
CLEARINGHOUSE FÜR FEDERAL SCIENTIFIC AN2 TECKNiCAL INFORMATION, CFSTl 
INPUT SECTION -IIC II 

LIMITATIONS IN HEPRODUCTtON QUALITY OF TECHNICAL ABSTRACT BULLETIN 
DOCUMENTS, DEFENSE DOCUMENTATION CENTER (OOC) 

fl D ¿> /3 5 3/ 
I, AVAILABLE ONLY FOR REFERENCE USE AT DOC FIELD SERVICES. 

COPY IS NOT AVAILABLE FOR PUBLIC SALE 

TO 2. AVAILABLE COPY WILL NOT PERMIT FULLY LEGIBLE REPRODUCTION. 
^ REPRODUCTION WILL BE MADE IF REQUESTED BY USERS OF DOC. 

g] A. COPY IS AVAILABLE FOR PUBLIC SALE. 

[j B. COPY IS NOT AVAILABLE FOR PUBLIC SALE. 

H 3- LIMITED NUMBER OF COPIES CONTAINING COLOR OTHER THAN BLACK 
^ ANDWHITE ARE AVAILABLE UNTIL STOCK IS EXHAUSTED. REPRODUCTIONS 

WILL BE MADE IN BLACK AND WHITE ONLY. 

TSL-I2I-2/B4 DATE PROCESSED: /V 

PROCESSOR: £ 



£
£

í?
 T

Q
 

r,^\MRL-TR-64-132 

S 

BLOOD OXYGEN CHANGES INDUCED BY 
FORWARD (+Gx) ACCELERATION 

NATALIO BANCHERO 
LUCILLE CRONIN 
A. CLARK NOLAN 
EARL H. WOOD 

THE MAYO CLINIC AND MAYO GRADUATE SCHOOL OF MEDICINE 

BIOPHYSICS LABORATORY 
AEROSPACE MEDICAL RESEARCH LABORATORIES 

AEROSPACE MEDICAL DIVISION 
AIR FORCE SYSTEMS COMMAND 

WRIGHT-PATTERSON AIR FORCE BASE, OHIO 



NOTICES 

wv, ttc rm/prnment drawings, specifications, or other data are used for any 
öfter than a definitely related Government procurement operation, the 

rvw«rTunpnt thereby Incurs no responsibility nor any obligation whatsoever, 
ftat Kvernmen. may have formulated, furnished, or In any 

waytppUed the said drawings, specifications, or other data U not to be 

regarded by ImplicaUon or otherwise, as ln a7 männ®r “Ce^f n®r‘ll3Slon to 
or any other person or corporation, or conveying any rights or permission to 
manufacture. use, or sell any patented Invention that may In any way be 

related thereto. 

Qualified requesters may obtain copies from the nadirs wUl 
Center (DDC), Cameron Station, Alexandria, Virginia 22314. Orders win 
be expedited If placed ftiough the librarian or other person designated to 
request documents from DDC (formerly ASTIA). 

Stock quantities available, for sale to the public, from 

Chief, Input Section 
Clearinghouse for Federal Scientific and Technical mformati , 
Sills Building 
5285 Port Royal Road 
Springfield, Virginia 22151 

CFSTI 

Change of Address 

Organizations and Individuals receiving reports via the A«r°sP*°e “l“1 h 
Research Laboratories' automatic mailing lists should submitth« ^*®”0a9^lng 
plate stamp on the report envelope or refer to the coae number when corresponding 
about change of address or cancellation. 

Do not return this copy. Retain or destroy. 

The experiments reported 
of Laboratory Animal Care 
Research. 

herein were conducted according to the Principles 
» established by the National Society for Medical 

800 - March 1965 • 448-30-668 



BLOOD OXYGEN CHANGES INDUCED BY 
FORWARD (+Gx) ACCELERATION 

NATALIO BANCHERO 
LUCILLE CRONIN 
A. CLARK NOLAN 
EARL H. WOOD 



FOREWORD 

The studies on which this report is based were accomplished in the 

cardiovascular and human centrifuge laboratories of the Mayo Graduate 

School of Medicine (University of Minnesota), Rochester, Minnesota 

under the direction of Dr. Earl H. Wood under Air Force Contract No. 

AF 33(657)-8899, NASA Interagency Transfer Fund R-43, Project No.7222 » 

"Biophysics of Flight". 

Dr. Alvin S. Hyde, Multienvironment Division, Biophysics Labora¬ 

tory, Aerospace Medical Research Laboratories, was the contract 
monitor. 

These studies were supported in part by research grants: H-3532 

from the National Institutes of Health, United States Public Health 

Service, and Cl 10 from the American Heart Association. 

Dr. Natalio Banchero, First Assistant, Mayo Graduate School of 

ledicine, was supported during the period of this study by an Inter¬ 

national Postdoctoral Research Fellowship from the National Institutes 

of Health. Mr. Ralph E. Sturm also assisted in these studies. Work 

on this project started on April 1, 1962 and continued until November 1, 
1964. 

These studies were made possible by the unstinting co-ooeration 

of many of our technical and professional colleagues in the Section 

of Physiology and Section of Engineering, among which Donald Hegland, 

Julius Zarins, Willis Van Norman, Robert Hansen, William Hoffman, 

Ronnie Wilcox and Mrs. Jean Frank are deserving of particular mention. 

This technical report has been reviewed and is approved. 

J. W. HEIM, PhD 

Technical Director 

Biophysics Laboratory 

ii 



ABSTRACT 

Six dogs under morphine-pentobarbital anesthesia were exposed to 

forward accelerations of 2, 4 and 6G for one minute and 6G for three 

minutes while in the horizontal, 15° head-up and 15° head-down positions 

breathing room air. Exposures to 6G were repeated breathing 99.6% oxygen. 

Oxygen saturation and opacity at 800 millimicrons of blood were recorded 

continuously by cuvette oximeters. Pulmonary arterial-venous shunting was 
estimated from blood oxygen saturations. 

No systematic changes in femoral artery oxygen saturation occurred 

at 2G while a small average decrease was observed at 4G (4%). Decreases 

occurred at 6G averaging 11 (5-17) per cent at the end of the 60-second 

exposure. Return to control (1G) values was nearly complete 50 seconds 

after the exposure. Oxygen inhalation delayed but did not prevent the 

desaturation. These decreases are believed due to pulmonary arterial- 

venous shunting. The average increase in pulmonary arterial-venous shunt 

over 1G values estimated at the end of 60-second exposures to 6G when 

breathing air, was 17 (11-31) per cent. Values for shunts at 6G, when 
breathing oxygen, were similar. 

The oxygen saturation of mixed venous blood decreased during the ex¬ 

posures to 2, 4 and 6G, minimum values occurring about 20 seconds after 

return to 1G. The average decrease with exposures to 6G was 17 (8-22) 

per cent, recovery from which was not complete at 50 seconds after the 
exposure. 

Changes in blood oxygen saturation were not systematically affected 

by the presumed differences in intrathoracic blood volume and position of 

the diaphragm associated with the 15° head-up or 15° head-down positions. 

Respiratory amplitude and rate were variable but usually increased 

during the exposure and recovery periods. The degree of the resultant in¬ 

crease in ventilation tended to be directly related to the magnitude of 
acceleration. 

Progressive decreases in transmission of infrared light of arterial 

and mixed venous blood were observed indicating hemoconcentration presumably 

due to loss of fluid from dependent capillaries during the exposures. 

The average dorsal-ventral diameter of the lungs of the dogs selected 

for this study was similar to that of adult human beings. It is of interest 

that the decreases in oxygen saturation of arterial blood observed in these 

dogs during exposure to acceleration were also similar to those observed 

previously in healthy unanesthetized human beings. This similarity supports 

the belief that the arterial desaturation is caused by the occurrence of de¬ 

pendent pulmonary atelectasis, the degree of which would, on a physical basis, 

be predicted to be directly related to the level of acceleration and the 
dorsal-ventral diameter of the lungs. 
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BLOOD OXYGEN CHANGES INDUCED BY FORWARD (•*-Gx) ACCELERATION 

Decreases in arterial blood oxygen saturation have been reported in 

man and in dogs exposed to forward (♦Gx) acceleration (9,10,11,14,15,16, 
19,20,22,25 and 23). Evidence suggests that these changes are related to 

atelectasis in the dependent regions of the lungs and magnification of the 

inequalities of the ventilation-perfusion ratios normally seen in different 

parts of the lungs in the 1G environment. 

Since the maximum dorsal-ventral dimension of the thorax of adult 

mongrel dogs is similar to that of human beings, it was suspected that the 

hydrostatic effects of forward acceleration on the pulmonary circulation of 

the two species would be similar. 

The present study was undertaken to further analyze the changes in ar¬ 

terial blood oxygen saturation during forward acceleration with the dog in 

the supine position, perpendicular to the vector of acceleration and with 

the body tilted 15 degrees head-up and 15 degrees head-down. 

MATERIAL AND METHODS 

Six mongrel dogs (20 to 22 kg. weight) anesthetized with morphine sul¬ 

fate (5 mg. Ag. ) and sodium pentobarbital (25 mg./kg.) were studied in the 

15-feet radius centrifuge of the Mayo Clinic during exposures to forward 

acceleration (+GX) with the animal restrained in the supine position on a 

special support. Anesthesia was maintained during the experiment by ad¬ 

ditional administration of sodium pentobarbital as needed. Exposures to 

2, 4 and 6G for periods of 60 seconds were carried out during spontaneous 

breathing of room air with the dog in the horizontal position and with the 

body tilted 15 degrees head-up and 15 degrees head-down. Repeated ex¬ 

posures in the horizontal position were performed in only five dogs. 

Figure 1 depicts the average sequence of exposures carried out in the 

first 8 hours of the experiment. 

* Presented at the Aerospace Medical Association Meeting in Bal Harbor, 

Miami, Florida, May 13, 1964. 
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Figure i Average temporal sequence of exposures of 6 dogs to for¬ 

ward (+Gx) acceleration for studies of cardiorespiratory 

effects. Zero time was taken as the time when the dog was 

placed in the centrifuge cockpit in the supine position. 

The first series of horizontal exposures to 2, 4 and 6G 

were performed after about 170 minutes and were repeated 

5 hours later. Exposures with the body tilted 15 degrees 

head-up and 15 degrees head-down were performed in between 

the two series in the horizontal position. A single hori¬ 

zontal exposure to 6G (indicated as H) was done in 5 dogs 

at an average interval of 28 minutes after the last ex¬ 

posure with the body tilted head-down. Additional exposures 

to 6G with the dog breathing oxygen were performed in 3 

animals later in the experiment and are not shown in this 

figure. 

In the lower panel, individual mean control values of ar¬ 

terial blood oxygen saturation, measured at 1G just prior 

to each exposure, are plotted. Note that animals maintained 

a fairly constant arterial oxygen saturation throughout the 

prolonged experiment. In this and in the next figure each 

dog is identified by a symbol. 

In three dogs, additional horizontal exposures to 6G were repeated for 

three-minute periods while breathing room air and 99.6 per cent oxygen. 

The average total cumulative exposure to the 3 levels of acceleration 

studied is shown in Figure 2 with values for cardiac output determined 

by the dye dilution technic at intervals during the experiment when the 

dogs were at IG. 
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Control 

Figure 2 Cardiac output values measured at 1G and average total 
cumulative time of exposure to forward acceleration of 2, 
4 and 6G in 6 dogs. As in Figure 1, zero time was taken 
when the dog was set up in the centrifuge cockpit. The 
values after 9 hours, in the lower panel, are the mean 
values from the three dogs studied for these “xtended 
periods. 

A #6 Lehman catheter (length: 60 cm., I.D.: 0.8 mm.) was inserted 
percutaneously in the left jugular vein and advanced until its tip was in 
the main pulmonary artery. A nylon catheter (length: 21 cm., I.D.: 0.7 mm.) 
was introduced in the femoral artery through a #17 needle. Cuvette ox¬ 
imeters were placed in series between these two catheters and their re¬ 
spective strain gauges (Statham P23D) and connected by three-way stopcocks 
and polyethylene tubing to a double barrel Harvard withdrawal-infusion 
syringe. A flexible vinyl tube was introduced in the trachea, its pressure 
cuff inflated and the variations in airway pressure at mouth level recorded 
by means of a Statham strain gauge (PM5d). 

Oxygen saturation, by single and double scale methods, and opacity at 
800 millimicrons (hemoglobin concentration) of arterial and mixed venous 
blood were continuously measured by cuvette oximeters and recorded on a 
photokymographic camera (23,24). The rate of blood sampling from femoral 
and pulmonary arteries for these continuous spectrophotometric analyses 
was 9.9 ml./minute, before, during and after each exposure. At this rate 
of flow, the time delay in the dead space in the cuvette-catheter assemblies 
were approximately 6 seconds for the pulmonary artery assembly and 2 seconds 
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for the femoral system. The cuvettes wsre calibrated against manometric 

analyses by the method of Van Slyke and h'-ill of samples withdrawn from 

the femoral and pulmonary arteries while the animal was breathing air and 
99.6 per cent oxygen. 

The degree of pulmonary arterial-venous shunting was estimated from 

simultaneous oxygen saturation values of arterial and mixed venous blood 
as per cent of systemic blood flow by the formula (3): 

C°- - C C> 
Q = -S-¿-ä-£ 100 
S C 0_ - C- 0 

Qg s: Per cent of systemic blood flow through shunt 

Cc °2 = concentration of oxygen in pulmonary end capillary blood 

°2 5! concentration of oxygen in arterial blood 

C- 0 = concentration of oxygen in mixed venous blood 

The rate of rotation of the centrifuge (rpm) was measured by a tachometer 

previously calibrated with a synchronous motor. The angle of tilting of the 

centrifuge cockpit (outward swing during the period of acceleration) was meas¬ 

ured by a potentiometer attached to the cockpit axle. A Statham strain gauge 

A3-10-350 accelerometer was used to estimate the acceleration. The electrical 

output of these instruments was continuously recorded on the photokymographic 
camera. 

Additional catheters to measure intravascular pressures were introduced 

percutaneously via the external jugular veins and advanced to the right and 

left atria respectively and a third catheter advanced from the femoral artery 

to the aorta. Two tfA catheters were inserted into the potential right pleural 

space to measure intrapleural pressure (26,27). Data from these measurements 

are not reported here. A necropsy was performed after each experiment. 

RESULTS 

Animals maintained a fairly constant physiological status throughout 

the prolonged experiment as judged from the measurements of arterial blood 

oxygen saturation, intracardiac pressures and cardiac output measured at 

1G at periodic intervals during the course of the experiment (Figures 1 
and 2). 

Horizontal Exposures In the first series of exposures (Figure 3), 

mean control value of femoral arterial oxygen saturation was 92.S per cent, 
individual values ranging from 86.2 to 97 per cent. 
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(Average Values 6 Dogs, Morphine - Pentobarbital Anesthesia) 

100 

seconds 

Figure 3 Average changes in arterial blood oxygen saturation in 6 dogs 
during 60-second exposures to forward acceleration at 2, 4 
and 6G with the dog in the horizontal position. Animals 
were spontaneously breathing room air. Control values were 
determined for 20 seconds. Zero seconds indicates the onset 
of centrifuge rotation in this and the following figures. 
The time lag of 2 seconds due to the dead space of the 
catheter-cuvette sampling system was corrected for in this 
and subsequent plots. 

No systematic changes in arterial oxygen saturation occurred at 2G. After 
the attainment of the plateau level at 4G, decreases in arterial saturation 
uniformly occurred which progressed down to an average value of 85 per cent. 
Upon termination of the exposure, there was a slow return to control values 
which was not complete 70 seconds after the centrifuge was stopped. At 6G, 
decreases in arterial oxygen saturation began about 10 seconds after the 
onset of the plateau level and rapidly reached mean saturation values of 
nearly 7ii per cent. Repeated exposures to 6G, carried out 19 minutes later, 
showed similar control values and average changes. In both instances re¬ 
covery began immediately when exposure stopped but it was not complete in 
70 seconds. 

Approximately 5 hours later, the horizontal series of exposures to 
forward acceleration were repeated in 5 dogs. The average changes in oxygen 
saturation of arterial and mixed venous blood are shown in Figure 4. 
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(Average Values of 5 Dogs, Morphine - Pentobarbital Anesthesia ) 

Control 0 40 80 120 160 
seconds 

Figure 4 Average changes in oxygen saturation of arterial and mixed 

venous blood of 5 dogs during forward (♦Gx^ exposures to 2, 
4 and 6G when spontaneously breathing room air. For com¬ 

parative purposes, the average decreases in femoral arterial 

oxygen saturation (dashed line) observed during the initial 

exposures to 6G approximately 5 hours earlier in the ex¬ 

periment are shown. The sampling lag time of 2 seconds in 

the femoral artery and 6 seconds in the pulmonary artery 

catheter-cuvette systems were corrected for in these plots. 

Mean control value of femoral artery saturation was 93.9 per cent with 

individual range from 88 to 96.9 per cent. As observed before, no systematic 

changes in femoral artery oxygen saturation occurred at 2G. 

Only small decreases occurred at 4G and values of about 90 per cent 

occurred toward the end of the exposure. At 6G, the average decrease in 

arterial oxygen saturation was less than the average decrease observed in 

the same five dogs during the first series of exposures five hours previously. 

Recovery of arterial saturation at 4 and 6G began immediately after the ex¬ 

posure stopped and was nearly complete in 50 seconds. 
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irTh%°ïngen saturation of mixed venous blood showed a mean control value 
at 1G of 69.5 per cent, individual values ranging from 51.3 to 80 1 oer cent 

2eC4eandS6rn artery oxygen saturation occurred during exposures to 
2, 4 and 6G, reaching minimal mean values of 56 per cent at 4G and 51 oer 
cent at 6G, about 15 seconds after return to 1G. These decreases were^ig- 

satir^ y grpater than the corresponding decreases in femoral artery oxygen 

ReC0Zer\t0 COntro1 values after 4 and 6G exposures was not 
complete 40 seconds after the centrifuge was stopped. 

increased 1f|at°ry recorded as airway inspiratory pressure changes, 
creased during acceleration but no consistent pattern was evident. A 

transient increase in respiratory rate was usually observed after the onset 

the arZ Z’ • thls crease rate was not always maintained during 

-as usualÍv «socritrid -h0"16 ^ Sht>Wed & decreased respiratory rate which 
(Figure 5) aSSOCiated Wlth an ^crease in the amplitude of respiration 

(6 Dogs Morphine Pentobarbital Anesthesia) 

AIRWAY INSPIRATORY 4 
PRESSURE CHANGE , 

(cm. HgO) 

Control 0 
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i - 
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120 Control 0 

nr~\ 
¿-■i I—I—V i i 

? 40 80 IZO 
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4 
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2 
I-- 
Control 0 40 eo 

seconds 

120 

120 

Figure 5 Amplitude and rate of respiration during exposure to for¬ 
ward (+(^) acceleration of 2, 4 and 6G in the horizontal 
position. 

The effects of forward (-K;x) acceleration of 5.9G maintained for three 

"xveen3 "wT ^ d°8S WhilC breathin« room air and 99.6 per cent 
“ndS'to Sr.niüîw"? r°°" *lr- v,lu« oí «teri.t blood oxygon «tur.tion 
atifn ni *°"" towar<1 the end »i the 3-oimito period of .cceler- 

M J seconds after the onset of the exposure. Recording of ar- 

ÍftÍí\hl00d OX,'B'n s“tuI'‘ti°n showed return to control values 80 seconds 

foiled tÜl^üü"' D'cr'*s's in o*’'«*" saturation of nixed venous blood 
followed the changes of arterial blood but were .ore narked (Figure 6 upper 

oxygen"desaturatioi^and^t" °f “fï*!" <‘eU,'e<1 bUt did not prevent th' ‘tterial 
^"f * its nagnitude was reduced. Changes in nixed venous 

£i« hiàíêr ?h« ^.°rCUrrin8 i" the f'*0r*1 *r,erV. the absolute values 
Uwëî ÍÍmÍ) corresponding values when breathing roo. air (Figure 6, 
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BREATHING AIR 
Oxygen Saturation (%) 

BREATHING OXYGEN 
Oxygen Saturation (%) 

Figure 6 Effects of 3-minute exposures to forward (+GX) acceleration on 
the oxygen saturation of arterial and mixed venous blood of 3 

dogs when breathing room air (upper panel) and 99.6 per cent 

oxygen (lower panel). Arrows indicate when the acceleration 

stopped. Since it was necessary to reinfuse the blood after 

30 ml. were sampled, measurements were interrupted temporarily 

during the recovery period, as indicated by dashed lines. 

In an attempt to quantitate the changes occurring at different levels 

of acceleration, pulmonary arterial-venous shunting was estimated from blood 

oxygen saturation values. No systematic changes in pulmonary arterial-venous 

shunt were observed at 2G. During 4 and 6G exposures, the estimated pulmonary 

arterial-venous shunt increased immediately after the onset of the exposure and 

the magnitude of shunt increased as the level of acceleration increased, being 

higher at 6G. Shunts were about 15 per cent higher during the plateau level 
at 6G when compared with the control values at 1G (Figure 7). 
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(Average Values 6 Dogs Breathing Air, Morphine - Pentobarbital Anesthesia) 

seconds 
Control 0 40 BO 

seconds 
120 Control 0 40 BO 

seconds 
120 160 

Figure 7 Average per cent changes and standard error of the aean of 

estimated pulmonar/ arterial-venous shunt during forward 

exposures to 2, 4 and 6G in six dogs in the horizontal position 
spontaneously breathing room air. 

The increase in per cent of shunt at different levels of acceleration was 

independent of the estimated pulmonary arterial-venous shunt at 1G. Figure 8 

shows the lack of correlation between the control pulmonary arterial-venous 

shunt at Uj plotted against the increase in shunt after 60 seconds of exposure. 

Figure 8 Relation of increase in pulmonary arterial-venous shunt during 

forward acceleration to the control shunt at 1G. Com¬ 

parative values of estimated shunt when the body was horizontal 

and when tilted 15 degrees head-up and head-down are depicted 

for dog 3. Note the lack of correlation between these two 
variables. 
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When pulmonary arterial-venous shunt was estimated during the three- 
minute exposure to 5.9G breathing room air, there was a 15 per cent in¬ 
crease in magnitude of the estimated shunt in the three dogs studied, 
which was independent of the estimated shunt at 1G (control). When shunts 
were estimated during oxygen inhalation, absolute values of pulmonary 
arterial-venous shunts, similar to those on room air, were obtained during 

the exposures (Figure 9). 

(Morphine - Pentobarbital Anesthesia) 

Blood Oxygon Saturation Estimated Pulmonary Arterial-Venous Shunt 

5 
=> 
k. 

« 
« 
kl 

§ 

§ 

seconds 

ito ieo 
seconds 

300 

Figure 9 Estimated pulmonary arterial-venous shunt in 3 dogs during 

exposures to forward (+(¼) acceleration when breathing room 

air or 99.6 per cent oxygen. Note that the increase in 

magnitude of the estimated shunt of about 15 per cent during 

the exposure was similar from dog to dog, and the absolute 

magnitude of the shunt during acceleration was similar when 

breathing air and 99.6 per cent oxygen. 

Effects of Body Tilting No systematic differences were observed in the 

changes in femoral arterial oxygen saturation produced by exposures to for¬ 

ward (♦Gx) acceleration of 2, 4 and 6G with the animal horizontal and 15 
degrees head-up and 15 degrees head-down positions while breathing room air. 

During exposures to 6G, similar control and average changes were observed 

(Figure 10). 
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(Average Values 6 Dogs, Morphine - Pentobarbital Anesthesia) 

Control 40 60 

seconds 
160 

Figure 10 Average changes in oxygen saturation of arterial blood 
of 6 dogs during forward (+<3X) acceleration when the body 
was horizontal and in the IS degrees head-up and 15 degrees 
head-down positions. Values from the horizontal exposures 
are indicated by crosses, IS degrees head-up position by 
open circles and IS degrees head-down position by closed 
circles. Exposures to 6G were repeated in each position. 

Changes in amplitude and rate of respiration and estimated pulmonary arterial- 
venous shunt were not systematically different in the three different positions 
as shown in dog 3, Figure 11. 
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Figure 11 Conparison of the effects of forward acceleration when in 
the horizontal and 15 degrees head-up and 15 degrees head- 
down positions on the rate and depth of respiration, oxygen 
saturation of arterial and mixed venous blood and estimated 
pulmonary arterial-venous shunt during forward (+Gx) acceler¬ 
ation in dog 3. Note that during the exposures to 6G, there 
was no clearcut difference between the estimated degree of 
pulmonary arterial-venous shunting associated with different 
degrees of body tilting. The ventilation index is the product 
of the rate and amplitude (i.e., respiratory variation in endo¬ 
tracheal pressure) of each breath. 

A progressive decrease in transmission of the infrared light of arterial 
and mixed venous blood indicating hemoconcentration was observed during ac¬ 
celeration presumably due to the loss of fluid from dependent capillary beds 
during exposures. Changes were related to the magnitude of acceleration and 
were higher at 6G. Infrared transmission values returned to 1G control values 
during the five to ten minute intervals between exposures (Figure 12). 
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(Average Values 6 Dogs, Morphine- Pentoborbiial Anesthesia) 
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Figure 12 Changes in optical density of arterial and mixed venous 

blood at 800 millimicrons (hemoglobin concentration) during 

forward C+Gx^ acceleration. 

DISCUSSION 

In the normal 1G environment, the inequalities of the ventilation-blood 

flow ratios within the lungs are mainly related to the effect of gravity acting 

upon the blood contained in tne pulmonary vascular tree (specific gravity about 

1) and the air contained in the tracheo-broncheo-alveolar tree (specific gravity 

virtually zero) (12,17,29). During acceleration, the increased gravitational 

force produces a proportional increment in the effective weight of the fluid 

(blood) and gas (air) contents of the lungs, proportional to their specific 

gravity thus magnifying the inequalities of ventilation-perfusion ratios normal¬ 

ly present (15,22,28). 

Edmundowicz et al have found th^t in dogs studied at 1G in the supine 

horizontal position the pressure in the intrapleural space is higher in the 

dependent, dorsal portions of the thorax as compared to that found ventrally 

(4,5). Recent studies in this laboratory have confirmed that pressures are 

higher in the most dependent sites of the pleural space both in supine and 

prone body positions (18). During forward acceleration, the increase in the 

weight of the thoracic contents, proportional to their specific gravity, 

produces a much higher pressure in the dependent dorsal sites of the thorax, 

and at 6G positive pressure values of about 20 centimeters of water were 

recorded while highly negative pressure occurred ventrally (about -30 centi¬ 

meters of water) (18,26). 
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These pressure imbalances occurring in superior and dependent regions 
of the thorax between blood and air contained in the lungs and within the 
pleural space are probably responsible for the overdistention of alveoli in 
the superior, ventral parts and collapse of alveoli in the most dependent 
dorsal parts of the lungs (28). Anatomical and histological evidence of this 
type of changes has been found in dogs after exposures to forward acceleration. 
Steiner and Mueller (22) found "marked overexpansion of the alveoli and striking 
absence of red cells" in the anterior, ventral portions and "large areas totally 
devoid of patent alveoli and massive atelectasis" in the dorsal parts in the 
lungs of one dog killed 30 seconds after 10-minute exposure to 14 +GX. Wood et 
al (28) found similar changes in dogs exposed to 2, 4 and 6 +GX. 

Since values of arterial oxygen saturation recovered within a few minutes 
after exposures to forward acceleration, it is probable that the anatomical 
changes seen in the pulmonary parenchyma of dogs killed at 1G subsequent to 
acceleration do not reflect adequately the severe degree of atelectasis that 
occurs during the actual exposures. Also, it is necessary to bear in mind 
that pulmonary atelectasis may be observed in post mortem examinations of an¬ 
esthetized dogs maintained in one body position and not submitted to any kind 
of gravitational force other than the normal 1G (13). 

In radiological studies, Hershgold (6,7) and Nolan et al (15) have pointed 
out increase in radio-opacity, suggesting atelectasis, in the most dorsal de¬ 
pendent parts of the lung silhouette of healthy subjects exposed to forward ac¬ 
celeration. Increase in radiolucency in the ventral parts was interpreted as 
a decrease in vascularity and blood content. It is thought that decreases in 
arterial oxygen saturation observed during forward acceleration are probably 
due to magnification of the inequalities in the ventilation-blood flow ratios, 
with pulmonary arterial-venous shunting occurring in the most dependent parts 
of the lungs which are perfused but possibly unventilated while the superior 
portions of the lungs are well ventilated but poorly perfused. 

There is some evidence suggesting the production of edema during forward 
acceleration. Progressive and rapid increase of the optical density of the 
blood measured at 800 millimicrons indicates an increase in blood hemoglobin 
concentration which disappears 5 to 10 minutes after the exposures. During 
the recovery period, right and left atrial pressures have been found lower 
than in the control period (28). Both observations are probably related to 
loss of fluid from the vascular system due to pressure imbalances in the 
capillary system between the coloidal-osmotic and hydrostatic pressures 
during acceleration. Edema at pulmonary level could be a contributing factor 
for the collapse of alveoli and deficient oxygenation of blood; however, the 
magnitude of its contribution remains unknown. 

Apparently no impairment in pulmonary ventilation was produced in the 
different conditions studied. Animals responded by increasing the amplitude 
and/or the rate of respiration to achieve a better ventilation during exposures 
to forward acceleration. This observation is in agreement with data reported 
by Zechman et al (30) and Cherniack et al (2) showing that pulmonary minute 
volume and alveolar ventilation increased progressively with acceleration. 
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The fact that absolute values of esti*ated pulaonary arterial-venous 

shunt observed during forward accelerations to 6G were similar when breathing 

room air and 99.6 per cent oxygen indicates that the right-to-left shunt can¬ 

not be explained by hypoventilation, impaired diffusion or unevenness of gas 

distribution but must be due to capillary blood passing through non-ventiiated 

atelectatic alveoli presumably in the most dependent parts of the lungs. It 

has been reported that cardiac output is maintained practically unchanged or 

slightly increased during forward acceleration (8,9,25). Therefore, pulmonary 

capillary blood flow is assumed to be unaltered. 

In spite of the prolonged time of exposure, no evidence of deterioration 

in the physiologic status of the animals was observed during the experiments. 

Small differences were observed comparing the horizontal exposures carried 

out five hours apart with slightly higher saturations in the second series. 

The progressive decrease in arterial oxygen saturation described by Barr et 

al (1) during repeated exposures to positive (headward) acceleration has not 

been observed in this nor in previous series studied at the Mayo Clinic. 

Acceleration produces a redistribution of blood volume with pooling of 

blood in the most dependent parts of the body. Only at the level of hydro¬ 

static indifference, blood pressure and blood flow will remain the same. 

Likewise, the intrathoracic blood volume is also changed by the hydrostatic 

effects of increased gravitational force. In addition, the pulmonary cir¬ 

culation and the pulmonary ventilation may be affected by the increased 

weight of the abdominal contents during acceleration. When comparing average 

values of femoral arterial oxygen saturation in animals in the horizontal 

position with values in the 15 degrees head-up and 15 degrees head-down 

positions, no systematic differences were obtained. This fact tends to 

indicate that, in dogs, the deleterious effects of forward acceleration on 

the pulmonary circulation are not essentially modified by tilting the body 

within the range +15 degrees and the presumed differences in intrathoracic 

blood volume associated with these positions. 

15 



REFERENCES 

1. Barr, P. 0.: Hypoxemia in Man Induced by Prolonged Acceleration. Acta 
Physiol. Scand. 54:128-137, 1962. 

2. Cherniack, N. S., Hyde, A. S., Watson, J. F. and Zechraan, F. W.: Some 
Aspects of Resniratory Physiology During Forward Acceleration. Aerospace 
Med. 32:113-120, 1961. 

3. Conroe, J. H., Forster, R. E., II, Dubois, A. B., Briscoe, W. A. and 
Carlsen, E.: The Lung. Year Book Publishers, Inc., Chicago, Illinois, 
1962 (Second Edition), pp. 343-345. 

4. Edmundowicz, A. C.: Intrathoracic Pressure Relationships in Dogs Without 
Thoracotomy. Fed. Proc. 22:459, 1963. (abstract) 

5. Edmundowicz, A. C., Donald, D. E. and Wood, E. H.: Relationship of Intra¬ 
pleural Pressures at Multiple Thoracic Sites to Pericardial, Esophageal 
and Atrial Pressures in Dogs Without Thoracotomy. The Physiologist 5:135, 
1962. (abstract) 

6. Hershgold, E. J.: X-ray Examination of the Human Subject During Transverse 
Acceleration. Aerospace Med. 30:187, 1959. (abstract) 

7. Hershgold, E. J.: Roentgenographic Study of Human Subjects During Trans¬ 
verse Accelerations. Aerospace Med. 31:213-219, 1960. 

8» Hershgold, E. J. and Steiner, S. H. : Cardiovascular Changes During Ac¬ 
celeration Stress in Dogs. J. Appl. Physiol. 15:1065-1068, 1960. 

9. Lindberg, E. F., Marshall, H. W., Sutterer, W. F., McGuire, T. F. and 
Wood, B. H.: Studies on Cardiac Output and Circulatory Pressures in 
toman Beings During Forward Acceleration. Aerospace Med. 33:81-91, 
1962. 

10. McGuire, T. F., Marshall, H. W., Nolan, A. C., Lindberg, E. F. and 
Wood, E. H.: Comparison of Changes in Arterial Oxygen Saturation During 
Transverse Acceleration as Indicated by Ear Oximetry and by Direct Photo¬ 
metry of Arterial Blood. Aerospace Med. 32:242, 1961. (abstract) 

11. Marshall, H. W., Lindberg, E. F. and Sutterer, W. F.: Cardiac Output, 
Circulatory Pressures and Arterial Oxygen Saturation During Forward 
Acceleration. Fed. Proc. 20:131, 1961. (abstract) 

12. Martin, C. J. and Young, A. C.: Ventilation-Perfusion Variations Within 
the Lung. J. Appl. Physiol. 11:371-376, 1957. 

13. Mead, J, and Collier, C.: Relation of Volume History of Lungs to Respiratory 
Mechanics in Anesthetized Dogs. J. Appl. Physiol. 14:669-678, 1959. 

16 



14. Nolan, A. C., Marshall, H. W., Cronin, L. and Wood, E. H.: Effect of For¬ 
ward (+GX) Acceleration on Arterial Oxygen Saturation. The Physiologist 

4:83, 1961. (abstract) 

15. Nolan, A. C., Marshall, H. W., Cronin, L., Sutterer, W. F. and Wood, E. H.: 
Decreases in Arterial Oxygen Saturation and Associated Changes in Pressures 
and Roentgenographic Appearance of the Thorax During Forward (+GX) Acceler¬ 
ation. Aerospace Med. 34:797-813, 1963. 

16. Reed, J. H., Jr., Burgess, B. F. and Sandler, H. : Effects on Arterial 
Oxygen Saturation of Positive Pressure Breathing During Acceleration. 

Aerospace Med. 35:238-243, 1964. 

17. Riley, R. L., Perrautt, S., Said, S., Godfrey, M., Cheng, T. 0., Howell, 
J. B. L. and Shepard, R. H.: Effect of Posture on Pulmonary Dead Space 
in Man. J. Appl. Physiol. 14:339-344, 1959. 

18. Rutishauser, V.'., Banchero, N., Tsakiris, A. G. and Wood, E. H. : Pleural 
Pressures in Dogs in Supine and Prone Body Positions Studied Without 
Thoracotomy. The Physiologist 7:241, 1964. (abstract) 

19. Smedal, H. A., Rogers, T. A., Duane, T. D., Holden, G. R. and Smith, J. R.: 
The Physiological Limitations of Performance During Acceleration. Aero¬ 

space Med. 34:48-55, 1963. 

20. Smedal, H. A., Holden, G. R. and Smith, J. R.: Cardiovascular Responses 
to Transversely Applied Accelerations. Aerospace Med. 34:749-752, 1963. 

21. Steiner, S. H., Mueller, G. C. E. and Taylor, J. L.: Hemodynamic Changes 
During Forward Acceleration. Aerospace Med. 31:907-914, 1960. 

22. Steiner, S. H. and Mueller, G. C. E.: Pulmonary Arterial Shunting in Man 
During Forward Acceleration. J. Appl. Physiol. 16:1081-1086, 1961. 

23. Wood, E. H.: Oximetry. Glasser, Otto, Medical Physics, Year Book 
Publishers, Inc., Chicago, Illinois, Vol. 2, pp. 664-680, 1950. 

24. Wood, E. H., Sutterer, W. F. and Cronin, L.: Oximetry. Glasser, Otto, 
Medical Physics, Year Book Publishers, Inc., Chicago, Illinois, Vol. 3, 

pp. 416-445, 1960. 

25. Wood, E. H., Sutterer, W. F., Marshall, H. W., Lindberg, E. F. and 
Headley, R. N.: Effect of Headward and Forward Accelerations on the 
Cardiovascular System. Wright Air Development Division Technical 
Report 60-634, Wright-Patterson Air Force Base, Ohio, January 1961. 

26. Wood, E. H., Nolan, A. C. and Donald, D. E.: Effect of Forward Acceler¬ 
ation on Circulatory, Pleural and Related Pressures. Aerospace Med. 

34:270, 1963. (abstract) 

17 



27. Wood, E. H., Nolan, A. C., Donald, D. E., Edmundowicz, A. C. and Marshall, 
H. W. : Technics for Measurement of Intrapleural and Pericardial Pressures 
in Dogs Studied Without Thoracotomy and Methods for Their Application to 
Study of Intrathoracic Pressure Relationships During Exposure to Forward 
Acceleration (+Gx). AMRL-TDR-63-107, Aerospace Medical Research Labora¬ 
tories, Wright-Patterson Air Force Base, Ohio, December 1963. 

28. Wood, E. H., Nolan, A. C., Donald, D. E. and Cronin, L.: Influence of 
Acceleration on Pulmonary Physiology. Fed. Proc. 22:1024-1034, 1963. 

29. West, J. B. and Dollery, C. J.: Distribution of Blood Flow and 
Ventilation-Perfusion Ratio in Lung Measured with Radioactive 0(¾. 
J. Appl. Physiol. 15:405-410, 1960. 

30. Zechman, F. W., Cherniack, N. S. and Hyde, A. S.: Ventilatory Response 
to Forward Acceleration. J. Appl. Physiol. 15:907-910, 1960. 

18 



UNCLASSIFIED 
Security Classification 

DOCUMENT CONTROL DATA • R&D 
(Security clmêëihcmtion of fifí# body ol abttrmcl #nd mdeumg annotation mu*f b# enterad whan the overall report it c las allied) 

t ORir.INATIN G ACTIVITY (Corporate author) 

The Mayo Clinic and Mayo Graduate School 
of Medicine 

Rochester, Minnesota 

2« rcpokt security C l *ssi fic * ' ION 

jJN,ÇL.A£SIf 1E.D., 
26 OROUP 

N/A 
3 REPORT TITLE 

BLOOD OXYGEN CHANGES INDUCED BY FORWARD 
(+GX) ACCELERATION 

4 DESCRIPTIVE NOTES (Type ol r#porf and Inctuaive dataa) 

Final report, 1 April 1962 - 1 November 1964 
$ AUTHOnrS; CLatl ñama, lint nama. Initial) 

Banchero, Natalio 
Cronin, Lucille 

Nolan, A. Clark 
Wood, Earl H. 

6 REPORT DATE 

December 1964 
aa contract or grant no aF 33(657)-8899 

6 PROJECT NO 7 222 

7a TOTAL NO OF PACE« 

18 
7 6 NO OF RE FS 

30 
• a ORIGINATOR'S REPORT NUMBCRfSj 

• 6 other REPORT NO(S) (Any othae numbara that may 6a aansnad 
thla report) 

AMRL-TR- 64-132 
10 A V A IL ABILITV/LIMITATION NOTICES 

Qualified requesters may obtain copies of this report from DDC. 
Available, for sale to the public, from the Clearinghouse for Federal Scientific and 
Technical Information, CFSTI (formerly OTS), Sills Bldg, Springfield, Virginia 22151. 
h Supplementary notes 12 SPONSORING MILITARY ACTIVITY 

Aerospace Medical Research Laboratories, 
Aerospace Medical Division, Air Force 
Systems Command, Wriaht-Patterson AFB. Ohio 

ia abstract six dogs under morphine-pentobarbital anesthesia were exposed to forward 
accelerations of 2, 4, and 6 G for one minute and 6 G for three minutes while in the 
horizontal, 15° head-up and 15° head-down positions breathing room air. Exposures 
to 6 G were repeated breathing 99.6% oxygen. Oxygen saturation and opacity at 800 
mm/i of blood were recorded continuously by cuvette oximeters. Pulmonary arterial- 
venous shunting was estimated from blood oxygen saturations. No systematic changes 
in femoral artery oxygen saturation occurred at 2 G while a small average decrease was 
observed at 4 G (4%). Decreases occurred at 6 G averaging 11 (5-17)% at the end of 
the 60-second exposure. Return to control (1 G) values was nearly complete 50 second 
after the exposure. Oxygen inhalation delayed but did not prevent the desaturation. 
These decreases are believed due to pulmonary arterial-venous shunting. The average 
increase in pulmonary arterial-venous shunt over 1G values estimated at the end of 
60-second exposures to 6G when breathing air, was 17 (11-31)%. Values for shunts at 
6G, when breathing oxygen, were similar. The oxygen saturation of mixed venous 
blood decreased during the exposures to 2, 4, and 6G, minimum values occurring abou 
20 seconds after return to 1G. The average decrease with exposures to 6G was 
17 (8-22)%, recovery from which was not complete at 50 seconds after the exposure. 
Changes in blood oxygen saturation were not systematically affected by the presumed 
differences in intrathoracic blood volume and position of the diaphragm associated with 
the 15° head-up or 15° head-down positions. 

DD FORM 
1 JAN 64 1473 UNCLASSIFIED 

Security Classification 



-UNCLASSfFtED 
security Classification 

1 4 
KEY WORDS 

Blood oxygen saturation 
Forward (+GX) acceleration 

Dogs 

LINK A 

ROL* 

LINK B 

ROLE 

LINK C 

ROLE 

INSTRUCTIONS 
I. ORIGINATING ACTIVITY: Enter the name and address 
oí th# contractor, subcontractor, grantee, Department of De¬ 
fense activity or other organization (corporate author) issuing 
the report. 

2a. REPORT SECUWTY CLASSIFICATION: Enter the over¬ 
all security classification of the report. Indicate whether 
“Restricted Data” is included. Marking is to be in accord¬ 
ance with appropriate security regulations. 

26. GROUP: Automatic downgrading is specified in DoD Di¬ 
rective 5200.10 and Armed Forces Industrial Manual. Enter 
the group number. Also, when applicable, show that optional 
markings have been used for Group 3 and Group 4 as author¬ 
ized. 

3. REPORT TITLE: Enter the complete report title in all 
capital letters. Titles in all cases should be unclassified. 
If a meaningful title cannot be selected without classifica¬ 
tion, show title classification in all capitals in parenthesis 
immediately following the title. 

4. DESCRIPTIVE NOTES: If appropriate, enter the type of 
report, e.g., interim, progress, summary, annual, or final. 
Give the inclusive dates when a specific reporting period is 
covered. 

5. AUTHOR(S): Enter the name(s) of authorfs) as shown on 
or in the report. Entet last name, first name, middle initial. 
If military, show rank and branch of service. The name of 
the principal «cithor is an absolute minimum requirement 

6. REPORT DATE: Enter the date of the report as day, 
month, year: or month, year. If more than one date appears 
on the report, use date of publication. 

7e. TOTAL NUMBER OF PAGES: The total page count 
should follow normal pagination procedures, i. e., enter the 
number of pages containing information 

Enter the total number of 7b. NUMBER OF REFERENCES: 
references cited in the report. 

Sa. CONTRACT OR GRANT NUMBER: If appropriate, enter 
the applicable number of the contract or grant under which 
the report was written 

Sb, 8c, b id. PROJECT NUMBER: Enter the appropriate 
military department identification, such as project number, 
subproject nuthber, system numbers, task number, etc. 

9a. ORIGINATOR’S REPORT NUMBER(S): Enter the offi¬ 
cial report number hy which the document will be identified 
and controlled by the originating activity. This number must 
be unique to this report. 

9b. OTHER REPORT NUMBER(S): If the report has been 
assigned any other report numbers feither by the originator 
or by the aponaor), also enter this numberfs). 

10. AVAILABILITY/LIMITATION NOTICES: Enter any lim¬ 
itations on further diasemination of the report, other than those 

imposed by security classification, using standard statements 
such as: 

(1) “Qualified requesters may obtain copies of this 
report from DDC" 

(2) "Foreign announcement and dissemination of this 
report by DDC is not authorized. ” 

(3) “U. S. Government agencies may obtain copies of 
this report directly from DDC. Other qualified DDC 
users shall request through 

I» 

(4) “U. S. military agencies may obtain copies of this 
report directly from DDC Other qualified users 
shall request through 

M 

(5) “All distribution of this report is controlled. Qual¬ 
ified DDC users shall request through 

»9 

If the report has been furnished to the Office of Technical 
Services, Department of Commerce, for sale to the public, indi¬ 
cate this fact and enter the price, if known. 

11. SUPPLEMENTARY NOTES: Us* for additional explana¬ 
tory notes. 

12. SPONSORING MILITARY ACTIVITY: Enter the name of 
the departmental project office or laboratory sponsoring (pay¬ 
ing tor) the research and development. Include address. 

13 ABSTRACT: Enter an abstract giving a brief and factual 
summary of the document indicative of the report, even though 
it may also appear elsewhere in the body of the technical re¬ 
port. If additional space is required, a continuation sheet shall 
be attached. 

It is highly desirable that the abstract of classified reports 
be unclassified. Each paragraph of the abstract shall end with 
an indication of the military security classification of the in¬ 
formation in the paragraph, represented ss CTS;, (S>. (C). or (U) 

There is no limitation on the length of the abstract. How¬ 
ever. the suggested length is from 150 to 225 words. 

14. KEY WORDS: Key words are technically meaningful terms 
or short phrases that characterize a report and may be used as 
index entries for cstaloging the report. Key words must be 
selected so that no security classification is required. Identi¬ 
fiers. such as equipment model designation, trade name, military 
project code name, geographic location, may be used as key 
words but will be followed by an indication of technical con¬ 
text. The arsignment of links, rules, and weights is optional. 

UNCLASSIFIED 
Security Classification 



BLANK PAGE 


