,reati^n® a*r* an<* slightly but not significantly greater than 1.0 
when breathing liquid fluorocarbon. Since the specific gravity of the 
thoracic contents is certainly greater than 1.0 when breathing fluoro¬ 
carbon (sp gr 1.76), these results indicate that the specific gravity of 
the thoracic contents and the magnitude and direction of the force en¬ 
vironment are not the sole determinants of the vertical gradient in 
pleural pressure. 
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RELATIONSHIP OF PLEURAL FLUID PRESSURE TO VERTICAL HEIGHT 
IN THORAX OF DOGS BREATHING AIR, LIQUID FLUOROCARBON 

OR SILICONE OIL IN WATE R-1 MME RS ION RESPIRATOR 
IN LEFT DECUBITUS POSITION 

+1 Ob ■•■/G, 

PRESSURES AT CATHETER TIP(cmHtO) INSPIRATORY POSITION 

Figure 11. Relationship of pleural fluid pressure to vertical height in 

the thorax of anesthetized left decubitus dogs breathing first 

air, and then either liquid fluorocarbon or liquid silicone 

oil in water-immersion respirator. Positions of catheter tips 

were determined with the use of biplane thoracic roentgeno¬ 

grams obtained immediately after the microspheres were injec¬ 

ted; respirator held in full inspiratory position. Pleural 

and other pressures were stable after the respiration pump 

stopped and were determined from photokymograph recordings. 

Numbers adjacent to lines connecting data points are verti¬ 

cal gradients in pleural pressure per G acceleration and 

have units of specific gravity (cm H20/cm/G). Pleural pres¬ 

sure gradients were computed by dividing the difference in 

pressure between upper and lower pleural catheter tips by 

the vertical distance separating the tips. Thus, the gradi¬ 

ents per G acceleration would have been 1.0 if the catheter 

tips had been positioned in a hydrostatic system, 1.76 if 

in fluorocarbon, and 0.8 in silicone oil. The average ver¬ 

tical gradient per G acceleration was slightly less than 1.0 

when the dogs breathed air and slightly greater than 1.0 when 

they breathed fluorocarbon. 
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The interrelationships of intrathoracic circulatory and pleural 

pressures and the vertical distribution of pulmonary blood flow in 

relation to the zonal perfusion pressures based on the calculated 

differences between mean pulmonary arterial, left atrial, and alveolar 

pressures in different regions of the lungs (8) are shown in Figure 12. 

EFFECTS OF FORCE ENVIRONMENT ON VERTICAL DISTRIBUTION OF 

BLOOD FLOW AND INTRATHORACIC PRESSURES WHEN BREATHING 
AIR OR LIQUIDS OF DIFFERENT SPECIFIC GRAVITY IN 

WATER-IMMERSION RESPIRATOR-inspiratory position 

I MORPHlNE-PENTOBAHBlTAl ANESTHLSIA LEfT DECUBITUS POSITION I 

BREATHING AIR is dogsi FC 80 is Doosi 

+ I Gv 

DC 200 h dog i 

o 
5 

2 
H 
V. 

S 

CENTIMETERS ABOVE MID-SAGITTAL PLANE OF THORAX ipmssupusI 
OR OF INFLATED LUNGS IfLtmsl 

Figure 12. Effects of force environment on vertical distribution of blood 

flow and intrathoracic pressures in anesthetized left decubi¬ 

tus dogs breathing air or liquids of different specific grav¬ 

ity in water-immersion respirator. Pressures at 1 and 7G 

were obtained from the photokymograph at the interval in the 

record where the respiration pump had been stopped prior to 

injection of the microspheres (See Figure 5). The lung con¬ 

tained approximately 1,600 ml of respirable liquid at this 

time (1,100 ml expiratory reserve volume plus 480 ml inspir¬ 

atory volume). Pulmonary arterial and mean left atrial pres¬ 

sures were referenced to midlung level and estimated in 

other regions of the lung, assuming a hydrostatic system. 

The interrupted lines passing through the midlung value with 

a vertical gradient per G of 1.0 are these estimates. Alveo¬ 

lar pressures were assumed to be atmospheric pressure every¬ 

where in the gas-filled lung. Measurements of tracheal 
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pressure in the liquid-filled lung were referenced to midlung 
level and the solid lines with vertical gradients per G of 
either 1.76 or 0.8, as appropriate, were drawn through the 
midlung values. Alveolar pressures at different vertical 
levels were estimated by these lines, assuming a continuous 
system. Zonal perfusion pressures were computed from differ¬ 
ences between mean pulmonary arterial (estimated from systolic 
and diastolic values), mean left atrial, and alveolar pres¬ 
sures in different regions of the lung, according to J. B. 
West’s model of the lung (8). 

The regional distribution of pulmonary blood flow and the 
changes in this distribution produced by a change in the 
inertial force environment appear to be related to the zonal 
perfusion pressure and change in this pressure, respectively, 
in the dogs that breathed air or liquid fluorocarbon. Re¬ 
gional blood flow does not appear to be related to the zonal 
model in the dog ventilated with silicone oil. 

. Jhe Pr®ssure data support the findings of prior studies in this 
and other laboratories which indicate that the spatial distribution of 
pulmonary blood flow cannot be fully explained by the zonal perfusion 
pressure model which relates only differences between pulmonary arterial, 
alveolar, pulmonary venous and presumed interstitial pressures in dif¬ 
ferent regions of the lung (9). 
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SECTION V 

Study of Acidemia in Dogs Breathing 

Oxygenated FC80 Liquid Fluorocarbon 

Introduction 

The capability of maintaining arterial Pco2 at normal and below 

normal levels (16 to 40 mm Hg, depending on respiration rate) in the 

initial studies with the liquid-breathing system was somewhat surpris¬ 

ing, since a major problem in prior liquid-breathing studies has been 

the accumulation of carbon dioxide in the blood (1-4). Most of the 

previous studies were performed in animals either totally immersed 

in and breathing oxygenatea fluorocarbon or silicone oil spontaneously 

(L), or in animals ventilated by simple gravity flow of the respirable 

liquid in and out of the lungs (2-5). Hypothermia was used in some 

stuiies to minimize oxygen demands and carbon dioxide production (1,3), 

and carbon dioxide buffers were used in others (4,5). The theoretical 

possibility of controlling blood Pcqt tensions by mechanically assisted 

ventilation of fluorocarbon liquids had been pointed out (6), and the 

result« of our studHs using a water-immersion respirator for accurate 

control of respiratoy variables has confirmed this belief. Neither 

hypothermia or administration of carbon dioxide buffers was necessary 

to maintain normal blood gas tensions. 

Although blood Pc02 tensions could be maintained at normal or hypo- 
capnic levels for 4 hours or longer in all dogs breathing fluorocarbon 

we have observed progressive metabolic acidemia from the onset of liquid 

breathing in almost all of the animals. Figures lA,r>, and C are illus¬ 

trative. These figures show the results of blood gas and pH measure¬ 

ments in 14 animals breathing first, air or oxygen and then liquid in the 

respirator. During gaseous respiration, the animals were hyperventila¬ 

ted and thus rendered hypocapnic to minimize spontaneous respiratory 

movements. The animals were then ventilated with 1007. oxygen for 15 to 

30 minutes to denitrogenate the blood and other tissues before switching 

to liquid breathing. A progressive fall in blood pH is evident in the 

figure from the onset of liquid breathing to values near 7.0 at the end 

of 4 to 6 hours. The moderate rise in average Pc02 above normal resul¬ 
ted from including in the averages P(X)2 tensions in blood sampled imme¬ 

diately after the animals were exposed to force environments of 4 to 7G. 

Most of these experiments were performed with earlier versions of the 

respirator in which the oxygenator was disconnected prior to rotation of 

the centrifuge. While the centrifuge was rotating, the animal breathed 

from a 4-liter supply of fluorocarbon contained in the breathing compart¬ 

ment. Thus, blood Pco2 levels were higher immediately after t-’.ie centri¬ 

fuge stopped rotating than during the 1G control period. Also, a sud¬ 

den change in the force environment would sometimes partially arouse the 

anesthetized animal and stimulate spontaneous respiratory movements. 
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MLÍnCrefSed^metabv11C demands for oxygen and C02 removal during thes^ 

t.rürp' m:L y,th',flrd VentlUtl°" “te,2.„d . 
in arterial Po2 and rise in PC02 were measured at the end of the exnn 

lilt liTTZZ rZT°n-™' laabnuy t0 «P1“" tie prônes. sive tall in blood pH, which was disproportionately greater than tho 
associated moderate rise in Pco2, prompted the present síudy 

aHHpIîf P“rposc thJs study ««s to determine whether or not the 
níírfnrM obs®ryed J" the animals breathing liquid was due to increased 

dîe ïo a°losf 0fCh Cffan^ PyrUVÍC aCid dUe t0 breatbing fluorocarbon or 
U« K1 f bufferin6 capacity in the blood, or to both factors 
We also broadly examined the blood for electrolytes red anH wh hp ’n 

«?™SK«iitÍ1ÍÍdC0Unt8’ hematocrit, seium entymes, tout 

istty tltuMct l tr e eCt'0ph0retic pattern’ a"d other blooJ them- 
thp fpïî 1 bl! ’ lookin8 for abnormalities or clues which might explain 

ntlUrZ0rLTml¡ t0 liVe l0neer tha" 30 « 36 — "-tí" 

FEMOML ARTERY BLOOD P^. pH. AND PCQ 

befor:: and after start of liquid breathing 

(Mean and SE. 13 Dogs Breathing FC80; I Dog. DC 200) 

Figure 1A 
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Figures 1A,B, and C. Gas tensions and pH of blood periodically sampled 
from (A) femoral artery, (B) left pulmonary vein, 
and (C) mixed venous (pulmonary artery) in 14 dogs 
breathing first air or oxygen, and then liquid in 
water-immersion respirator. Measurements were not 
made every 15 minutes in each of the 14 animals. 
Each point with vertical bar represents the mean 
and S.E. of measurements in a variable number of 
animals (2-14) in that 15-minute interval before 
or after switching to liquid breathing. A verti¬ 
cal bar is not shown when there was a measurement 
made only in one animal in a given period. The 
large variation in blood-oxygen tension 3/4 hour 
before liquid breathing was due to the fact that 
not all animals were ventilated with 1007. oxygen 
for the same length of time before switching to 
liquid breathing, and due to variations in pulmon¬ 
ary A-V shunting among dogs breathing oxygen in 
the respirator. When breathing air by hyperven¬ 
tilation, each animal was rendered hypocapnic to 
minimize spontaneous respiratory movements. Min¬ 
ute volume was fixed in each dog at 8-10 350-ml 
breaths per minute with air or oxygen, and 3-4 
480-ml breaths per minute with oxygenated liquid. 
The variations in average PC02 and P02 during 
liquid ventilation resulted from including in the 
averages, measurements made immediately after 1-2 
minute exposures to centripetal acceleration 

v* t0 +7Gy)f al°ng with measurements made during 
the 1G period. Blood Pq, was decreased and Pro? 
increased immediately after these exposures be¬ 
cause the greater demands for oxygen suppl' and 
C02 removal during the exposures were not satis¬ 
fied by the fixed minute volume. The minute vol¬ 
ume had been adjusted to provide satisfactory ex¬ 
change of alveolar gases during the 1G periods and 
was left unchanged during exposures to the in¬ 
creased force environments. The acidemia during 
liquid breathing, or shortly before when the ani¬ 
mals were ventilated with 1007. oxygen, is out of 
proportion to the relatively small increase above 
normal in average femoral artery and mixed venous 

C02* Since cardiac output in each dog was always 
within normal limits, a nonrespiratory mechanism 
is suggested to account for the acidemia. 
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Methods 

Two dogs, 11.0 and 12,5 kg body mass, werr anesthetized with mor¬ 

phine and sodium pentobarbital and prepared as described in previous 

sections except that transseptal catheters were not placed. In dog 16, 

a prototype Pc02 indwelling electrode was introduced into the supra¬ 

clavicular artery and manipulated until the tip of the sensor was near 
the arch of the aorta. 

The dogs were then positioned on their left side in a water-immer¬ 

sion liquid-oxygenator assembly which was a modification of the one 

described in Section IV, The modified assembly is illustrated in the 

schematic drawing of Figure 2. 

ASSEMBLY FOR STUDY OF EFFECTS OF BREATHING 
LIQUID FLUOROCARBON ON FORCE ENVIRONMENT DEPENDENT 

REGIONAL DIFFERENCES IN INTRATHORACIC PRESSURES, 
BLOOD FLOW, AND OXYGENATION 

Variable R°M 
DC Motor. 

Condenser 
Coils Respiration Pump 

tee Filled Chamber 

Nebuhimq Wheel 

Selector 

Ei Saline 
CJ Fluorocarbon 

100% 
02 

FLUOROCARBON 

OXYGENATOR 
WATER-IMMERSION 

RESPIRATOR 

Figure 2, Representative drawing of the water-immersion respirator and 

fluorocarbon-oxygenator assembly for liquid-breathing studies 

in dogs. Assembly modified from one described in Figure 2, 

Section IV. Pneumatically actuated slide valve electrically 

synchronized to respiration pump directs flow of room air or 

fluorocarbon, determined by selector valves, through 1" i.d. 

Lucite inhalation and exhalation lines. Dead space is 
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minimized by connecting Luclte 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 oocygenator 
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 masi 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.

:

Figure 3. Photograph of water-immersion respirator fluorocarbon-oxygen

ator assembly. (A) variable rpm dc motor controlled by

L

I
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separate power supply not shown. (B), (C) selector valves 
in inhalation and exhalation lines, respectively, (D), (E) 
calibrated scales for determining liquid volume in inhala¬ 
tion and exhalation chamber.*, respectively. (F) Sintered 
stainless steel oxygen distribution plates. (G) Power cord 
for electrical heaters (not shown). (H) Slide valve pneu¬ 
matically driven by solenoid valve assembly located on oppo¬ 
site side of photograph. (I) Variable displacement (0-480 ml) 
variable rate (0-20/min) respirator pump produces nearly 
sinusoidal waveform of body surface pressures within respir¬ 
ator. (J) Catheter ports with gasket assembly for airtight 
seal around individual catheters. (K) Cleats for attaching 
pelvic and shoulder straps. A Lucite platform (not shown) 
positions the animal 4-5 cm above the bottom of the respira¬ 
tor so that midthoracic level is approximately in the hori¬ 
zontal plane through the longitudinal axis of the respirator. 

Cardiac output was measured by the indocyanine-green dye technique, 
and oxygen saturation was measured by cuvette oximetry in blood contin¬ 
uously sampled from the thoracic aorta and pu.monary artery. These 
techniques as well as the photokymograph assemblies, and analog and dig¬ 
ital magnetic tape recording methods have been described in earlier sec¬ 
tions . 

Initial calibrations of the dye densitometer, cuvette oximeters, 
and strain-gauge pressure manometers were performed with the immersion 
tank dry and the dog breathing air spontaneously. Mixed venous blood 
samples were then drawn for determinations of electrolytes, glucose, 
lactate, pyruvate, hemoglobin, hematocrit, and red-cell, white-cell, and 
platelet counts by the Mayo Clinic Biochemistry Laboratory. An arterial 
sample was also withdrawn for measurement of blood gases and pH by the 
same laboratory as a check on our measurements of the same variables 
using the IL 113 blood gas analyzer. 

The immersion tank was then filled with physiologic saline at 37°C 
and the volume of saline adjusted until the alternating positive and neg¬ 
ative body surface pressures generated by the respiration pump were bal¬ 
anced around zero at midlung level. Tidal volume measured 350 ml by 
spirometry. Respiration rate was adjusted until repeated measurements 
of the femoral artery PcQ2 were within the range of 38 + 5 mm Hg. Suc- 
cinyicholine was administered by continuous drip to prevent spontaneous 
respiratory movements. Sodium bicarbonate was given intravenously as 
necessary to maintain the femoral artery pH within the range of 7.35 + 
0.05. 

The first animal developed a large venous-to-arterial shunt pre¬ 
sumably due to dependent pulmonary atelectasis, and was then ventilated 
with 1007. oxygen for several hours before being switched to liquid 
breathing. The second animal fared better and was ventilated with 
oxygen for about 1-1/2 hours before liquid breathing 
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conmenced. Arterial and mixed venous blood oxygen saturations were mon¬ 
itored frequently before the animal commenced liquid breathing. 

The animal was then swithced to liquid respiration and the rate of 

°n pUmp adJusted t0 maintain the femoral artery Pmo tension 
within the same range as during gaseous ventilation. Blood oxygen sat- 

:i:“^ra8U;ernt?ï p^ssur*s» cardiac output and other determinations 
were made periodically during the period of liquid breathing for moni¬ 

er ing purposes. The succinylcholine drip was continued, and sodium 

bicarbonate was administered as necessary to maintain the femoral artery 

blood pH within the range of 7.35 + 0.05. Mixed venous blood samples Y 

were periodically withdrawn for repeated clinical laboratory determin¬ 
ations of blood electrolytes and other variables. 

Ai. 4Ü7 hjUr! of liquid bathing, the succinylcholine drip was 
discontinued and the amiaal was switched to 1007. oxygen respiration. 

dr^nJPOnÍa?uOUS yesflratory movements were resumed, the tank was then 
the animal ventilated with 1007. oxygen either by use of an 

mal-triggered intermittent-positive-pressure respirator or by endo¬ 
tracheal catheter. Femoral artery blood samples wer, occasionally with- 

? m0nlt°r bl00d 8ases and P» i“ the post liquid-breathing period. 

íprííh Peí!íUr? WaS 8lS° monitored and the animal was warmed, as 
necessary, with electric heating pads. 

th* îü!nîî!îia K*8 throughout the experimental studies in 
the respirator by supplemental sodium pentobarbital. 

Results 

The results of the blood gas and pH measurements in each of the 

S têd üití ?¡£rSh0Wn ^/18^! 4A and 4B* The flrst anim*l was ven- 
il ted with 1007. oxygen for 3-1/2 hours prior to liquid breathine and 

iftèÏ°Se ïtIÎÎUrf 4(A)f famorai artery P» promptly decreased shortly ’ 
after the start of oxygen breathing. Intravenous administration of 

inPDHXlnñtely 40 ^ sodlum bicarbonate reversed the downward shift 

of 7 35 JVT!181 pH remined within the desired range 
addiMÍ«7i°l2VÍ the^A-hour period of liquid breathing without 
additional administration of base buffer. 

The second animal was ventilated with oxygen for approximately 1-1/2 

brMthiní0rthliq!!Íí br;athlng commenced. Within the first hour of liquid 

untn Îhî’n ÎLP ,, í,íeCreaSed bel0W 7*3 and continued to decrease 
c«bÎJÏ! í°^aíd Shifj Was corrected by administration of sodium bi¬ 
carbonate 4. *1/2 hours after the start of liquid breathing. The dH was 

oîeïTÎ ÎVh3 de8irad ran*e by administration of about 50 mEq of base 

breathins17Ï11 't However, by the end of the 5th hour of liquid 
breathing, the pH had again decreased below 7.30. 
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Approximately 260 ml whole blood had been withdrawn from this animal 

since the start of the experiment some hours earlier for the determin¬ 

ation of electrolytes and other variables by the clinical biochemistry 

laboratory. This blood was replaced by transfusion of the same amount 

from a donor dog. The pH remained low after the transfusion, but 

was returned to the desired range by an additional 22 mEq of sodium 

bicarbonate. 

Since metabolic acidosis was observed in the first animal while 

breathing 1007. oxygen, the decrease in arterial pH could not be attri¬ 

buted to an effect of ventilation with fluorocarbon. After the pH was 

corrected by administration of sodium bicarbonate, no additional amounts 

of buffer base were necessary to maintain a normal pH in this animal 

during the subsequent 4-hour period of liquid breathing. 

When the results of previous studies shown in Figures 1A, B, and C 

are viewed in retrospect, the average pH in the 14 animals may have 

actually started to decrease during the 15 to 30 minutes of oxygen 

breathing before the animals were switched to liquid breathing. Meta¬ 

bolic acidosis in these 14 and 2 animals of the present study could 

have resulted, at least partly, from the loss of hemoglobin in the trans¬ 

port of hydrogen ions by keeping the hemoglobin oxygenated in a high 

plasma Pq2 environment (7). 

The rerults of the clinical laboratory determinations of multiple 

blood chemistry variables are shown in Table V (See Appendix). Blood 

lactate and pyruvate Iwvels were normal in both animals. Hence, the 

metabolic acidosis observed in these animals cannot be attributed to 

increased production of these acids. 

Little significance can be attributed to the minimal changes in 

other blood chemistry values with the possible exception of the striking 

decrease in the platelet count alter both animals were returned to gas¬ 

eous ventilation. Since intravascular clots were observed in microscop¬ 

ic sections of the lungs of these two and prior animals, the decrease 

in blood platelets may have been associated with intravascular clot form¬ 

at ion in lungs and elsewhere in the body. 

The question remains unanswered as to why these 2 and other animals 

in these studies have died following liquid breathing. Each of the ani¬ 

mals which we attempted to have survive first breathed oxygen and then 

room air spontaneously after the liquid-breathing studies were concluded. 

Measurement of oxygen saturation and cardiac output were normal in the 

immediate post liquid-breathing period. The lung fields were examined 

periodically by fluoroscopy and, within one hour or so, both lung fields 

were clear. Arterial and right atrial blood pressures were monitored 

continuously in several of the prior animals over the subsequent 10 hours 

with no evidence of cardiovascular disturbances noted. Periodic sampling 

of arterial blood for pH, Pco2, and p02 typicaHy produced normal »alues 
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for the first few hours after liquid breathing. Although the cardio¬ 
vascular and respiratory systems appeared normal, none of the animals 
fully regaired consciousness or made purposeful movements of skeletal 
muscles not associated with respiration. Some animals had received 
succinylcholine, but 'thexshad not. Approximately 30 to 36 hours after 
the start of the liquid breathing, the animals rapidly deteriorated with 
severe respiratory acidosis until their death. 

At autopsy, the lungs in the 2 dogs of this and earlier studies 
were deeply congested and had a dark red, river-like appearance and 
texture. Little grossly normal pulmonary tissue was evident. Micro¬ 
scopically, the capillaries were engorged, and intravascular clots 
were present. Intra-alveolar hemorrhage and edema were observed but 
neither was a prominent feature. Fluorocarbon could not be expressed 
from freshly cut sections, and was not visible microscopically. 

FEMORAL ARTERY BLOOD GASES 

(Dog 16, II kg. Morphine-Ptntobarbital Anesthesia) 

7.4 

pH 7.Í 

7.0 

-8 

- Succinycholmê 

Air . l00 « o, - ¿f«'* Ëîmmau.-spon n*tp 0, 
_L_lhS_(_I_I-1 
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FEMORAL ARTERY BLOOD GASES 

(Dog 17, 12.5 kg, Morphinë-Pentobarbital Anesthésia) 

260 ml 
Blood 

Figure 4B 

Figures 4 A,B. Ges tensions and pH of blood sampled periodically from 

the femoral artery catheter in 2 dogs breathing first air 

or oxygen, and then oxygenated FC 80 liquid fluorocarbon 

in a water-immersion respirator. Residual lung volume 

about 1,100 ml, tidal volume about 350 ml. Respiration 

pump rate 6-7 per minute during gaseous ventilation and 

3.5 to 4 per minute during liquid breathing; the rate 

was adjusted to maintain Pc02 values within the range 

38 ± 5 mm Hg. Sue :inylcholine was administered by con¬ 

tinuous drip to prevent spontaneous respiratory movements. 

Sodium bicarbonate was administered as necessary to main¬ 

tain blood pH within the range 7.35 ± 0.05. In (A) the 

decrease in Pc02 below desire^ range during liquid breath* 

ing was due to an increase in rate of the respiration 

pump. The rate of ventilation was increased because of 

a rising Pc02 wading from an indwelling Pc02 electrode. 
When the reading was found to be erroneous, the respira¬ 

tion rate of the pump was decreased and the blood gas 

tensions and pH returned to within the desired range. 

Note in (B) that when the succinylcholine drip was dis¬ 

continued (unintentionally), Pc02 increased and pH 
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decreased outside desired ranges and, Pq;; decreased con¬ 

comitantly. The blood gas tensions and pH returned to 

their previous values when the succinylcholine drip was 

restarted. Morphine-pentobarbital anesthesia maintained 

throughout gaseous and liquid breathing in respirator. 

Acute pulmonary congestive atelectasis has been reported in closed- 

chert trauma and pulmom ry insults of various kinds. Ventilation of 

these arimals in these s *.udies with either 1007. gaseous oxygen or oxy¬ 

genated fluorocarbon for periods of ovor 30 hours may have contributed 

to the demise of the animals by oxygen toxicity (8,9). However, intra¬ 

vascular administration of FC80 fluorocarbon in relatively small quan¬ 

tities (0.1 to 0.25 ml/kg) has been reported to cause death in dogs with¬ 

in a few hours to a few days depending upon the dose, although the mech¬ 

anism is not clearly described (10,11). Intravascular gas emboli and 

plugging of the m:.crocirculation elsewhere in the body by clot formation 

had been reported (10,11,12,13). Fluorocarbon can enter the circulatory 

system of dogs breathing this liquid and be deposited largely in the 

brain, fat, muscle and liver in significant quantities (14). Evidently, 

surfactant is not washed out of the lungs in very large amounts by the 

fluorocarbon (15,16), 

The cause of death in the animals of this study is uncertain; however, 

oxygen toxicity and passage of fluorocarbon from the lung to the systemic 

circulation in toxic quantities were important contributory factors, if 

not major causes of death. 

To summarize, the results of this study have shown that blood PCO2 
can be maintained within normal limits in do¿r ventilated with oxygenated 

liquid fluorocarbon for 8 hours or longer in a respirator providing con¬ 

trol of rate and depth of respiration and the residual volume of the lung. 

The acidemia observed in animals during ventilation with either 1007. oxy¬ 

gen or oxygenated fluorocarbon was not due to increased production of 

lactic or pyruvic acid. Since cardiac output and blood PC02 were within 
normal limits, a nonrespiratory mechanism is suggested to account for the 

acidemia. Either a loss of buffering capacity of the blood, or increased 

production of acid not measured in this study, or both mechanisms, is 

suggested. 
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SECTION VI 

Computer Processing of Enysioioglcal Data 

In most of the experiments in the 30 dogs - reported in these separ¬ 

ate studies - we routinely recorded pressures via saline-filled cathe¬ 

ters which were percutaneously introduced in the thoracic aorta, pul¬ 

monary artery, left and right atria, right and left pleural spaces, 

esophagus, upper trachea, and in either a major bronchus or lower tra¬ 

chea. A description of each of the experiments, including a list of 

the pressures recorded in each, is given in Tables I and II (See Appen¬ 

dix). Each catheter was connected to a Statham P23d strain-gauge trans¬ 

ducer through hydraulically actuated valves which permitted simulta¬ 

neous flushing of all catheters and switching of all strain gauges to 

known pressures for calibration. The electrical signal from each strain 

gauge, as well as signals from the red and infrared cells from each of 

the three cuvette oximeters, accelerometer, cockpit tilt-angle indicator 

respiration pump linear displacement transducer, immersion-tank strain 

gauge, electrocardiograph amplifier, strain gauges sensing liquid levels 

in the inhalation and exhalation compartments of the fluorocarbon oxygen 

ator, centrifuge revolution indicator (a microswitch actuated by a cam 

driven by the centrifuge), syringe travel indicator (for recording the 

time and volume of injections of indocyanine-green dye, renovist, and 

microspheres by the remotely con^rolled, pneumatically actuated power 

syringe), and other instruments, were transmitted via slip rings to the 

recording station where all of the variables were recorded on a 45-cm- 

wide paper photokymograph assembly at 5 cm per second. Most of the 

variables were also recorded simultaneously on 30-cm-wide paper by a 

second photokymograph assembly at 25 cm per second. These two assem¬ 
blies produced the basic record of each experiment. 

Figure 1 shows sections taken from the 45-cm-wide photokymograph 

IeCÏAdQÎn T ofuth! do8S before* during, and after a 1-minute exposure 
to +6.9Gy when the dog was breathing fluorocarbon in the respirator. 

Calibration pressures of 0-and 20-cm H20 were recorded by all gauges 

except the aortic, and 0 and 100 mm Hg on the aortic gauge, immediately 

before and after each such experimert. Calibration pressures of 0-, 20-. 

and 40-cm H20 were recorded in the beginning section of the record 

shown. During rotation of the centrifuge, calibration pressures of 0- 
and 40-cm H20 were routinely switched into all gauges to record ze.o 

baselines and to determine if calibration sensitivities had changed due 

to the acceleration. These calibrations are shown at the start of the 
acceleration plateau. 



Figure 1 

ORIGINAL PHOTOKYMOGRAPHIC TRACINGS OF ML'lTIPLE PHYSIOLOGICAL VARIABLES 
RECORDED BEFORE. DURING. ANO AFTER l-MINUTE EXPOSURE TO +6.9 Gy 
<009 lt.il. MttTHma LIQUID FLUOROCARBON IN »h!>Lt-DOOr WATfR INNtRtlON RtSFIRATORI 

r< 
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Originel photokymogrephic treeing« of 26 physiologicel vari- 

ebles recorded simulteneously before, during end efter a 

1- minute exposure of a dog to 6.9Gy when breathing liquid 

fluorocarbon (FC80) in e water-immeraion respirator in the 

left decubitus position. Note that in spite of the fact 

that 45-cm wide photokymogrephic paper was used, overlap and 

consequent difficulty in identifying the multiple galvammeter 

traces occurred. Manual measurements from these recordings 

are therefore very difficult. This task is expedited by 

obtaining parallel recording of 20 of the variables on mag¬ 

netic tape for subsequent analysis by digital computer. In 

addition the transmission of red (R) and infrared (IR) light 

by systemic-arterial pulmonary venous (R', IR') and systemic 

venous blood (R", IR") being sampled continuously from the 

aorta, left pulmonary vein, and pulmonary artery via cuvette 

oximeters are converted on-line by digital computer to oxygen 

saturation values and second-by-second numerical results dis¬ 

played on a storage oscilloscope in real time along with 

other variables, for monitoring purposes in the control room 

of the centrifuge. This original recording is useful for 

preliminary visual qualitative analysis of the experimental 

results, 



particularly for detection of possible malfunctions of the multiple 

transducers and identification of the exact time and sequence of 

phenomena of particular interest in relation to the event code 

numbers. These numbers can then be searched for on the digital 

magnetic tape automatically by the computer and this desired 

segment of the recording subjected to detailed digital conputer 

analysis. A computer-generated replot of a number of these 

variables after correction for baseline shift, catheter-tip posi¬ 

tions, and minimization of overlap by the computer is shown in 

Figure 4. 

Analysis of paper recordings such as these, by hand, is a labor¬ 

ious task because of the large number of traces, the uncertainty in 

some cases of identifying the traces when they cross over, and because 

of the shift in the zero baseline of each pressure trace due to the 

effects of acceleration on the saline-filled catheter manometer systems. 

Furthermore, the analyst must construct individual calibration scales 

for each of the pressure traces since the gauge sensitivities differ, 

and these scales frequently must be changed to keep the traces within 

bounds. Once the calibration scales are drawn, the pressures still can¬ 

not be read directly because the scale readings must be corrected for 

shifts in the animal's midlung level (to which the vascular pressures 

are referred) relative to the zero-pressure reference level, and because 

we express some of the pressures (the pleurais and esophageal) as pres¬ 

sure at the catheter tip, which means that the hydrostatic head of pres¬ 

sure in each of these catheters oust be subtracted from the corresponding 

pressure measured relative to the zero-pressure reference level. The 

hydrostatic pressure corrections amount to 1 cm of water per centimeter 

of vertical height difference between the zero reference level and the 

tip of the saline-filled catheter. Therefore, this correction can be 

obtained by measuring the vertical height of the pleural and esophageal 

catheter tips from the reference plane using the biplane orthogonal 

roentgenograms obtained during control and acceleration periods (1). 

All of the vascular, pleural, esophageal, and airway pressures 

reported for the first 20 dogs in these studies were hand-measured in 

this way. 

The data reduction problem was enormously simplified by the devel¬ 

opment of several digital computer programs during the course of these 

and earlier studies (1,2). All of the pressure data recorded in the 

seven dogs of the pulmonary blood flow study of Section IV were analyzed 
by these programs. 

1. Program for on-line digitization of physiological pressures 

recorded in centrifuge experimentst 

This is an assembly language program used with the CDC 3500 computer 
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under the MEDIAE monitor; it requires 2,200 words of memory The Dro^ram 

t¡>0dieitalthe daÍÍ WOrdS °n eaCh °f the 22 channels of the analog- o-digital converter. These channels are utilized as follows: 6 

9 channels- for pressures (viz, aorta, pulmonary artery, left 
atrium, immersion tank, esophagus, left and right pleural, 
tracheal and bronchial); F * 

8 channels- reserved for the red and infrared signals for each 
of four cuvette oximeters, although only three oximeters 
were used in these experiments; 

1 channel- for the respiration pump displacement; 

1 channel- for the syringe travel; 

1 channel- for the dye densitometer; 

1 channel- for the accelerometer; 

1 channel- for the BCD event code electrically mixed with the 
electrocardiogram. 

of 2«T!;?f“C,35?0J?OmPUter ls a UOrd machlne. “Ith each word consisting 
Jf ÎL 5,“’ l"cludlnf Penty bits. With the use of this progran,. each 
of the 22 analog-to-dlgltal lines are sampled at a 100-sample-per-second 
rate by computer clock control, and two 10-bit A-D data Xs are^tored 

Ited to 2 2nn ã°rd; Slnce core sPace bn the present machine is lim- 

data’Xs ThfdX^' ‘^‘Tn10” "°rdS “re «"'“'"ea overlaid Wi J, aata words. The data from the A-D converter enters five 222-word 

a« tXf“’ rd “r “Ch butfer is flUed- the contents of the buffer 
e transferred to 7-track IBM compat^le tape. Each '■ or 5- minute 

centrifuge experiment thus results i- a tape file consisting of a 
sequence of 222 words written from the buffers. 8 

kevhopîî1!11! Ín !hiS program are elected from a remote terminal numeric 
y oard and a storage oscilloscope for message display. Some of the 

options allow the following: F 7 the 

a. Tape positioning according to file number entered at the 
keyboard; 

b. Display of pressure calibration data immediately after the 

5eí»?íaÍ,K%PerÍOí' Technical errors in calibration can be 
ran híed exPerl,jent commences and the calibrations 
can be lepeated, if necessary; 

c. Irinter copy of calibration data for future reference; 
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d. Tape update. Catheter tip x-y coordinates obtained from 
roentgenograms at a later date can be entered at the key- 
ooard along with x-ray source-to-film and animal midlung- 
to-film distances necessary for the computation of the true 
vertical height of appropriate catheter tips from the zero- 
reference plane. 

hese data are written on the computer disc as they are entered, and 
fter all of the updated data are entered, a hard copy is printed to 
How the operator to detect po&jible dial-in errors. If the catheter 
ip and other data necessary for computing pressure corrections are 
orrect on the disc, a header record is written on a second, updated 
igital tape, followed by a transfer of all of the digital data from 
he original tape to this updated tape. 

Program for generating an ink-on-paper (Calcomp) plot of the 
results stored on the updated tape. 

This is an assembly language program of 2,050 words designed for 
ontrol of rapid incremental plotter (Calcomp), using the MEDLAB moni- 
or programming system. The program is used to generate a point-to- 
oint plot of the 10 channels of data stored on the updated digital 
ape before final processing. Each 222-word record is transferred from 
ape to a 222-word buffer in core. The program then calls a subroutine 
o unpack the two iO-bit A-D data values contained in each 24-bit com- 
uter word, and applies the pressure calibrations and the appropriate 
orrections computed from data in the header record. A general purpose 
ubroutine for driving the rapid incremental plotter is then called 
pon to apply the necessary constants for scaling the corrected prés¬ 
ure and other data into x-y coordinates suitable for the plotting rou- 
^ne* The latter is a general purpose 800-word plotting subroutine 
hat accepts the x-y data from the first subroutine, and drives the 
apid incremental plotter. 

Figure 3 is a computer-generated plot of the same pressure data 
hown in the photokymograph recording illustrated in Figure 2. 
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MULTIPLE PHYSIOLOGICAL VARIABLES RECORDED DURING 
EXPOSURE TO 7 Gy IN WATER-IMMERSION RESPIRATOR 

(000 IT 1,. MORPHINE-PCNTOBARBITAL ANESTHESIA) 
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Figur« 2, (Reproduced from Figure 5 of Section IV, See legend in 
Section IV for details ). 
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COMPUTER PROCESSED TRACIN6S 

OF MULTIPLE PHYSIOLOGICAL VARIABLES 
DURING EXPOSURE TO + 7 Qy 

( Dog,17kg, Morphin» - Ptntobarbltal Antsthtsla, 

Wattr - Immtrtion Rttpiralor ) 

. Brtothing Air 
*i t--|Sf 

*»".» Ltrr 

Brtothing Sllleont Oil (oc too) 
cm Mt0 

Figures 3A and 3B 
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Figures 3A,B. Computer-processed tracings of multiple physiologic var¬ 
iables recorded during exposure of a dog to +7Gy first 
breathing air (upper panel) and then silicone oil (lower 
panel) in water-immersion respirator. The horizontal 
bars (Si, S2) mark the periods corresponding to sections 
from the original photokymograph record illustrated in 

i Figure 2. Unlike the original recording, all pressures 
can be read directly from the computer-processed tracings 
without additional corrections because the corrections 
were applied by the computer as the tracings were pro¬ 
cessed. Aortic, pulmonary artery and left atrial pres¬ 
sures shown in the original record were not plotted in 
Figure 2. The vascular pressures are normally plotted 
on a separate plot with an expanded time scale. These 
pressures can be read directly also. Note that when the 
dog breathed air,the sinusoidal alterations in body sur¬ 
face and intrathoracic pressures are in phase with the 
displacement of the respiration pump, but when the dog 
breathed silicone oil, the pressures reached their max¬ 
imum and minimum values before the pump displacement 
reached its maximum and minimum values, respectively. 
Furthermore, when the pump was stopped, the pressures 
continued to change. Note the greater amplitude and 
different shape of the pressure waveforms in the lot er 
panel compared with corresponding traces in the upper 
panel. Thus, when the dog was ventilated with air, the 
pressures generated by the respiration pump were largely 
due to the compliances of the immersion tank and chest 
wall in parallel, but when the Jog was ventilated with 
silicone oil, the respiration pump was loaded by the iner¬ 
tial reactance and viscosity of the oil in addition to 
the compliances mentioned. 

Obtaining plots, such as illustrated, is the most time- 
consuming portion of the computer analysis of the pres¬ 
sure data. To save time, the photokymograph is first 
examined to select the portion of the record of interest 
and to eliminate '".om subsequent analysis, areas in the 
record containing catheter flushes, noise, etc. An optioi 
in the incremental plotter program permits selected por¬ 
tions of the digital tape to be plotted. The time in 
seconds before or after the nearest BCD event code when 
the analysis is to start, and similarly when the analysis 
is to stop, are entered at the keyboard of the peripheral 
computer station. Considerable time is saved by not plot 
ting unwanted data. The con.puter-processel records of 
Figure 2 were obtained wirh the use of this option. 
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Unlike the original recording, hand measurement of pressures in 

the computer plot is relatively easy because the pulmonary artery, left 

atrium, esophagus, the two pleurais, and the immersion tank pressure 

traces all have the same baseline and calibration scale which is printed 

by ”1® computer at the start of each plot. Another two scales are plot¬ 

ted for the aorta and the airway pressures adjacent to the first. Fur¬ 

thermore, each trace can be read directly from the appropriate stale 

without further corrections, either during the control or during the 

acceleration portion, because tht zero baselines during the acceleration 

period have been corrected by the computer program to match the base¬ 
lines for the control period. 

Special options, which can be selected at a remote terminal dis¬ 
play, permit the followings 

a. Any of the 12 traces, except acceleration and event code, 
can bj omitted in the plot; 

b. Any portion of the digital tape can be plotted by entering 

the start and stop numbers of the BCD event codes at the 
ends of the desired portion; 

c. The time scale can be adjusted between 1 and 10 cm per second; 

d. A photokymographic recording can be obtained by transfer of 

the digital data to the digital-to-analog converter. A record¬ 

ing of data processed by the computer with the use of this 

option is illustrated in Figure 4. Data used to derive this 

figure were obtained from the same experiment illustrated by 

the original photokymograph tracings shown in Figure 1. 

This computer program is used to examine all or any portion of 12 

channels of the updated digital tape prior to final processing. Parity 

errors on tape, overload of individual A-D channels, and other technical 

errors in digitizing can be detected and that portion of the tape elim¬ 
inated from the final processing. 
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COMPUTER-PROCESSED TRACINGS OF MULTIPLE PHYSIOLOGICAL VARIABLES 
RECORDED BEFORE. DURING. AND AFTER I-MINUTE EXPOSURE TO +6.9 Gy 

too* II.Mf. miATHIM* LIQUIO nUO*OCA**OM m »t iLt-$OOr, »ATtO-mutßtlOH MtH**TOn> 

.«o àturntr ßrrtsuK 

—xio —tep-j* 

Attmr AHcssuM ^ 

Figure 4. Computer-generated replot of multiple pressures following 

correction for baseline shifts and catheter-tip positions 

during an exposure to 6.9G. See Figure 1 for additional 

details. Note the similarities iti contours of the changes 

in the thoracic, intra-airway liquid fluorocarbon and cir¬ 

culating pressures caused by the changes in body surface 

(immersion tank) pressure generated by the respiration pump 

of the respirator. The respiration pump was stopped tem¬ 

porarily in the maximum expiratory (E-exp) and inspiratory 

(I-insp) positions so that FC80 and pleural pressures could 

be measure! under static conditions. Comparison of the 

original and computer-processed photokymographic recordings 

is an expeditious means of being certain that no malfunctions 

have occurred in the multichannel hardware and software com¬ 

ponents of the electronic data processing and digital com¬ 
puter assembly. 

3. Program for statistical analysis of physiological pressure measure- 
ments: 

This is a combination FORTRAN and assembly language progrsm requir¬ 

ing 13,500 words of core, for use with the CDC 3500 MS0S monitor. The 
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program was designed to analyze physiologic ¿"-essures which have a large 
sinusoidal componentt such as that introduced by the water-immersion 
respirator. The program reads successive 15-second blocks of data (1,500 
samples from each of 9 pressure channels) from the updated digital tape, 
and identifies tne inspiratory and expiratory portions or each respira¬ 
tory cycle. The maximum and minimum data values ave determined for each 
pressure channel except the aortic and pulmonary arterial in each res¬ 
piratory cycle. The systolic, mean, and diastolic values are determined 
for the aortic and pulmonary arterial pulses which occur nearest the 
maximum and minimum values of the left pleural pressure. Appropriate 
pressure calibrations and corrections from the tape header record are 
applied and the values are printed under expiration and inspiration col¬ 
umn headings. The block of data analyzed is identified in the printout 
by the time in seconds of each set of expiration data from the beginning 
of the tape file, and the time in seconds of each inspiration and expira¬ 
tion set of values from the nearest event code. The results of the anal¬ 
ysis of each 15-second block of data are read from the updated tape, 
processed and printed. After the complete file is analyzed and printed, 
the means and standard errors of the means are computed from the values 
stored on the disc, and the results of this analysis are printed at the 
end of the printout. 

An important option in the program enables the operator to select 
certain respiratory cycles for analysis. Any 1 through 20 corsecutive 
cycles can be specified by entering on data cards the number of cycles 
to be analyzed and the time in seconds from the event code nearest the 
first cycle. 

Tables VI and VII (See Appendix) are computer printouts resulting 
from the analysis of 9 channels of pressure data recorded on an updated 
digital tape. The printout in Table VI is the analysis of 6 consecutive 
respiratory cycles immediately preceding the injection of microspheres 
into a dog breathing air in the water-immersion respirator during an 
exposure to 7Gy, and the printout in Table VII i¿ a similar analysis 
of the 7 respiratory cycles before the microsphere injection into the 
same dog breathing silicone o4l during a similar exposure to centripetal 
acceleration. The computer-processed tracings illustrated in Figures 
3A and 31 were obtained from approximately the same portions of the 
updated tape analyzed in the printouts of Tables VI and VII, respectively, 

Computer-processed tracings, such as illustrated in Fiture 3, were 
routinely obtained prior to the final analysis to determine whether or 
not the data i-t the segment of interest were recorded satisfactorily on 
the digital tape. A-D converter overload and other technical errors 
are usually apparent in the processed tracings but may easily escape 
detection in the printout of the statistical analysis. 

The pressure data recorded in the 7 dogs studied in Section IV were 
analyzed with these programs. Tables VIII through XIII (See 
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Appendix) summerlae the pressures end other date for the individual dogs 

vT«*1 con<*itions of respiration and force environment. Tables 
XIV and XV (See Appendix) give a statistical summary of the pressure 
analysis in the 7 dogs also for these conditions. 

The pleural pressure plots shown in Figure 5 were obtained from 
the data summarised in Tables XIV and XV. 
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Figure 5. Effect of +Gy acceleration on relationship of pleural and 
esophageal pressures to vertical height in thorax of dogs 
breathing air, liquid fluorocarbon, and liquid silicone oil 
in left decubitus position in water-immersion respirator. 
Mean and standard error of pleural, esophageal, and body 
surface pressures from computer analysis of 1,065 respiratory 
cycles of data recorded in multiple experiments in 7 dogs. 
Solid lines connect mean pressures measured simultaneously 
in left and right pleural spaces at full inspiration and 
full expiration when animals were exposed to normal 1G force 
environment. Interrupted lines connect mean values for same 
animals exposed to 7Gy. Numbers adjacent to lines are mean 
and standard error vertical gradients in pleural pressure 
per G acceleration and thus have units of specific gravity 
(cm H20/cm/G). They were obtained by dividing the difference 
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between left and right pleural pressurîs (cm H20) by the 
product of the vertical distance separating the catheter 
tips (cm) and the acceleration (G), for Individual dogs 
and then averaging the group. Body surface (immersion 
tank) pressures were referred to midlung level and pre¬ 
dicted elsewhere over the body surface by the faint dashed 
lines drawn with a vertical gradient of 1.0 through mid¬ 
lung values. Catheter-tip positions were determined from 
biplane ':horacic roentgenograms obtained when respirator 
was in full expiratory position and approximately 1,100 ml 
gas or liquid remained in the lungs. Tidal volume with 
air was approximately 350 ml and with liquid, about 420 ml. 
Note that when the dogs breathed air, the pleural pressure 
gradients were less than 1.0, but were greater than 1.0 
when liquid fluorocarbon was breathed. Differences between 
inspiratory and expiratory or between 1 and 7Gy gradients 
are not statistically significant in dogs of the same group. 
Thus, the data indicate that pleural pressure gradients are 
strongly influenced but not wholly determined by the weight 
of the thoracic contents. Note also that there were no sig¬ 
nificant differences comparing mean gradients determined 
from the photokymograph measurements during the interval in 
the record when the respirator pump was stopped at full 
inspiration (Figure 9, Section IV) and the computer-processed 
respiration values plotted in Figure 5. 

The pressure data summarized in Tables XIV and XV (See Appendix) 
and the pleural pressure relationships shown in Figure 5 were discussed 
in Section III. In that section, these data were used to explain the 
phasic changes in cardiac output observed in animals ventilated with 
liquids. 

To suimtarize, the development of several digital computer programs 
for use with the CDC 3500 has made possible much more complete analysis 
of the moment-to-moment measurements of the numerous physiological pres* 
sures routinely recorded when the animals of this study were exposed to 
either normal or increased force environments. Comparable analysis of 
these data by hand methods would have required impractically large ex¬ 
penditures of human effort. The computer programs were described and 
the results of pressure measurements in 7 dogs ventilated with either 
1 or 7G force environments are presented. 
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SECTION VII 

Methods and Resnlf« 

'ziïiï :L%r:Lbr 
under these conditions. P 11 di8trlbu-ion the parenchyma 

piratory maneuvers and body position changes. 8 

sHr¿r-'Lr^ KT«rt.' 

A No. 16-gauge needle, 28-cm long (Figure 1) was fitt-H « 
rubber gasket (A) so that, with the trocar (C) in place íhe ki 

n!LÎ88eïtially airti8ht- The small metal tags were pUceS in the y 
needle along with two or three 1-mm diameter sugar beïds séparatîne 

and the needle large po8ltive Pressure breaths, 

at each point After earh , * "‘ore than one metallic marker ««d ràiriî'^r re r1- 
rc:^ zYrt:^ YY/r^ ^.jiYTLe, 
cedure was repeated eaJh Í ! °f pneum°- or hemothorax. This pro- 
of the dog únm e gííd õêítêío !pacv T'^1"8 th‘ lu"8 on «“« 

toentge^reTÔf'tS1^ mJ".« a rFl»r:hr Z Y Y“"' 

photornicrograpíTof .“'fííed^rTrÍedV"’, “8’ ”« 8ll8ht- 8 
Ineertion ï. ehol Û“Sr” 3 ^ " ^°8 2 "eekí aft« ‘>8 
microtome sections and the reiimiïïna 1 f®8/88 re®°ved prior to 

álveo!‘ with .light Inflaenatlon end fÍbrõü. tísaur^eõ^uV00'".”1"''' 
».telp 2 to 3 alveoli thick. To date, 1„ aîtoX'of U Âïh 
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ASSEMBLY FOR PERCUTANEOUS INSERTION OF 
METAL TAGS FOR STUDY OF REGIONAL MOVEMENTS 

OF LUNG PARENCHYMA IN INTACT DOGS

Figure 1. Needle-trocar assembly for tagging pulmonary parenchyma with 
1-mra 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-Pontobarbifal Anesfhesia)

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 RPl, 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.

X

X
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percutaneous tag Insertlon, no pleural adhesions or any other patholo¬ 

gical effects, aside from what is illustrated in this figure, have 
been noted. 

1 

SECTION OF INFLATED AIR-DRIED LUNG 

(Capault Surrounding Mota! Tag, 
2 Wooks Aftor Insortlon ) 

Figure 3. Photomicrograph of a section of inflated air-dried lung from 

region where metal tag had been implanted in dog 2 weeks 

earlier. Tissue reaction to the tag was slight. 

The dogs were studied in a molded half-body supine cast mounted in 

a metal cage (shown in Figure 4) 2 weeks after tag insertion. This 

facilitated changing the dog's position from prone to head-up or head- 

dov', with minimal movement of the limbs, and with minimal neck or chest 

displacement. All pleural, esophageal and vascular pressures, and the 

parenchymal tag positions were referenced to the spinous process of the 

6th thoracic vertebra, which is approximately at the longitudinal and 

right-to-left midpoint of the lung. Simultaneous pressure records and 

biplane orthogonal roentgenograms were obtained from each dog in the 

prone, head-up and head-down positions at functional residual capacity, 

at the end of a spontaneous inspiration, and during brief sustained 
inflations by 10 and 20 cm H2O airway pressure. 
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Strain Gauga 
Trantducar with Co that ar.

Biplana Cassatta 
Holder with Cross Wires 

for Reference Levels

Plastic Half-Body Cast

'Steel Frame

Amis of Rotation

^ Thistle Tube

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 
with band straps around all four extremities and to the steel 
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 transradlated space. The

dimensions of the orthogonal x-ray system (s,q,t,p) and the x',y', and z* 
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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Figure 5. A three-dimensional illustration of measurements which must 

be obtained from biplane roentgenograms of the thorax to 

determine spatial coordinates (x,yfz) of metallic tags, in 

relation to selected anatomic reference point (M). Posi¬ 

tion of the dog is adjusted so that midpoint of the lungs 

(level of midpoint of sixth thoracic vertebra) is close to 

Interaection of central axes of respective roentgen beams 

generated by anteroposterior and lateral roentgen tubes 

(sources) used to produce biplane roentgenograms of the 

thorax. Setting reference point (M) of spatial coordinate 

system at intersection of central axes of two roentgen beams 

minimizes complexities caused by nonparaliel nature of roent¬ 

gen beams. Position of cassette holders for roentgen films 

and two pairs of steel wire (crosshairs ) mounted on their 

faces are adjusted so that the intersection of these cross¬ 

hairs (indicated by + and - signs) coincides with central 

axes of respective roent^er beams. Tube-to-plate distances 

(pand qj) for anteroposterior and lateral roentgenograms must 
be known, plus distances (s and t) of reference point M 

from lateral and anteroposterior x-ray plates, respectively. 

Distances x' and z', and y' and z', from point of intersec¬ 

tion of silhouettes of steel-wire crosshairs, are measured 
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directly on anteroposterior and lateral chest roentgeno- 

grams, respectively. These distances are corrected to true 

spatial x,y,z coordinates of each metallic tag. 

This magnification correction was facilitated by transferring the 

x'jy'jZ1 coordinates of each tag from paired orthogonal roentgenograms 

into a CDC 3500 digital computer via an electronic plotting table and 

an analog-to-digital converter. The accuracy of the x-rayt plotting 

table, computer computational and display systems was assessed by the 

double-blind determination of distances between beads placed obliquely, 

known distances apart, in the space transirradiated by the biplane 

orthogonal x-ray system. These results are shown on Figure 6. 

COMPARISON OF ACTUAL vs ROE NTGE NOGRAPHIC 
MEASURED DISTANCE BETWEEN RADIOPAOUE 

BEADS DISTRIBUTED IN SPACE T RANSR A DIATE D 
BY ORTHOGONAL BIPLANE X-RAY SYSTEMS 

Figure 6. Metallic tags were placed known distances apart along a 

straight line passing obliquely through the space trans- 

Irradiated by the biplane orthogonal system. The actual 

versus computer-roentgenographic measurement of the bead 
separation is shown. 

109 



1 
Using this system, the shift in pulmonary parenchymal tags follow¬ 

ing changes in body position can be examined, as shown in Figure 7. 

Figure 7. Shift in pulmonary parenchymal tags following a change from 
prone (•) body position to the head-up (x) body position. 

Lung at functional residual capacity in both body positions. 

Solid lines connect corresponding tag positions along their 

presumed path of movement. 
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This is the computer>generated plot of lung bead motion during a shift 

from the prone to the head-up body position with the measurements made 

at functional residual capacity. The pulmonary parenchymal tag posi¬ 

tions at end-inspiration in three dogs in the head-up and head-down 

positions are shown in Figure 8. 

REGIONAL DISPLACEMENT OF LUNG PARENCHYMAL TAGS 
AT FRC DURING CHANGE IN BODY POSITION 

FROM PRONE TO HEAD-UP AND HEAD-DOWN POSITIONS 

(3 Dogs, Morphins-Psntobarbital Anssthssia, 37-40 Togs/Dog ) 

FRC (ml) Prone: 1293 
Head-Down 995 

Figure 8. Regional changes in position of lung parenchymal tags at end- 

expiration during change in body position from prone to head- 

up position (upper panel) and prone to head-down position 

(lower panel). Parenchymal shifts in 3 dogs are shown along 

with individual measurements of functional residual capacity 

(helium dilution method) in each body position. The influ¬ 

ence of the position and shape of the respiratory diaphragm 

in determining the spatial position of lung parenchyma is 

evident in this figure. 
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It is apparent that the weight of the abdominal contents and their in¬ 

fluence on diaphragm position greatly influences the spatial distribu¬ 

tion of the pulmonary parenchyma. In all dogs in both head-up and 

head-down positions, the parenchymal tags moved downward relative to 

spinous process. The functional residual capacity determined by the 

helium dilution method increased in all dogs upon movement from the 

prone to head-up position and decreased upon moving from the prone to 

head-down position. Note that the parenchymal tag motion closely paral¬ 

lels diaphragm motion and that the position of the chest wall is rela¬ 

tively unchanged. Note also that there is an increased gradient of 

movement from the apex to the diaphragm. 

We next examined the effect of a spontaneous inspiration upon the 

spatial distribution in the head-up, prone, and head-down positions. 

The typical changes in position of the parenchymal tags in one dog in 

the head-up and head-down positions following inspiration are shown in 

Figure 9. 

» 

COMPARISON OF REGIONAL DISPLACEMENT 
OF LUNG PARENCHYMAL TAGS DURING SPONTANEOUS 

INSPIRATION IN THE HEAD-UP AND HEAD-DOWN POSITIONS 

( Dog-21.5 kg, Morphine-Pentobarbital Anesthesia) 

HEAD-UP HEAD-DOWN 

*z -z 

FRC (ml): 1780 1350 

Dorsal-Ventral Projections 

Figure 9. The effect of spontaneous inspiration on the regional dis¬ 

placement of lung parenchyr 1 tags in one dog in the head- 

up (left panel) and head-dow.: position (right panel) is 

shown. The parenchyma shifts from its positions at expira¬ 

tion (•) to the ( orresponding position at inspiration (x) 

along the paths indicated by the connecting lines. The 
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positions of the diaphragm and abdominal viscera influence 

movement of the lung parenchyma during respiration. 

In general the dog's respiratory tidal volume was decreased in 

the head-down position but the percent volume change from functional 

residual capacity was approximately the same in the two positions. 

There was less caudal displacement of the tags in the head-down than in 

the head-up positions. This is compensated for to some extent by a more 

lateral displacement of the parenchymal tags during inspiration in the 

head-down position. Movement of the parenchymal tags following inspira¬ 

tion in the prone dogs was intermediate between these two patterns. 

Finally we examined the pattern of parenchymal tag movement fol¬ 

lowing both spontaneous inspiration and positive-pressure inflation. 

In all body positions the direction of tag movement following positive- 
pressure inflation of the lungs or spontaneous inspiration were similar 

(Figure 10). 

COMPARISON OF DISPLACEMENT OF LUNG 
PARENCHYMAL TAGS FROM FRC DURING SPONTANEOUS 

INSPIRATION AND POSITIVE PRESSURE INFLATION 

(Dog-21.5kg, Morphine —Pentobarbital Anesthesia, Prone Posit'on ) 

Tidal Volume 
( ml ) 

FRC •— 

20 cm HzO I P PB o- 480 
Spontaneous Inspiration M— 360 

Figure 10. The pattern of parenchymal tag movement during both spontan¬ 

eous inspiration and 20 cm H2O positive-pressure inflation 
of the lung are shown in one dog in the prone position. 
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SECTION VIII 

Effect of Changes in the Magnitude and Direction of the Force 
Environment on Regional Distortion of Lung Parenchyma In Dogs 

Methods and Results 

The lung is a very mobile and compliant organ that readily conforms 
to normal changes in shape and volume of the thorax. When an animal is 
exposed to an increased force environment, inertial forces generated 
within the lung should produce regional displacements and deformations 
of the parenchyma depending upon the magnitude and direction of the force 
environment and the regional mechanical properties of the lung. How¬ 
ever in a minimally supported animal, inertial forces may also alter the 
contour and position of the respiratory diaphragm and displace the med¬ 
iastinum and chest wall. As demonstrated in the previous section, move¬ 
ment of structures adjacent to the lungs can displace lung parenchyma 
at some distance away. Hence, in order to study regional changes in 
position of the lung which are mainly due to inertial forces generated 
within the lung itself, the animal should be supported in such a way 
that inertial movements of the chest wall and abdomen are minimized 
without interfering with movements which are a part of normal respira¬ 
tion. Immersion in water is a practical method of body support which 
largely satisfies these requirements. 

The purpose of the present study was to determine the inertial 
displacements of the lung it. anesthetized dogs exposed to 1 and 7G force 
environments with the dogs breathing room air in a water-inmersión res¬ 
pirator, providing control of respiratory rate, and tidal and residual 
lung volume. Regional changes in position and volume of the pulmonary 
parenchyma were determined by first percutaneously implanting 30-40 
1-mm metallic markers in the lung parenchyma, and then determining the 
relative changes in position of the markers using a biplane roentgen- 
ographic technique developed in this laboratory by Smith and coworkers 
(1). Details of the methods are given in Section VII. 

The dogs were anesthetized with morphine and sodium pentobarbital, 
and catheters were percutaneously introduced and positioned in the main 
pulmonary artery, thoracic aorta, and right and left pleural spaces. 
The dogs were then placed on their left side in the water-immersion 
respirator described in Section II and the volume of saline in the tank 
adjusted until the alternating positive and negative pressures gener¬ 
ated over the body surface by the respiration pump balanced around zero 
at midlung. Residual Jung volume under these conditions was about 
1,000 ml respiration rate was adjusted to about 8 breaths per minute, 
and tidal volume to about 350 ml. 

Movements of a total of 90-120 markers in three animals were aver¬ 
aged in relation to an x,y, and z rectangular coordinate system with he 
origin at the midpoint of the body of the sixth thoracic vertebra. 
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This point is approximately at the center of the thorax as viewed in an 
anteroposterior thoracic roentgenogram. 

The position of each parenchymal tag, and the outlines of the lung 

borders in relation to the origin of the coordinate axes were fed into 

a CD(, 3500 computer by means of an electronic cursor device. The com¬ 

puter was programmed to divide the lurg mathematically into 25 parallel¬ 

epiped corridors, arranged in a 5 x 5 arr*y. The positions of the tags 

in each corridor, 3 cm x 4 cm on a side extending from the ventral to 

the dorsal surface of the lungs, were projected onto the coronal plane 

of the thorax. The position of the tags in similar corridors, 3 cm x 

3 cm on a side extending from the caudad to cephalad surfaces of the 

lung, were projected onto the transverse plane of the thorax. Since 

the resultant vector of inertial forces should lie in both planes, these 

projections portray the distribution and movement of the parenchymal 

tags in relation to the vertical height in the thorax. 

In Figure 1, the average shifts in positions of the beads within 

each corridor are represented by arrows with the tail of each arrow, 

representing the position at functional residual capacity, centered 

within its corridor as it is projected onto the plane of interest. 

The standard trror of the mean changes in position in the cephalo- 

caudad and right-to-left directions are indicated by the respective 

lengths of the bars of the crosses at the ends of each line. No cross 
indicates there was only one sample. 

Note the effect of the downward displacement of the diaphragm, dur¬ 

ing inspiration, in shifting the lung parenchyma. The tags moved cau- 

dalward in all regions and lateral-ward in the lateral regions of the 

lung during inspiration in the normal 1G environment. The cross-sec¬ 

tional projection indicates that during inspiration, the lung parenchy¬ 

ma shifted in the ventral direction from its position at functional 
residual capacity. 

This figure portrays only the changes in position of parenchymal 

tags located in different regions of the lung. However, the changes in 

regional volumes of the lung with respiration or due to an increased 

inertial force environment are also of interest. Regional volumes 

were calculated by taking pairs of markers falling within each corridor 

to represent diametrically opposite points on a sphere of parenchyma. 

The percent change in volume of this sphere between two states of inter¬ 

est was then taken to represent the regional change in volume. Volumes 

were calculated for all combinations of two markers falling within each 

corridor for each dog, and the average percent volume change with its 

standard error was calculated for each corridor. 
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CHANGES IN POSITION OF LUNG PARENCHYMAL TAGS DURING 
RESPIRATORY CYCLE IN WATER-IMMERSION RESPIRATOR 

3 Dogs, Morphine-Pentobarbital Anesthesia, Left Decubitus Position 

(+) SE of Inspiratory Change In Y and Z Coordinates 

Dorsal-Ventral Projection Cross-Sectional 
Projection 

Figure 1. Mean and standard errori: of changes in position of lung 

parenchymal tags during the respiratory cycle of 3 anesthe¬ 

tized dogs in a water-immersion respirator. The tidal vol¬ 

ume and respiratory rate were held constant at 480 ml and 

12 breaths per minute, respectively. 

The regional changes in volume calculated from the changes in 

position, shown in Figure 1, from functional residual capacity to end- 

inspiration are shown in Figure 2. The circles with a continuous out¬ 

line all have the same diameter, representing the control state (in this 

case end-expiration, i.e., FRC), and are centered in their respective 

corridor. The circles with dashed outline and varying diameters repre¬ 

sent the volume at the second state (end-inspiration) and are centered 

on the position to which the control element moved. The numbers repre¬ 

sent the percent change in volume + one standard error. The absence 

of a standard error value Indicates that only one pair of markers was 

found in that corridor. 

Note the distribution of percent change in voAume is relatively 

uniform in the dorsal-ventral projection with no discernible regional 

pattern. The cross-sectional projection indicates a like result. 
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CHANGES IN POSITION OF LUNG PARENCHYMAL TAGS DURING 
RESPIRATORY CYCLE IN WATER-IMMERSION RESPIRATOR 

3 Dogs, Morphine-Pentobarbital Anesthesia, Left Decubitus Position 

(+) SE of Inspiratory Change In Y and Z Coordinates 

Dorsal-Ventral Projection Cross-Sectional 

Projection 

Eip. Insp. 

Figure 2. Means and standard errors of changes in position of lung 

parenchymal tagst and calculated percentage change in regional 

lung volumes during the respiratory cycle of 3 anesthetized 
dogs. 

In order to discuss the respiratory changes during exposure to 

an inertial force environment 7 times normal, we will first indicate 

the effect of increased inertial forces on the lung parenchyma when the 

animal is at functional residual capacity under these two conditions. 

Figure 3 illustrates the average regional change in position and 

volume of lung parenchyma at end-expiration during a 1-minute exposure 
to a force environment of 7Gy. 

The solid circles and dots represent the 1G control state and the 
dashed circles and standard errors the 7G state. 

Note the loss of volume in the dependent portion of the lung and 

the gain of volume in the superior portions,and the general shift of the 

parenchyma in the cephalad direction in the dependent lung and concomi¬ 

tant caudad shift superiorly caused by this increased inertial force 
environment. 
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EFFECT OF INCREASED FORCE ENVIRONMENT ON REGIONAL POSITION 
OF LUNG PARENCHYMAL TAGS AND CALCULATED REGIONAL VOLUMES 

AT END-EXPIRATION IN WATER-IMMERSION RESPIRATOR 

3 Dogs, Morphine-Pentobarbital Anesthesia, Left Decubitus Position 
(-h)SE of I Gy to 7Gy Change in Yand Z Coordinates 

Dorsal-Ventral Projection Cross-Sectional Projection 

5 cm 
SOHO Chang» in Voi.mt (X tSE) 

Figure 3. Means and standard errors of changes In position of lung 

parenchymal tags, and calculated percentage changes in re¬ 

gional lung volumes at end-expiration in 3 anesthetized 

dogs produced by an increase in the gravitational-inertial 

force environment from 1 to 7G. See legend of Figure 1 and 

text for additional details. Note the decrease in dependent 

regional volumes and the increase in regional volumes in the 

superior regions of the lung in accord with the results 

shown in Figure 5. 

The cross-sectional projection indicates an almost vertically down¬ 

ward displacement of the parenchyma, again with a loss of volume in the 

dependent region and an increase in the superior region. 

Figure 4 shows the regional change in parenchymal position and 

volume with inspiration during an inertial force environment 7 times 

normal. Note the larger change in volume in a region slightly above 

the midlung and the relatively small or no change in volume in most 

of the dependent regions. 
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Note as well that the parenchyma tends to shift both caudally and 

in the dependent direction during inspiration rather than evenly toward 
the diaphragm and bilaterally as in the 1G case. 

CHANGES IN POSITION OF LUNG PARENCHYMAL TAGS AND 
CALCULATED REGIONAL VOLUMES IN RESPIRATORY CYCLE 
DURING EXPOSURE TO FORCE ENVIRONMENT OF 7Gy IN 

WATER -IMMERSION RESPIRA TOR 

3 Dogs. Morphine -Pentobarbital Anesthesia, Left Decubitus Position 
(+) SE of Inspiratory Change in Y and Z Coordinates 

Dorsal -Ventral Projection Cross-Sectional Projection 

Figure 4. Means and standard errors of respiratory changes in posi¬ 

tion of lung parenchymal tags, and calculated percentage 

changes in regional lung volumes of 3 anesthetized dogs dur¬ 

ing exposure to a force environment of 7Gy. Note that the 

largest increase in volume during inspiration (regional ven¬ 

tilation) occurred near the midregions of the thorax where 
blood flow is also increased. 

To facilitate study of changes in regional volume in relation to 

vertical height in the thorax, the lung was divided into 10 sagittal 

sections each 1.5 cm thick, and the average change in volume in each 

sagittc1 section was projected onto the coronal plane in order to 

obtain a plot of change in regional volume versus vertical height in 

the thorax. The regional changes in volume with inspiration in the 

normal 1G gravitational force environment are shown in Figure 5. 
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REGIONAL VENTILATION 

Dtptndênt Sup&r/or 

Figure 5. Mean change in volume during respiration at IG within 10 

1.5-cm-thick sagittal sections for 4 water-plethysmograph- 

ventilated dogs. Volumes were calculated for all pairs of 

markers representing diameters of spheres having greater 

than 1 and less than 10 cm3. Those falling within each sec¬ 

tion were averaged} the dots are the means, and bars the 

standard errors. No standard error indicates only one 

sample (i.e.,one pair of beads) was found in that section. 

Note that the left and right regions (dependent and superior, 

respectively) are equally ventilated and that the midregions 
were less well ventilated. 

Note that the inspiratory changes in regional volumes (regional 

ventilation) of the dependent left lung and superior right lung were 
not significantly different. 

The regional changes at end-expiration caused by an exposure to 7 

times the normal gravitational-inertial force environment are shown in 
Figure 6. 

As would be expected on the basis of the great differences in spe 

cific gravity of the air-containing alveoli and the surrounding elastic 

parenchyma and mobile blood, there is a striking increase in regional 

volumes in the superior region and a decrease in the dependent region of 

the lung. The isovolume region appears to be near midlung or slightly 
above. 
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CHANGE IN VOLUME AT FRC 
7G-IG 

Figure 6. Mean change in FRC in ten 1.5-cm-thick sagittal sections 

due to increase in acceleration from 1G to 7G in 5 dogs 

while ventilated with a water plethysmograph. The graph¬ 

ical format is described in the legend of Figure 5. Region¬ 

al FRC tended to decrease in dependent regions while it 

increased in superior regions. There was apparently no 

change in FRC in the midregion of the lung. 

Figure 7 indicates that at 7 times the normal gravitational force 

environment,the change in regional volume during inspiration is great¬ 

est at the midregion of the lung. It is particularly noteworthy that 

this region is at approximately the same vertical height in the thorax, 

where the regional changes in volume at end-expiration with changes in 

the force environment are minimal (Figure 4), and at which prior stud¬ 

ies ^ive demonstrated the level of pleural and circulatory pressures to 

be relatively independent of the force environment and where regional 

blood flow is maximal during exposures to higher force environments. 
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REGION A L VENTIL A TION 
AT 7G 
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Figure 7. Mean change in volume in ten 1.5-cm-thick sagittal sections 

during exposure to 7G in a water plethysmograph. Graphic 

format is described in the legend of Figure 5. The percent 

change of volume was higher in the midregion of the lung 

than in the superior or dependent regions. The area of great¬ 

est ventilation corresponds to the region where FRC was 

least changed due to acceleration (Figure 6). 

These data indicate that under conditions of increased acceleration 

the lung parenchyma tends to shift as though it consisted of bubble-like 

buoyant chambers somewhat free to float upward. Calculated changes in 

regional volume based on differences in displacement of adjacent lung 

parenchymal tags indicated that large increases in regional volume in 

superior regions of the lung occur during exposures to an increased 

force environment; concomitantly striking decreases occur in regional 

volumes in dependent regions. 

The calculated changes in regional volume during inspiration indi¬ 

cate that ventilation is shifted into the midregion of the lung during 

exposure to high force environments. 
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SECTION IX 

Gas Embolism Due to Intravenous Iniection of FC 80 Fluorocarbon 

GolIan and Clark (1) first reported that lethal gas embolism fol¬ 

lows the intravenous injection of 1 ml unemulsified FC 75 in dogs. The 

gas was sampled from the right atrium and found to consist of about 657. 

nitrogen, 107. oxygen, and 97. carbon dioxide; the undetermined remaining 

gas was assumed to be fluorocarbon and water vapors. Beisang et al. (2) 

found gas embolism within about 5 hours after an intravenous injection 

of FX 80 fluorocarbon in dogs. Both groups of investigators attributed 

the gas embolism to the evaporation of fluorocarbon within the circula¬ 
tory svstem. 

However, the development of gas bubbles in the circulation after the 

intravenous administration of FC 75, FX 80, or FC 80 flutrocarbon liquids 

in experimental animals has not been a constant finding. Clark and Gollan 

(3) reported that mice survive the intravenous injection of 2 ml of FX 80. 

Nose et al. (4) injected 0.1 ml/kg intravenously in two dogs; the dogs 

died 48 and 60 hours after the injections with extensive hemorrhages and 

severe edema of the lungs, but gas embolism was not found in either ani¬ 

mal. Sloviter et al. (5Ï injected a 20 kg dog with 2 ml of dispersed 

FX 80 and measured a rapid increase in right atrial pressure in the dog. 

They concluded that the elevated pressure was due to multiple platelet 

microemboli which reached the lungs and caused right heart failure and 

anoxia. Geyer (() found that the intravenous injection of 4.0 ml FX 80 

per kg body mass was lethal within 1-2 minutes in rats and mice, either 

anesthetized or unanesthetized. Intravenous gas was not found at autop¬ 

sy. In this same study, rats were injected intravenously with a stable 

dispersion of FX 80 and the animals died about 5 hours later with over- 

cistended chests. At autopsy, the lungs were bloated and appeared to 

have caused the over-distended chest and to have caused death of the 

animal by suffocation. Other tissues, including the heart, were not 

affected. Dispersion of other fluorocarbon liquids produced the same 

effect, and since all of the fluorocarbons which gave rise to the bloa¬ 

ted lung syndrome had high vapor pressures, Geyer concluded that bubbles 

of vapor possibly were arising in vivo and accumulating in the lung. 

However, little FX 80 vapor was detected in the fjam collected from the 

lungs; Geyer concluded that v&oor pressure alone could not explain these 
effects of FX 80. 

Gollan and Clark (1) also found over-distended lungs within 2-4 

hours and lasting for about one week after puppies had breathed FC 75. 

These investigators found virtually no FC 75 in the tissues of mice 

which had survived the breathing of this liquid. However, Holaday (7) 

initially estimated that a total of 0.5 ml FX 80 is absorbed in the blood 

and other body tissues of a 15 kg dog after breathing this liquid for 

one hour, but in a later study estimated that a total of 450 mg (approx 

0.25 ml) of FC 80 is absorbed by a 13.8 kg dog after breathing this 

liquid for 8 hours, and a total of 1.25 g (approx 0.85 ml) when the 
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tissues of the dog are fully saturated with FX 80 (8). In studies in our 

laboratory, gas embolism was not found at autopsy in any of the 17 dogs 

that breathed FC 80 for 4 hours or longer and is not mentioned in any 

studies of animals which had breathed oxygenated fluorocarbon liquids 
(1,3,7-18). 

Studies performed in this laboratory have shown that: 

1. lethal gas embolism occurs within 3/4 to 3 1/2 hours 

(usually 3/4 to 1 1/4 hours) after the intravenous injec¬ 

tion of 0.1 ml FC 80/kg body mass in anesthetized dogs 

breathing room air, but not in anesthetized dogs breathing 

oxygenated liquid FC 80 for periods as long as 16 hours; 

2. Gas sampled immediately after death from the right ventricle 

of dogs who died of gas embolism following the intravenous 

injection of FC 80, was found to consist of FC 80 at its 

vapor pressure along with oxygen and carbon dioxide at 

tensions equivalent to their respective tensions in venous 

blood sampled immediately before death. 

3. FC 80 appears in the blood and other body tissues in dogs 

breathing this liquid. Saturation of the blood with FC 80 

is complete within 15 to 30 minutes of liquid breathing. 

Holaday et al. have reported that the concentration of 

FC 80 in the blood reaches a plateau in 15 minutes (8). 

Figure 1 illustrates some typical changes in arterial blood gas 

tensions and pH in a dog following a slug injection of 0.1 ml FC 80/kg 

(FC 80 fluorocarbon) into the right atrium. 



HOURS AFTER INJECTION 
of 0.1 ml/kg FC 80 Into RIGHT ATRIUM 

Figure 1. Arterial blood gas tensions and pH in a dog injected with 

1.5 ml unemulsified FC 80 liquid fluorocarbon into the right 

atrium. The dog was prone in a molded fiberglass half-body 

cast and ventilated with intermittent positive pressure 

(IPPB) using a Bird Mark VII respirator. Skeletal muscle 

paralysis was maintained at all times by periodic intravenous 

injections of succlnylcholine. Catheters had been intro¬ 

duced percutaneously and positioned in the pulmonary artery, 

thoracic aorta, and right atrium for recording pressure and 

sampling. (15 kg dog sodium pentobarbital anesthesia). 

Approximately one hour after the injection of FC 80, arterial Pço2 in¬ 

creased to 53 mm Hg, pulmonary artery pressure increased to 80/50, and 

ventilation of the animal was changed from room air to 1007. oxygen. 

Arterial blood P02 increased at first but then returned to values nearly 

equal to those measured when the dog was breathing room air. Arterial 

pC02 progressively increased and arterial pH concomitantly decreased 

over the next few hours. Both variables were only partially corrected 

by intravenous administration of sodium bicarbonate. Pulmonary artery 

pressure remained elevated. The dog died 6 hours after the injection 

of FC 80 with free gas distending the right atrium and ventricle, with 
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foamed blood in the pulmonary artery, right heart, and venae cavae. 

There was very little blood and no free gas in the left atrium or ven¬ 

tricle. The lungs were normal to gross and microscopic examination. 

Approximately 35 ml of gas was collected into a Haldane gas collec¬ 

tion apparatus by needle aspiration of the right ventricle. One ml of this 

gas was then diluted to 500 ml with room air in a calibrated 1,500 ml 

plexiglass syringe and the concentration of FC 80 in the diluted gas was 

determined using a gas chromatograph. Repeated measurements of FC 80 

concentration on repeated diluted samples of the gas contained in the 

Haldane apparatus averaged 0.51 mg FC 80 per liter of gas sampled from 

the right ventricle. Oxygen and carbon dioxide tensions in this gas were 

measured with an IL 313 blood gas analyzer. 

If a molecular weight of 416 is assumed for FC 80, (which has the 

formula CgF^o)* then the partial pressure exerted by 0.51 gram of FC 80 
per liter ol gas at 24°C can be computed ass 

V = NRT 

= 0.51 gram FC 80 x 62.4 liter-mm Hg x 297°K 

_liter 

416 gram FC 80 

mole 

mole-°K 

= 22.4 mm Hg 

This compares favorably with measurements of the vapor pressure of FC 80 

supplied by Allied Chemical Corporation, and with vapor pressure data for 

FC 75 (industrial grade fluorocarbon similar to FC 80) published by the 

3M Company (20). See Figure 3. 

Thus, the gas sampled from the right ventricle in this dog, imme¬ 

diately after death, had the following composition. 

P02 
pC02 
pH20 

PFC 80 

*pN2 
pbar 

= 66 mm Hg 

= 108 mm Hg 

= 23 mm Hg (at 24°C) 

= 22 mm Hg (at 24°C) 

= 516 mm Hg 

= 735 mm Hg 

(★Estimated: Pn2 = pbar-p02"pC02“pFC 80^ (19). 

Figure 2 plots the concentration of FC 80 in blood sampled simul¬ 

taneously from the aorta and pulmonary artery of a dog breathing oxygen¬ 

ated FC 80 liquid fluorocarbon for over 16 hours. One and one-half hours 

after the start of liquid breathing, 0.1 ml FC 80/kg was injected via a 

catheter positioned in the left renal artery. The concentration of FC 80 

in mixed venous (pulmonary artery) blood reached the plateau value of 

approximately 850 pg/100 ml within the first 15 to 30 minutes of liquid 

breathing and changed little following the injection of FC 80 into the 
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renal artery. The concentration in arterial blood (aorta) was consis¬ 

tently equal to or greater than the concentration of FC 80 in simulta¬ 

neous samples of mixed venous blood. The dog died shortly after the 16th 

hour of liquid breathing. Gas was not found in the chambers of the heart 

nor were gas bubbles visible at any site in the circulatory system. 

Aortic and pulmonary artery pressures were within normal limits until 
15 minutes before the animal died. 

Platelet counts in blood sampled from the pulmonary artery are also 

plotted in Figure 2. We attribute no significance to the minor varia¬ 

tions in the platelet counts measured during the 23 hours of gaseous and 

liquid ventilation and include them for reference only. 

BLOOD FC80 CONCENTRATION AND PLATELET COUNTS 
DURING LIQUID BREATHING AND FOI I OWING INJECTION 

OF FC 80 INTO LEFT RENAL ARTERY 

(Dog, 14 kg, Morphine - Pentobarbital Anesthesia ) 

K 
Ui 

lU 
«I 
-J 
0. 

Q I ml rc 80 /kg 

Breathing 
Room Air or 
100% Otygen 

HOURS FROM START OF 
BREATHING OXYGENATED FC BO 

Figure 2. Platelet counts and concentration of FC 80 in blood sampled 

simultaneously from the aorta and pulmonary artery in dog 

breathing first air or 100*4 oxygen, and then oxygenated FC 80 

liquid fluorocarbon. Left lateral decubitus dog in water- 

immersion respirator, fluorocarbon oxygenator assembly des¬ 

cribed in Section V. Skeletal muscle paralysis was maintained 

by periodic intravenous injections of succinylcholine. Cath¬ 

eters had been introduced pe- cutaneously and positioned under 

fluoroscopic guidance into the left renal artery, pulmonary 

artery, thoracic aorta and right atrium for injection of fluoro¬ 

carbon, blood sampling, and pressure recording. 0.1 ml FC 80/ 
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kg was injected into the left renal artery where indicated 

by the arrow. (14 kg dog, sodium pentobarbital anesthesia). 

Tissue samples were obtained at autopsy, immediately placed in hex¬ 

ane, and analyzed for FC 80 concentration with the gas chromatograph 

according to the method of Holaday (7,8). The results are shown in 

Table XVI of the Appendix. Assuming a kidney mass of 50 grams and uni¬ 

form concentration of FC 80 throughout the kidney, approximately 0.50 

grams or about 207. of the fluorocarbon injected into the left renal ar¬ 

tery was retailed by the left kidney. The concentration of FC 80 in 

urine sampled periodically from a catheter in the bladder throughout 

the 16 hours of liquid breathing, and at autopsy, was always zero. The 

solubility of FC 80 in saline was determined for reference as follows: 

10 ml of physiologic saline and 1 ml of FC 80 were agitated vigorously 

together in a fest tube and two liquids were allowed to stand in con¬ 

tact with each other in the tube overnight at 25°C. Approximately 8 ml 

of the saline was then carefully removed with a pipette, and the saline 

aliquot was centrifuged at 4,600 rpm for 45 minutes (25°C). The con¬ 

centration of FC 80 in the upper portion of this aliquot of saline was 

then determined, and the value shown in '’’able XVI is the solubility of 

FC 80 in saline at 25°C. 

The fact that the concentration of FC 80 in the blood reached a 

plateau shortly after the start of liquid breathing and changed little 

after the injection of FC 80 into the renal artery, indicates that the 

blood was saturated with FC 80 during most of the liquid breathing pe¬ 

riod. If the fluorocarbon dissolved in the blood is assumed to exert 

the same vapor pressure as pure FC 80 at 37°C, then the estimated ten¬ 

sions of the respiratory gases and vapor tensions of water and fluoro¬ 

carbon in systemic arterial and mixed venous blood when dogs breathe air, 

oxygen, or liquid FC 80 are shown in Table XVII of the Appendix. Anal¬ 

yses of the total gas tensions in the blood of animals may explain why 

gas embolism occurs after dogs are injected with FC 80 intravenously 

while breathing air, and why gas embolism may not occur after the same 

dose when dogs are breathing oxygenated FC 80. Thus, when the animal 

breathing room air is injected with FC 80, the total vapor pressure of 

the respiratory gases, water, and FC 80 in mixed systemic venous blood 

is approximately 744 mm Hg. Mean right atrial pressure is typically 

only a few mm Hg different from atmospheric and, therefore, the total 

gas tension in right atrial blood will exceed the mean absolute pressure 

of right atrial blood by about 7 mm Hg (4 mm Hg + mean right atrial 

pressure of about 3 mm Hg). 

Free gas probably does not evolve in the systemic arteries because 

the total gas tension in arterial blood (approx 795 mm Hg) does not ex¬ 

ceed the absolute arterial blood pressure of about 840 mm Hg (740 mm Hg 

+ mean arterial pressure of about 100 mm Hg) of a lateral decubitus dog. 

Data in the table also suggest why gas embolism does not occur in 

dogs breathing FC 80 fluorocarbon. When an animal is ventilated with 

oxygenated FC 80 in the water-immersion respirator, the loweft ambient 
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pressure impressed on the animal occurs during inspiration when body sur¬ 

face pressure reaches its minimum value of about 60 mm Hg below atmos¬ 

pheric. Thus, when an animal is injected intravenously with FC 80 while 

breathing FC 80 in the respirator, the total gas tension in either ven¬ 

ous or arterial blood is less than the lowest absolute blood pressure in 

the circulatory system, and free gas does not evolve. All of our animals 

were switched at the end of the liquid breathing studies to ventilation 

with 1007. oxygen. Reference to the table shows that the total gas ten¬ 

sions in venous blood is roughly the same when a dog breathes either oxy¬ 

gen gas or oxygenated FC 80, and is appreciably less than the absolute 

blood pressure in the venous circulation. The total gas tension in ar¬ 

terial blood is greater when the dog breathes 1007. oxygen compared with 

oxygenated FC 80, but still less than absolute arterial blood pressure, 

assuming a normal arterial pressure. Thus, the animal is protected 

against gas embolism in arterial and mixed venous blood when the animal 

breathes either 1007. oxygen or oxygenated FC 80, but is not protected 

from gas embolism appearing in the pulmonary blood when breathing 1007. 

oxygen. We have found that dogs can survive up to 7 hours after the in¬ 

travenous injection of 0.1 ml FC 80 when the animals breathe 1007. oxy¬ 

gen, but survive no longer than 3 1/2 hours after the same dose of FC 80 
when they breathe room air. 

The lower half of the table shows the total gas tensions which are 

estimated to occur in dogs breathing air in a . ATA environment. As the 

ambient air pressure is increased, the tendency for gas to evolve from 

the mixed venous blood is decreased. To determine whether or not a hy¬ 

perbaric environment can protect dogs from gas embolism due to FC 80 

injected into the circulatory system, dogs were injected intravenously 

with FC 80 and exposed to up to 3 ATA breathing compressed air, and up 

to 9 ATA breathing 57. oxygen 957. helium. A Bethlehem model 1836 Hp hy- 

porbaric chamber was used in these experiments. All of the dogs died 

within 6 hours, regardless of the ambient pressure. As illustrated in 

Table XVII, the total gas tension in the end-pulmonary capillary blood 

exceeds the total hydrostatic pressure in the pulmonary capillary bed 

and free gas should evolve at this site. Therefore, neither increase 

in ambient pressure nor oxygen breathing would be expected to protect 

animals from gas embolism due to intravenously administered FC 80, since 

gas may evolve from end-pulmonary capillary blood in either circumstance. 

Yet dogs that have breathed oxygenated FC 80 can survive breathing 

room air spontaneously, ten days or longer at which time FC 80 was still 

measurable in the blood (8). Possibly in the latter study, the quan¬ 

tity of FC 80 which was absorbed in the circulatory system during liquid 

breathing did not fully saturate the blood, and thus contributed less 

than the 55 mm Hg vapor pressure of FC 80 (at 37°C) alone to the total 

tension of gases dissolved in the blood. The average steady-state con¬ 

centration in the arterial blood of 17 animals was 0.43 mg/100 ml 

(5.0.,0.09)(8). In our studies, the solubility of FC 80 in blood was 

probably at least 0.9 mg/100 ml (Figure 2); the solubility in normal 

saline (25°C) was about 0.78 mg/100 ml (Table XVI). 
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Figure 3 plots the vapor pressure 
of a number of fluorocarbon liquids, 
turers. 

versus temperature relationship 
using data supplied by the manufac- 

VAPOR PRESSURE- 
TEMPERATURE RELATIONSHIPS OF 

FLUOROCARBON LIQUIDS 

Figure 3. Vapor pressure - temperature relationships of fluorocarbon 
liquids. The continuous curves were replotted from data 
supplied by the respective manufacturers: PP2 and PP3, 
ISC Chemicals Ltd., Avonmouth, Bristol, England; PID and P12F 
Allied Chemical Corporation (21), Buffalo, New York* FC 43 
FC 75, and FC 78, 3M Company, Saint Paul, Minnesota’. 

The experimental points are measurements of FX 80 and FC 80 
by Allied Chemical Corporation. As shown, FC 75, FC 80 and 
FX 80, all manufactured by 3M Company, have identical vapor 
pressure - temperature relationships. Anesthetized dogs 
breathing room air and injected intravenously with 0.1 ml/kg 
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of either PP3, FC 80, PP2, or PC 78 die of gas embolism , 

whereas dogs injected with similar dose of either P12F, PID, 

or FC 43 do not. One would predict that any other fluoro¬ 

carbon or other inert liquid, which is poorly soluble in 

blood and not readily cleared from the circulatory system, 

would also produce gas embolism when injected intravenously 

in animals breathing air if the vapor pressure of the liquid 

at 37°C is approximately 55 mm Hg or greater. 

In our studies, intravenous injection of 0.1 ml/kg PP3 or PP2 caused gas 

embolism and death in dogs, whereas, injection of comparable amounts of 

P12F or PID did not. Fluorocarbons FX 80, FC 80, and FC 75 all have 

essentially the same vapor pressure versus temperature relationship as 

shown. 

At present, P12F is the best fluorocarbon we have tested for liquid 

breathing studies. The safety margin against gas embolism when the blood 

contains P12F should be sufficient, yet the vapor pressure should be high 

enough to allow evaporation of the liquid from the respiratory passages 

after gaseous ventilation is resumed with either air or oxygen. 
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TABLES VI AND VII, LEGENDS 

The upper quarters of Tables VI and VII identify the data analyzed 

and display all data entered at the keyboard of the peripheral station 

which was used to update the digital tape originally recorded at the 

time of the experiment; A-D converter values for pressure calibrations 

4 recorded prior to each of the ten to fifteen 2-5 minute experiments in 

oach animal and the computed corrections applied to each pressure trace, 

F jr example « Table VI (a) is the analysis of a 7.01 G experiment which 

commenced a': 1915 hours, March 24, 1971, with digitized pressure and 

i other data recorded after the 37th file mark on tape. Rows labeled zero 

and P level are A-D converter values for 0 and 20 cm H2O calibration 

pressures, respectively, for all pressures except the aortic; and 0 and 

100 mm Hg, respectively, for the aortic. 

DSA and RSP refer to bronchial and tracheal pressures, respectively. 

IMT is the abbreviation for immersion tank (or body surface), and other 

abbreviations should be obvious. CATHTP are pressure corrections in 

cm H2O (mm Hg for the aortic) which were algebraically subtracted from 

each of che appropriate calibrated pressures recorded during the 1G 

control period to refer to vascular and airway pressures to midlung level 

and to adjust pleural and esophageal pressures to their catheter tip 

position. GCATHTP corrections were subtracted from pressures which were 

recorded during exposures of the animal to greater than 1G force environ¬ 

ments. These pressure corrections were computed from the remaining data 

in the header record. Xp, Yp are catheter-tip coordinates (in mm) from 

the reference axes in biplane films obtained during the 1G control period, 

and Y is the confuted vertical height ( in mm) corrected for x-ray magnifi¬ 

cation, of the catheter tip above the reference plane (zero pressure 

reference) at 1G. ML is the position of the animal's midlung above the 

reference crosshair in the A-P x-ray obtained at 1G. The GXP, GYP, GY 

and GML are corresponding measurements in biplane films obtained during 

exposures to other than IG. TT is the vertical position of the water 

level in the thistle tubes above the reference crosshair determined in 

the A-P film obtained during exposures to increased force environments. 

The water-filled thistle tubes are mounted on each side of the animal's 

thorax, and are used to record zero baseline pressures on all manometers 

during exposures to centripetal acceleration. 

All measurements obtained from images in the biplane films were 

corrected for x-ray magnification computed from source to film (P,PP) 

and reference axis to f^lm (S,SP) distances in millimeters. 

The interrupted line labeled TT-zero indicates that the subsequent 

• analysis is of data recorded after the pressure in the thistle tubes 

was recorded (zero pressure baseline) at the start of the acceleration 

i 
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TABLES VI AND VII, LEGENDS (continued) 

plateau (see Figure 1). In what follows in the printout, the 

inspiratory and expiratory portions of each respiratory cycle are 

analyzed separately and each cycle is identified by the time from the 

nearest BCD event code (simultaneously recorded on both photokymographs, 

analog and digital tape), and the time from the start of the tape 
record. The particular respiratory cycles analyzed in these two print¬ 

outs had been previously selected *fter first examining the original 

photokymograph and computer-procesied tracings. The identifying data 

necessary to select these cycles for analysis were entered on data 

cards in the MSOS program. 

The last third of the printouts lists the, minimum and maximum 

values found by the program for each respirctory cycle analyzed and 

a statistical 'unmary of this data is shown nt the end. 
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SUMMARY OF COMPUTER PROCESSED ,-, 

VASCULAR PRESSURES RELATIVE TO ATMOSPHERE AN 

RESPIRATION 
Body Surface Systemic Arterial Pulm, 

( Inner sion Tank) Atmosphere Body Surface Atmosphere 

SPONTANEOUS 

AIR 

9 Experiments 
in 6 dogs 
91 Respiratory 
eyelet analyzed 

Expiration 
0 

Sy stoll< 
Mean 
Dlastol 

197.9 +10.6 
173.8 +12.0 

lc 159.8 +13.1 

197.9 
173.S 
159.8 

43.8 +5.3 J 
33.8 +4.1 Pi 
28.6 +3.3 : 

Inspiration 0 
188.1 +10.2 
161.2 +9.4 
148.8 +12.5 

188.1 
161.2 
148.8 

30.6 +4.2 
23.9 +3.2 
17.2 +1.1 I 

RESPIRATOR 

AIR 

31 Experiments 
In 7 dogs 
376 Respiratory 
eyelet analyzed 

Expiration 11.56 +1.08 
186.2 +9.0 
160.2 +9.5 
142.4 +10.3 

174.6 
148.6 
130.8 

3?.7 +3.6 1 
29.8 +3.1 
23.6 +2.7 

Inspiration -14.41 +1.88 
176.3 +10.9 
149.1 +11.4 
127.6 +12.5 

190.7 
163.5 
142.0 

17.9 +3.0 Í 
12.8 +3.2 S 
7.9 +3.8 1 

100¾ OXYGEN 

6 Experiments 
In A dogs 
93 Respiratory 
cycles analyzed 

Expiration 11.71 +0.35 
179.8 +10.6 
158.8 +12.2 
141.8 +11.8 

168.1 
147.1 
130.1 

35.8 +11.3 « 
28.1 +8.9 I 
22.9 +6.6 I 

Inspiration 
164.8 +15.1 

-16.85 +0.93 140.6 +15.4 
120.5 +15.6 

181.7 
157.5 
137.4 

15.7 +8.0 I 
12.7 +6.6 g 
9.5 +5.6 1 

rcao 

31 Experiments 
In 3 dogs 
230 Respiratory 
cycles analyzed 

Expiration 
189.6 +9.5 

38.64 +3.33 161.6 +8.2 
148.0 +10.9 

151.0 
123.0 
109.4 

77.2 +4.6 
66.3+3.8 1 
60.9 +4.0 S 

Inspiration 
116.0 +11.6 

-56.56 +1.86 ! 82.7 +8.2 
1 54.8 +5.6 

172.6 
139.3 
111.4 

-25.8 +4.7 1 
-32.3 +4.9 si 
-38.2 +4.9 1 

PC200 

4 Experiments 
In 1 dog 
28 Respiratory 
cycles analyzed 

Expiration 41,23 +1.18 
119.8 +4.4 
94.0 +4.1 
83.8 +2.9 

78.6 
52.8 
42.6 

68.7 +1.2 1 
60.1 +1,2 '3 
55.7 +1.1 I 

Inspiration -57.78 +0.34 
47.9 +5.2 
15.8 +5.4 
-6.5 +5.0 

105.7 
73.6 
51.3 

-32.2 +1.3 1 
-35.3 +0.6 
-39.1 +0.4 I 
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TABLE ZEE 

fcyUTER PROCESSED (gASUREMENTS OF MULTIPLE PHYSIOLOGICAL PRESSURES DURING +lCy FORCE ENVIRONMENT IN WATER-IMMERSION RESPIRATOR,WITH AND WITHOUT LIQUID BREATHOj 

B TO ATMOSPHERE AND BODY SURFACE cm H2C (Meani ± S.E.M.) PLEURAI 

— 

, ESOPHAGEAL, AND AIRWAY PRESSURES REUTIVE TO ATMOS« 

Pulmonary Arterial Left Atrium Jfe) LPl 

(cm H2O) (cm) 
RP1 

(cm HjO) 
Te 
(cm) 

1 

Ataospherc Body Surface Ataospherc Body Surface 

43.8 +5.3 
33.8 +4.1 
28.6 +3.3 

43.8 

33.8 

28.6 

9.8 +2.9 9.8 -3.85 +0.56 -0.91 +0.98 4.95 +.42 -6.38 +1.25 0.1 +0.09 -0.54j 

30.6 +4.2 

23.9 +3.2 

17.2 +1.1 

L 

30.6 

23.9 

17.2 

-5.0 +3.5 -5.0 — -9.55 +1.74 — -16.24 +3.03 - 

■i 

-8,95 i 

39.7 +3.6 

29.8 +3.1 

23.6 +2.7 

28.1 

18.2 

12.0 

11.9 +3.8 0.3 -4.07 +0.44 2.50 +0.72 4.60 +0.38 -4.01 +0.90 -0.14 +0.17 1.84 j 

17.9 +3.0 

12.8 +3.2 

7.9 +3.8 

32.3 
27.2 

22.3 

-11.0 +4.5 3.1 — -15.14 +1.68 - -22.37 +2.07 — i 

35.8 +11.3 

28.1 +8.9 

22.9 +6.6 

24.1 

16.4 

11.2 

5.5 +1.6 -6.1 -4.02 +0.62 0.96 +0.96 5.03 +0.39 -4.54 +1.65 0.00 +0.32 -0.53 - 

15.7 +8.0 

12.7 +6.6 

9.5 +5.6 

32.6 

29.6 

26.4 

-18.0 +2.9 -1.2 — -16.99 +2.64 -24.33 +3.72 - H 
77.2 +4.6 

66.3 +3.8 

60.9 +4.0 

38.6 

27.7 

22.3 

39.8 +3.9 1.2 -3.34 +0.54 40.86 +1.46 4.58 +0.42 31.48 +1.63 0.52 +0.08 

—1 
38.53 j 

-25.8 +4.7 

-32.3 +4.9 

-38.2 +4.9 

30.8 

24.3 

18.4 

-53.1 +3.4 3.5 - -55.86 +1.65 — -64.45 +1.27 — -48.93 ; 

Í8.7 +1.2 

60.1 +1,2 

55.7 +1.1 

27.5 

18.9 

14.5 

41.2 +0.4 0.0 -5.7 42.34 +0.60 4.9 31.88 +0.63 -0.10 

-32.2 +1.3 

[ -35.3 +0.6 

, -39.1 +0.4 

25.6 

22.5 

18.7 

-47.1 +2.5 10.7 — -49.67 +1.35 — -55.98 +2.08 - -44.00 < 
< 

Tj_f Y^, Yg v«rtlc*l distance of left and right pleural and esophageal cathetera, respectively at cathe 

LP1, npi , Eso und left, right pleural and esophageal pressures, respectively. 



ptRSION RESPIRATOR.WITH AND WITHOUT UOUIP BREATHING 

»PHACEAL, AND AIRWAY PRESSURES RELATIVE TO ATMOSPHERE (Means ♦ S.E.M.) 

(cm) 
RP1 

(cm H20) JS) ESO 

(cm HjO) 

VERTICAL 

GRADIENT 

(cm HjO/cm/C) 

TRACHEAL 

(cm H2O) 
BRONCHIAL 

(cm HjO) 

PLEUKPL PRESSOR" 

AT MDLL'NC 

Atmoa. BS 

,*ï +.A2 -6.38 +1.25 0.1 +0.09 -0.54 ±0.53 0.57 +.15 0 0 -3.5 -3.5 

! — -16.24 +3.03 - -8.95 +2.65 0.73 +.14 0 0 -12.5 -12.5 

«0 +0.38 -4.01 +0.90 -0.14 +0.17 1.84 +0.91 0.74 40.07 0 0 -0.5 -12.0 

— -22.37 +2.07 — -14.29 +1.66 0.87 40.13 0 0 -18.5 -4.1 

)J +C.39 •4.54 +1.65 “ 0.00 +0.32 -0.53 +0.71 0.57 +0.13 0 0 — — 

-24.33 +3.72 — -15.81 +2.21 0.82 +0.16 0 0 
— — 

M +0.42 31.48 +1.63 0.52 +0.08 38.53 +0.76 1.16 +0.05 19.73 +2.88 18.71 +4.4: 36.5 -2.1 

— -64.45 +1.27 — -48.93 +2.45 1.10 +0.05 -24.22 +2.26 -40.27 +2.63 -59.5 -2.9 

» 31.88 +0.63 -0.10 39.62 +0.90 0.99 +0.01 28.69 +1.46 42.09 +1.5- 36.5 -4.7 

-55.98 +2.08 - -44.00 +0.51 0.60 +0.07 -2b.59 +3.23 -40.92 +0.0. -53.0 -4.8 

I and asophageal catheters, respectively st catheter tip front mldthoraclc plane, 

•aaures, respectively. 



P 
TABLE 

suwmr OF COMPUTER-PROCESSED MEA5,oREMENT oí multiple physiological pressures during + 

1 
I 

vascular pressures relative to atmosphere and body surface (Means ♦ s.E. ) 
Body Surface 

(Inmersión Tank) 
(cm HjO) 

Systemic Arterial Pulmonary Arterial L«i 
RESPIRATION Atmosphere Body Surface 

(cm HjO) (cm H2O) 
Atmosphere Body Surface 

(cm H2O) (cm H2O) 
Atmosphere 

(cm H2O) 

SPONTANEOUS 

EXPIRATION 

INSPIRATION 
No studies at 

-1 
7Cy breathing air spontaneously - — _ ] 

j 

AIR 

RESPIRATOR 

EXPIRATION 28.04 +2.67 
(1) 216.1 +12.1 
(2) 189.6 +11.4 
(3) 173.5 +11.0 

188.1 
161.6 
145.5 

7C.8 +4.8 
59.0 +3.9 
51.8 +3.7 

42.8 
31.0 
23.8 

i 
23.8 ±6.0 AIR 

1 
, 2C Experiments 
i In 7 dogs 

119 Respiration 
1 cycles analyzed 

i 

INSPIRATION -13.81 +3.26 
194.8 +12.2 
168.2 +12.4 
148.1 +13.6 

206.6 
182.0 
161.9 

37.2 +3.2 
31,,7 +3.1 
24.0 +4.3 

51.0 
43.5 
36.4 

■ 
-12.9 +6.1 

1007. OXYGEN 

2 Experiments 
in 1 dog 

13 Respiration 
cycles analysed 

EXPIRATION 26.76 +0.22 
213.0 +4.8 
174.1 +1.8 
145.5 +1.6 

186.2 
147.3 
118.7 

(4) (4) 21.2 +1.0 

INSPIRATION -11.28 +1.93 
200.1 +7.3 
154.2 +3.8 
120.5 +0.8 

211.4 
165.5 
131.8 

(4) (4) -16.4 +0.2 

FC80 

22 Experimenta 
in i dogs 

81 Respirator 
cycles analysed 

EXPIRATION 62.64 +7.91 217.3 +5.3 
190.1 +5.3 
174.5 +3.5 

154.7 
127.5 
111.9 

103.3 +8.6 
93.6 +8.5 
86.9 +7.7 

40.7 
31.0 
24.3 

76.8 +5.2 

INSPIRATION -41.19 +4.75 
129.7 +7.6 
98.9 +4.6 
74.9 +2.2 

170.9 
140.1 
116.1 

-6.7 +9.2 
-13.0 +9.0 
-19.1 +8.9 

34.5 
28.2 
22.1 

-29.6 +6.6 

DC200 

2 Experiments 
in 1 dog 

8 Respirator 
cycles analysed 

EXPIRATION 44.20 +3.60 
124.2 +3.7 
98.5 +3.5 
88.3 +1.8 

80.0 
54.3 
44.1 

84.6 +0.5 
76.6 +0.2 
71.0 +0.1 

40.4 
32.4 
26.8 

51.5 +2.2 

INSPIRATION -54.99 +0.30 
66.4 +2.7 
22.8 +6.1 
-2.6 +8.2 

121.4 
77.8 
52.4 

-15.6 +2.7 
-19.9 +0.8 
-24.6 +1.3 

39.2 
35.1 
30,4 

•50.0 +3.9 

(l) Systolic, (2) Mean, (3) Diastolic, and (4) Pulmonary artery pressure measured with Millar catheter-tip manometer In 
this dog, and the pressures were r.st analyzed by the computer. 
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5 

TABLE TSL 

MEAf’JREMENT Of MULTIPLE PHYSIOLOGICAL PR ESSUIES WRING 4- 7Cy FORC£ ENVIRONMENT IN WATER-IMMERSION RESPIRATOR, WITH AND WITHOUT LIQUID MEATH INC 

1XIVE TO ATMOSPHERE AH) B02Y SURFACE (Means * S.E. ) PLEURAL, ESOPHAGEAL, AND AI WAY PRESSURES 

ï , Pulmonary Arterial Left Atrium 
(cm) 

LP1 
(cm H2O) (cm) 

RP1 
(cm ^3) Sy Surface Atmosphere Body Surface 

(cn HjO) (cm H^O) 
Atmosphere 

(cm H2O) 
dody Surface 

(cm HsO) 

Mieoualy - — — — — — — - 

' 
J 

Um - 

1.1 
.6 
.3 

7C.8 +6.8 
39.0 +3.9 
51.8 +3.7 

62.6 
31.0 
23.8 

23.8 +6.0 4.2 -4.4 +0.35 35.85 +1.97 4.16 +0.57 -5.15 +3.19 
* 

-1.1 \ 

1.6 
Î.0 
►•9 

37.2 +3.2 
3L.7 +3.1 
26.0 +6.3 

51.Ò 
63.5 
36.6 

-12.9 +6.1 0.9 - 7.42 +3.91 -¿♦5.67 +5.22 

F* 

1.2 
.3 
.7 

(6) (6) 21.2 +1.0 -5.6 -3.40 31.34 +0.64 3.80 -15.61 +1.47 .0.; 

.6 

.3 

.8 
(6) (4) -16.4 +0.2 -5.1 — 0.94 +1.08 — -38.97 +0.90 

k. 7 

'.5 
l. 9 

103.3 +8.6 
93.6 +8.5 
36.9 +7.7 

60.7 
31.0 
26.3 

76.8 +5.2 14.2 -3.32 +0.68 92.95 +3.96 4.52 +0.52 27.11 +8.21 0.1 

1.9 
1.1 
i.l 

-6.7 +9.2 
-13.0 +9.0 
-19.1 +8.8 

34.5 
28.2 
22.1 

-29.6 +6.6 11.6 — -18.20 +3.56 — -33.68 +7.43 

1.0 
.3 
.I 

86.6 +0.5 
76.6 +0.2 
71.0 +0.1 

40.4 
32.6 
26.8 

51.5 +2.2 7.3 -5.4 80.49 +2.93 4.7 3.83 -2.30 -0.: 

i.A 
7.8 
2.6 

-1Î.8 +2.7 
-19.9 +0.8 
-26.6 +1.3 

39.2 
35.1 
30.4 

•50.0 +3.9 5.0 — -22.43 +0.03 - -89.48 +3.62 

lured with rtlllar catheter-tip manometer in 
re not analyzed by the computer. ^L* vertical distance of esophageal, left,«;"! right pleural catheters,r; 

ESO, LP1, PR1 - Esophageal, left,and right pleural pressures, respectively. 



HOUT LIQUID ^F>THINC 

------ 

IAL. /'.ND AlWAY PRES^JRES REUTIVE TO ATMOSPHERE (Means ♦ S.E. ) 

t- 

RPl 

(cm HjO) 

7E 
(cm) 

ESO 

(cm H2O) 

VERTICAL 

ORAD IENT 

(cm HjO/cm/C) 

TRACHEAL 

(cm H^O) 

BRONCHIAL 

(cm H2O) 

PLEURAL P 

AT MTLLUNÍ 

Atmos 

RES SURE 

(cm H20) 

BS 

- — — — - — — — 

»7 -j.li +3.19 -1.04 +0.49 12.36 +2.40 0.87 +0.04 0 0 10.0 -18.0 

1 
•4 3.6? +5.22 — -14.59 +4.46 0.89 +0.06 0 0 -20.0 -6.2 

r- 

; 
. 

-15.61 +1.47 -0.70 12.69 +0.75 0.93 +0.04 0 0 - — 

-39.97 +0.90 — -15.26 +0.07 0.79 +0.04 0 0 - — 

27.11 +8.21 0.12 +0.24 68.99 +7.60 1.24 +0.05 23.03 + 28.20 +5.45 62.5 -0.1 

-33.69 +7.43 — -38.08 +5.91 1.19 +0.05 -16.98 +2.21 -26.29 +7.59 -46.0 -4.8 

_ 

.— 

’.33 -1.30 -0.30 43.33 +1.65 1.01 +0.01 42.69 +3.90 40.59 +5.60 43.5 -0.7 

-89.48 +3.62 — -51.33 +1.31 0.93 +0.05 -14.16 +9.77 -31.85 +1.56 -58.5 -3.5 

i 

right pleural catheters,respectively, from mid thoracic plane, 

rassures, respectively. 



TABLE 321 

CoocetUration of FC 80 in tissues and body fluids immediately after a 14 lt£ 

dog had breathed FC 80 for 16 hours. 1.4 ml FC 80 was injected into left 

renal artery 1 1/2 hours after start of liquid breathing. 

Source 

FC 80 Concentration 

mg/100 g tissue 

mg/100 ml fluid 

Brain 

(left parietal lobe, 

white and gray matter) 

14.40 

Right kidney (cortex and medulla) 4.70 

Left kidney (cortex and medulla) 966.20 

Spleen 
3.70 

Liver 
3.20 

Bile 
3.38 

Urine 0 

Heart Blood (right ventricle) 0.986 

Saline (25°C) 0.785 
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