
Human Tolerance to Positive G as Determined 

by the Physiological End Points 
BY At.IcE M. STOLL, M.S. 

W I T H  the construction of a cen- 
trifuge capable of rapid accel- 
eration to high levels of g, it 

became possible to extend the experi- 
mental range of investigation of hu- 
man tolerance to positive g to levels 
previously unattainable. Such experi- 
ments have been carried out in this 
laboratory by Beckman, Duane, Zieg- 
ler and Hunter.  1,C It is the purpose of 
this report to present an analysis of 
the original experimental data obtained 
by these investigators, and to compare 
and integrate these results with those 
observed in other laboratories. 

MATERIALS AND METHOD 

The centrifuge itself and its per- 
formance capabilities have been de- 
scribed, s'' Briefly, it is pertinent to this 
study that the instrument is capable 
of producing up to 15 g within 1.5 
seconds and that the patterns of ac- 
celeration used in the present study 
were produced by use of cams which 
automatically controlled the perform- 
ance of the centrifuge. Thus, the time 
required to reach a desired g level, the 
g level itself, and the time for which 
it was maintained constant were pre- 
cisely controlled and each pattern was 
reproducible at will. The patterns 
chosen covered a wide range of ac- 
celeration rates and levels of g produc- 
tive of the physiological end points of 
grayout, 'blackout, extreme confusion 
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with possible unconsciousness, and 
complete unconsciousness. As previous- 
ly described, 1 the end points were 
bracketed with respect to g level and 
time by increments of 0.5 g in the 
height of 9 force attained and 0.5 - 
0.25 second in the time of exposure 
to the maximum g force. G level, sub- 
ject responses, and time were recorded 
automatically. Recorded responses to 
peripheral and central light signals, 
verbal reports taken at the conclusion 
of each run, and objective evaluations 
made by the observers (e.g., complete 
unconsciousness at the end of the run) 
were used in determining the effect of 
each exposure. 

The method of  analysis empl,oyed 
was based upon the usual concept of a 
physiological response ,brought about 
by a stimulus characterized by inten- 
sity and duration such that the zone 
of response may be separated from the 
zone of no response by a simple stimu- 
lus strength-duration curve. Thus, the 
intensity o~f the stimulus productive 
of an end point was measured in g 
units, and the duration was measured 
in seconds of exposure to the accelera- 
tive force. Unlike the usual practice in 
g studies of expressing stimulus dura- 
tion as the time of exposure to maxi- 
mum g only, in this analysis duration 
was taken as the entire time from the 
effective start of acceleration to the 
end of exposure to maximum g (or 
the beginning of deceleration) as il- 
lustrated in Figure 1A. The slope of 
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the best straight line drawn along tile 
rising portion of the g trace was taken 
as the rate of acceleration. The point 
of intersection of this line with the 
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ble (Fig. 1C) and the total time is 
then equal to the rise time. The pre- 
cise determination of the coefficient of 
the rise time most appropriate for in- 
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Fig. 1. G trace analysis 

time axis was taken as the effective 
start of acceleration, and the time from 
this point to the point of intersection 
of this line with the extended peak 9 
line was taken as the rise time and the 
beginning of the time at maximum g. 
It  is recognized that it might not be 
proper to include all of the rise time 
in the duration time since this assumes 
an instantaneous rise to max imum 9' 
which is not in fact accomplished. 
Probably some fraction of the rise 
time (as in Fig. 1B) would ,be more 
accurate. Also, at very slow rates of  
acceleration, as well as at very high 
rates of  acceleration, the time at maxi-  
mum 9' before grayout, blackout, or 
unconsciousness occurs may be negligi- 
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clusion in the total tolerance time may 
be determined by comparison of the 
latter type of data with that obtained 
from the pattern shown in Figure lB. 
However,  data of  this kind are at 
present insufficient to make this deter- 
mination and a, the coefficient of  the 
rise time, was taken as 1.0 for the 
purposes of  this analysis. By employ- 
ing a wide range of acceleration rates. 
it becomes apparent that time at maxi- 
mum g is insufficient as a measurement 
of stimulus duration although it yields 
comparative data when the accelera- 
tion rate is fixed, or nearly so. Fur-  
thermore, the importance of the rise 
time is emphasized 'by the fact that ar- 
terial blood pressure begins to fall im- 
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mediately upon application of the g 
force as illustrated in Figure 2, in 
which aortic blood pressure, measured 
by catheterization, in the unprotected 

does not contribute to the stimulus re- 
quired to produce the physiological re- 
sponse even though the response be ob- 
served after the maximum 9 force has 
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Fig. 2. Variation in chimpanzee aortic blood pressure with posi- 
tive g. 

anesthetized chimpanzee is plotted 
with the acceleration pattern productive 
of the pressure changes? Not only does 
the pressure begin to fall immediately 
upon application of g, ,but also it is re- 
stored to normal in spite of a sustained 
force of 6 g and rises sharply above 
normal immediately upon reduction of 
this force, at the very beginning of 
deceleration. This pattern of blood 
pressure change has also been observed 
to some extent in the human subject, s,t~ 
although published data are scanty. 
Thus, it would appear that in relating 
stimulus to response, the time required 
to attain maximum 9 cannot be ig- 
nored, while the time required to re- 
turn from the maximum level to 1 9' 
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been reduced (during deceleration). 
Original records of about 300 ex- 

periments on fifteen different subjects 
were available at this laboratory. The 
records of those experiments produc- 
tive of a physiological end point were 
analyzed for: (1) the rise time ( t , ) ;  
(2) the time at maximum g (t=); 
(3) the level of maximum 9; and (4) 
the rate of acceleration to maximum g. 
These data were then compared with 
respect to (1) intensity of g and total 
duration time and (2) rate of accelera- 
tion employed and total duration time. 

R E S U L T S  

Of the 300 experiments, only forty 
yielded definite physiological end points 
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and data which could be used in this 
analysis. However, these forty poims 
represent precise data since the inten- 
sity of the stimulus required to produce 
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mental curve (solid line) diverges 
from the value expected by extrapola- 
tion along the lines of the usual 
strength-duration (dashed line), (2) 
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Fig. 3. Human tolerance to positive g. 

an end point was measured to ___ 
0.5 g, and the duration to --  0.25 to 
0.5 second by the approach of small 
increments of g and of exposure time. 

The strength-duration relationship 
for positive g-tolerance as determined 
from these data is shown in Figure 3. 
It is seen that: (1) it conforms to 
that usually Observed for physiological 
stimuli except in the region beyond 
about 10 seco, A~ where the experi- 
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the relationship of g to time is most 
variable at times greater than six sec- 
onds, and (3) the spread of the data 
throughout the range of experimenta- 
tion is such that the average stimulus 
required to produce unconsciousness 
overlaps that which is required for 
grayout or blackout alone. 

Physiological Implications of Ex- 
perimental Data.--The present data 
extend the region of actual experimen- 
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tation with positive g in the upright 
seated position up to the 15 g level, 
an increase of at least 6 9 over pre- 
vious limits, attained in less than 2.5 

demonstrated effectiveness of cardio- 
vascular reflexes which .become appar- 
ent in 6-12 seconds af ter  the start  of  
acceleration 5:~ and varies widely from 
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TOTAL TIME FROM START OF ACCELERATION TO 

END POINT 
Fig. 4. G-tolerance curve with various acceleration rates. 

seconds. This permits the extension of 
the tolerance curve well into the region 
preceding that in which cardiovascular 
reflex protection may be demonstrated. 
Thus, it is seen in Figure 3 that the 
tolerance curve is smooth, down to 
about 4 g at about 6-.8 seconds. Be- 
yond this area, the same or greater 9' 
levels may be sustained without un- 
consciousness and much variability is 
observed. This is consistent with the 

individual to individual and within the 
same individual from time to time. 11 
The difference between the extrapo- 
lated value (dashed line) and the ob- 
served end points (solid line) may be 
considered to represent the advantage 
obtained from these reflexes. 

In Figure  4, the rise part  of  the g 
curve was superimposed upon the tol- 
erance curve. The end points produced 
are related to the appropriate rate of 
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acceleration by means of dashed lines 
and arrows. Thus it is possible from 
this presentation to obtain directly 
from the chart the rate of acceleration, 

ness, particularly in the region of 6 
g per second, it is evident that there 
is a greater time lag between grayout 
and unconsciousness at the lower rates 
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Fig. 5. Correlation of acceleration rates with time to end point. 

the time required to reach the g level, 
the 9 level itself, and the exposure time 
at maximum g for  each experiment 
productive of an end point. 

I t  is seen from this plot that both 
the time at maximum 9' and the total 
time vary inversely with the rate of 
acceleration employed, as well as with 
the g level attained. To determine the 
extent to which this correlation" might 
be made, the rate of acceleration was 
plotted against the total time to the end 
point as shown in Figure 5. While 
there is still considerable overlap of 
points of grayout and of unconscious- 
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of acceleration than there is at higher 
rates. This is as might be expected 
since greater stress is applied in a 
shorter time at higher rates of ac- 
celeration. This correlation suggested 
the construction of a nomogram which 
may be of practical service in indicat- 
ing approximately the time for which 
a given level of g may be tolerated, 
provided that the rate of acceleration 
is known and constant. I t  is s'hown in 
Figure 6, constructed from the same 
data as that from which the tolerance 
curve was derived, and is entirely era- 
pirlcal, thus valid only within the 
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limits of actual experimentation. In  
this chart, the rate of acceleration in 
g per second is shown on the abscissa 
in linear units and time is shown on 

T A B L E  1. C O N S C I O U S  T I M E  A F T E R  

G R A Y O U T  R E L A T E D  TO 

A C C E L E R A T I O N  R A T E  

Acceleration 
Rate (g/see.) 

2.5 
3.0 
3.5 
4.0 
4.5 
5.0 
5.5 
6.0 
6.5 
7.0 

Time to Unconsciousness 
After Grayout 

Shortest (seconds) 

1.6 
1.3 
1.2 
1.1 
1.0 
0.9 
0,8 
0.7 
0.6 
0.5 

I Average (seconds) 

2.8 
2.3 
2.1 
1.8 
1.7 
1.5 
1.4 
1.2 
1.1 
1.0 

the ordinate in log units and represents 
the time to grayout remaining af ter  the 
g level indicated by the solid curves 
is attained at the corresponding rate 
of acceleration. Thus, in use, if the 
rate of acceleration employed is 3 g 
per second, then at the 6 g level, gray- 
out occurs af ter  about 2.7 seconds (a 
total of 4.7 seconds from the start of 
acceleration) and at the 8 g level, af ter  
about 2 seconds at 8 g. 

Treat ing the data in this manner 
brings out the interesting point that 
within the area where the elapsed 
time from the start of  the run to the 
occurrence of grayout is less than 
about 4 seconds, attaining a given g 
level at lower rates of acceleration ap- 
parently permits a longer time at maxi- 
mum g before grayout than does a 
faster rate of rise to the same g level. 
For  example, attaining 6 g at a rate of 
3.5 g per second, permits 2.5 seconds 
at 6 g before grayout, whereas at 6 g 
attained at 4.5 g per second, only 2.0 
seconds remain before grayout. This 

bears upon the problem of the correct 
value for a, the coefficient of the rise 
time, which in this analysis has ,been 
assumed to be 1.0. I t  may well be that 
a is not a constant but is a variable, 
dependent upon the magnitude of the 
acceleration rate. Since this point can 
be settled only by experiment, the final 
statement-awaits the results of further 
studies now in progress on the Avia- 
tion Medical Acceleration Laboratory 
centrifuge. 

The time remaining between grayout 
and unconsciousness during accelera- 
tion at a constant rate may also be de- 
rived f rom the plot of the data in 
Figure 5 and is shown in Table I. 

In  the series considered here, no ex- 
periments in which the acceleration rate 
was less than 2.5 g per second were 
carried to the end point of unconscious- 
ness. However,  in a series of 1,000 
experiments conducted at the U. S. 
Naval School of Aviation Medicine, in 
which the acceleration rate used was 
about 1 g per second, the mean time 
from grayout to blackout was found to 
be about 2 seconds. A plot of these data 
is seen superimposed on the curve in 
Figure 5. The symbols indicate the 
end points observed and are plotted to 
show the mean values obtained at the 
lowest (0.8 g per second) and the high- 
est (1.1 g per second) rates of accel- 
eration used. 

Comparative Experimental Data.-- 
Undoubtedly, f o r t y experimental 
points are rather few to establish a 
general tolerance curve and to form 
a basis for  prediction of tolerance 
under given acceleration stress. I t  is 
anticipated that with more data avail- 
able, adjustments of mean values may 
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Fig. 6. Nomogram relating accelera.tion rate to time to end p~irtt. 
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be necessary. However, data available 
from other laboratories up to the pres- 
ent time are in agreement with those 
presented here as illustrated in Fign~re 

and time for each end point through- 
out the experimental range covered. 
The dashed lines extend slightly below 
the bottom of the "box" to indicate 
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END POINT (SECONDS) 

Fig. 7. Comparison of data from various laboratories. 

7, in which are shown the mean po.ints 
and the extremes of the 1,000 deter- 
minations cited above 4 plotted in the 
same manner as the present data and 
superimposed upon the tolerance curve. 
All of these data fall within the area 
delineated .by the solid-line "box"  
around the symbols marked "P ."  The 
symbols are placed at the mean value 
for each physiological end point. The 
top and the bottom lines of the "box" 
indicate the extremes of the range of 
g covered and the sides indicate the 
extremes of the tolerance times ob- 
served. The dashed lines running ver- 
tically through each symbol indicate the 
average value with respect to 9 level 
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that some points fall below 3.5 9, since 
in the original analysis the authors 
treat all data at 3.5 9 and ,below as a 
single group. 

Since the Pensacola centrifuge is 
limited in range of acceleration rates 
possible, only rates of 0.8 to 1.0 g per 
second were employed and all experi- 
mental end points fell close together 
with respect to the total curve, although 
taken by themselves, the range of vari- 
ation in both ,q intensity and time at 
maximum 9 appear to be large. Ac- 
tually, all these experiments fall in the 
most variable part of the tolerance 
curve where differences in time of on- 
set and efficiency of the cardiovascular 
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reflexes may be expected to be great- 
est. The Mayo Clinic centrifuge data 
are also plotted on this chart from 
published data s typical of the findings 

changes brought about by additional 
data will be of a minor nature, tending 
to fix the range of variability rather 
than to displace the curve significantly. 
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Fig. 8. Comparison of data from the Aviation Medical Acceleration 
Laboratory and Wright-Patterson Air Force Base. 

in that laboratory. I t  is seen that they, 
too, conform to the general pattern. In 
Figure 8 are shown data from the 
Wright-Patters6n Air  Force Base cen- 
trifuge studies? ~ In  this chart, only 
time at maximum is compared since 
data on the time required to reach 
maximum g are not available at this 
time. The Wright-Patterson curve rep- 
resents an average value for all symp- 
toms and is shown compared with time 
at maximum to grayout and to uncon- 
sciousness as determined in the Avia- 
tion Medical Acceleration Laboratory  
studies. Again it is seen that all data 
are in agreement within the range com- 
mon to both instruments. In view of 
these facts, it would appear that any 
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D I S C U S S I O N  

The type of tolerance curve present- 
ed here provides a reference standard 
for studies of  protection devices and 
measures ~hroughout a wide range of 
9' levels. I t  may be used as a ,basis for 
animal studies which may be pursued 
more rigorously than is feasible with 
human subjects. In this respect, the 
establishment of a tolerance curve for 
primates other than man, e.g., the 
chimpanzee, would provide a basis for 
determining whether or not these ani- 
mals are suitable substitutes for human 
subjects. For  instance, a finding of a 
G-tolerance no greater than 1-2 9 
higher than that of humans or perhaps 
of a 10-20 per cent longer tolerance 
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time, would indicate suitability for 
such substitution. A comparison of the 
arterial blood pressure fall in the 
chimpanzee, and human tolerance with 
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acceleration rates is described. This 
method is used in the analysis of the 
accumulated data available at the Avia- 
tion Medical Acceleration Laboratory 

j ~ '  mm Hg. vs. time 
( + 6  G 30  sec.) 

~,~'uman TOI~FQnce 
Max. G vs. t ime 
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o 5 ,o ,5 zb z5 io 3'5 go , 5  
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Fig. 9. Comparison oI aortic blood pressure (chimpanzee) varia- 
tions with time at 6 g and human tolerance variations wi,th maximum 
g and time. 

time of exposure to accelerative stress 
(Fig. 9, composite of Figs. 2 and 3) 
reveals that the lowest pressure level 
occurs at the same time as the mini- 
mum in the tolerance curve, indicating 
that the tolerance pattern of the chim- 
panzee may well be quite similar to 

that of  man. A complete tolerance 
curve would provide a means of relat- 
ing animal experimentation to human 
experience more directly than by ar- 
bitrarily assumed safety factors of 2-3 
fold magnitude of stimulus intensity 
employed heretofore. ~ 

SUMMARY 

A method of analysis adapted to the 
use of data covering a wide range of 
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on tolerance to a wide range of levels 
of positive g resulting in grayout, 
blackout and unconsciousness in un- 
protected humans. The data are plot- 
ted as a strength-duration curve of 
maximum g vs. total time of exposure 
to g. The curve is found to conform 
to the usual physiological patterns ex- 
cept in the range of low g for exposure 
times longer than 6 seconds, in which 
area cardiovascular reflexes become ef- 
fective in increasing g tolerance. 

Comparisons with similar data from 
other laboratories indicate that good 
agreement is obtained when the time 
required to reach maximum g, as well 
as time at maximum, is taken into con- 
sideration. 
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Because of  the prec is ion  o f  the ex-  
per imenta l  p rocedure  employed and the 
agreement  obtained in areas  where  
comparable  independent  data exist ,  it  
is concluded that in spite  of  the rela-  
t ively small  n u m b e r  of  individual  end 
points  ( f o r t y ) ,  the tolerance curve as  
d rawn  here  may  serve as a val id  s tand-  
a rd  of  re ference  for  protect ion s tudies  
and for  animal  studies employ ing  s imi-  
lar  pa t te rns  of acceleration.  

A n o m o g r a m  der ived  empi r i ca l ly  
f rom the exper imenta l  da ta  is p resen t -  
ed f rom which may  be fotmd the ap-  

p rox ima te  tolerance t ime for  var ious  
levels of g a t ta ined at var ious  constant ,  
l inear  rates of accelerat ion.  Th i s  char t  
may  serve as an ins t ruct ion  device and  
a guide in exper imenta l  design. 
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Cost of Airline Passenger Meals 
In their effort to attract and hold new business, airline operators vie 

with each o ther  to provide  tasty,  a t t rac t ive  meals  for  passengers .  Th i s  
cu l inary  spir i t  is p robab ly  not  so keen in the Uni ted  States  as it is in 
o ther  countries,  where  planes  on epicurean flights at t imes go out  of  their  
way  to provide  t ime alof t  for  the ea t ing of  meals. Never theless ,  domest ic  
scheduled air l ines  today are  spending  more  money to feed their  passengers  
than they spent  not  many  yea r s  ago to fly them. The  cost for  compl imen-  
t a ry  meal service on scheduled air l ines  in 1954 was more than $22 
mi l l ion . - -WILLIAM H.  MEGONNELL and HOWARD W .  CHAPMAN: Public 
Health Reports, 71:362, Apr. d956. 
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