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EFFECTS OF ACUTE AND CHRONIC HYPOHYDRATION 

ON TOLERANCE TO +Gz ACCELERATION iii ivitiiu': 

I. PHYSIOLOGICAL RESUECS 

By John E. Greenleaf, M. b t t e r ,  Jr., L. G. Douglas, 
S. A. Raymond, J. S. BOSCO, E. G. Averkin, 

and R.  H. S t .  John, Jr. 
Ames Research Center 

SUMMARY 
- 

Two groups of male subjects  were hypohydrated approximately 3.6 percent  
of t h e i r  t o t a l  body weight e i t h e r  by means of a sauna ba th  (acute  group) or  a 
48-hour water r e s t r i c t i o n  per iod (chronic group) . 
each group underwent four  cent r i fuga t ion  runs a t  an acce lera t ion  build-up of 
+3.7 G/min - held a t  6.0 G u n t i l  blackout occurred. 
(a) no s i g n i f i c a n t  difference i n  mean tolerance times between the  acute  and 
chronic group; (b)  a s ign i f i can t  decrease (p < 0.005) i n  mean to le rance  t imes 
between t h e  normohydration and hypohydration groups; and ( c )  a s ign i f i can t  
decrease (p < 0.001) i n  mean tolerance times over t h e  four  successive runs.  
"he mechanisms of reduced tolerance t o  +G, acce lera t ion  when hypohydrated are 
complex because the re  w a s  very l i t t l e  re la t ionship  between percent body weight 
loss, red  c e l l  volume, plasma volume, and t o t a l  blood volume and to le rance  
t ime.  The concept of f r e e  c i r cu la t ing  water w a s  advanced as a poss ib le  expla- 
na t ion  f o r  t h e  conf l i c t ing  r e s u l t s  regarding t h e  e f f e c t s  of water deplet ion on 
tolerance t o  +G, acce lera t ion .  

Following hypohydration 

The r e s u l t s  ind ica ted  

INTRODUCTION 

Man's tolerance t o  acce lera t ion  remains c r u c i a l l y  important i n  aerospace 
medicine where physiological  tolerance limits have increasing appl ica t ion  as 
engineering cons t r a in t s  during the  development of high performance a i r c r a f t  
and space vehic les .  

Since t h e  preliminary observations of Diringshofen ( r e f .  l), Livingston 
(ref. 2) , and Andina ( r e f .  3 ) ,  a burgeoning l i t e r a t u r e  has attempted t o  del in-  
eate t h e  phys io logica l  mechanisms associated with +G, 

t i o n s  of experimental conditions i n  regard t o  the subjec t ' s  pos i t i on  i n  t h e  
cen t r i fuge .  This paper employs a convention discussed by Webb ( r e f .  4) and 
modified t o  emphasize the  expression of acce lera t ion  i n  g r a v i t a t i o n a l  u n i t s  
r a t h e r  than  conventional ve loc i t ies / sec  or  dX2/dt2 notat ions.  A c a p i t a l  G 
r a t h e r  than  a lower case g 
acce le ra t ion  t o  avoid confusion with the accepted symbol g 
ref. 5 f o r  such a mistake).  

acce le ra t ion  to le rance  ? 

'In some cases i n  t h e  literature there  appears t o  be inadequate de f in i -  

i s  used t o  denote the  g r a v i t a t i o n a l  u n i t  of 
fo r  gram (see 



Primarily,  t h e  impetus f o r  these  s tud ies  has centered around p r a c t i c a l  consig- 
e ra t ions .  
( r e f s  . 6-10) and physiological  ( r e f s  . 11-13) var iab les  on acce lera t ion  
tolerance.  

The general  aim has been t o  invest igate  the  e f f e c t s  of mechanical 

Nlc H2c 

8 Ju ly  24 Ju ly  
8 Ju ly  21  Ju ly  

16 Ju ly  22 July 
17 Ju ly  21  Ju ly  
17 Ju ly  22 Ju ly  
17 Ju ly  22 July 
21  Ju ly  24 July 

2 Ju ly  16 July 

I n  February 1962 a comparatively new and important var iab le  i n  accelera-  
t i o n  tolerance emerged. 
during the  four o r b i t a l  f l i g h t s  of Project  Mercury ( r e f s .  16-19), each of t h e  
four  as t ronauts  returned with symptoms indicat ive of hypohydration. The term 
''hypohydration" i s  used here as a more general  expression f o r  a water d e f i c i t  
than the term "dehydration," which connotes a t o t a l  absence of water.  
t h e  term "normohydration" refers t o  the  normal, ad  l i b i tum water consumption. 
The terminology follows t h e  suggestions of Johnson ( r e f .  20) .  

Despite ad l ibi tum a v a i l a b i l i t y  of drinking water 

Also, 

N3c 
31 Ju ly  
28 Ju ly  
29 Ju ly  
28 Ju ly  
29 July 
29 July 
31 Ju ly  
23 July 

This study was car r ied  out during July 1964 i n  d i r e c t  response t o  the  
p r a c t i c a l  concern f o r  t he  e f f e c t s  of hypohydration on tolerance t o  
accelerat ion.  

H2a 

However, it w a s  a l s o  l i k e l y  that the  question of hypohydration and 
e f f ec t s  on +G, 
Resul ts  of t he  numerous s tudies  cons is ten t ly  ind ica te  that t h e  "Achilles heel" 
of human 4, 
21-23) . 
blood v iscos i ty  as a r e s u l t  of hypohydration usual ly  change the  functioning of 
t h e  cardiovascular system (refs . 11, 26-30) . 
during the s t r a i n  of acce lera t ion .  I n  t h i s  study we inves t iga ted  t h e  e f f e c t s  
of hypohydration induced by water deprivation or heat s t r e s s  on tolerance t o  
+G, accelerat ion.  

tolerance would prove t o  be of bas ic  physiological  i n t e r e s t .  

accelerat ion tolerance i s  the  cardiovascular system (refs . 3, 
Alterat ions i n  water balance, body water content,  blood volume, and 

This i s  p a r t i c u l a r l y  evident 

N3a 

PROCEDURE AND METHODS 

23 July 
20 Ju ly  
20 Ju ly  
20 Ju ly  
24 Ju ly  

General Experimental Plan 

30 Ju ly  
30 July 
27 Ju ly  
29 July 
31 Ju ly  

This study w a s  divided i n t o  th ree  experiments ( t a b l e  1): N1, normohydra- 
t ion ;  H2, hypohydration; and N 3 ,  normohydration. During N1 and N 3  t h e  subjects 

TABU 1.- EXPERIMENTAL SCHEDULF, JULY 1964 

Acute hypohydration group 

~ Subject 1 Nla 

MM 1 July  
Hv 2 July 
WL 6 July 
RP 6 July 
JM 23 July 

Chronic hypohydrat ion  group 

Subject 
DD 
JB 
JL 
M P  
DL 
co 
FK 
J G  

2 A-2206 



N 1  

kg 

consumed water ad l ib i tum and ate t h e i r  normal diet .  
s z b ~ c c t s  ",-re d i v i d c ~ d  i n t o  two groups: 
chronic hypohydration group (H2c); control led d ie t s  and programmea w a l e r -  
in takes  were prescr ibed f o r  t h e  subjects .  
three times: N l ,  H2, and N3. 

I n  t h e  H2 experiment t h e  
acute hypohydration group (Wa), and 

Each subject rode t h e  centr i fuge 

H2 H2 H2 H2 H2 H2 N3 
kg Pre w t ,  End w t ,  N1- H2 end, W t  l o s s ,  W t  loss ,  W t  loss, 

kg kg 4 3  percent g/hr g / k -  m 2  

Subjects 

X 
+SE 

The subjec ts  w e r e  13 heal thy men, aged 22 t o  36 (table 2 ) .  Two of them 
(subjec ts  MM and WL) were experienced on the  centrifuge; t h e  others  were 
e s s e n t i a l l y  novices. The two experienced subjec ts  w e r e  i n  t h e  acute group. 

70.743 70.069 68.351 2 -392 3.36 502 2 72 70.082 
1.97 1.73 1.79 0.254 0.301 52.68 31.04 1.78 

TABLE 2.- ANTHROPOMETRIC AND PHYSIOLOGIC BASEUNE DATA ON THE SUBJECTS 

X 
+SE 

Hypohydration Regimen and Diet 

A sauna ba th  (50' t o  80° C )  w a s  u t i l i z e d  t o  hypohydrate t h e  subjects  i n  
t h e  acute  hypohydration experiments. The subjec ts  stayed i n  the  sauna ba th  
about 3 t o  4 hours u n t i l  they had l o s t  about 2.5 kg of body weight ( t ab le  3 ) .  

70.614 71.486 67.879 2 735 3 -79 76 41  70 338 
2.15 2.02 1.82 0.474 0.577 6.72 3.11 1.98 

Acute group 

I Chronic g r o w  

3 



A t  least  one hour elapsed between t h e i r  leaving t h e  sauna ba th  and en ter ing  
the  centr i fuge.  
was measured u n t i l  t he  experiment (centr i fugat ion)  was completed. 

No food or  water w a s  allowed a f t e r  t h e  pre-sauna body weight' 

Chronic hypohydration ( t ab le  3) w a s  achieved by placing t h e  subjects  on a 
control led d i e t  ( t ab le  4)  fo r  approximately 48 hours. The d i e t  consis ted of 

TABm 4.- FOOD CONSUMPTION BY TKE CHRONICALLY HYPOHYDRATED SUBJECTS 
(per 48 hours) 

Subject 

DD 
JB 
JL 
MP 
DL 
co 
FK 
J G  

X 
- 

a Vetrecal 
wafers , 

k c a l  

1800 
1800 
900 
850 

1800 
1800 

425 
1425 

1350 

b Metrecal 
l i qu id ,  
kca l  

C dater, 
ml 

1048 
10k8 
1048 
1048 
1048 
1048 
1048 
1048 

1048 

36 
38 
38 
38 
38 
38 
38 
38 
38 

d Sugar 
ingest  ion,  

min 

Sugare 
ingest ion,  

min 

55 
50 

51 
38 
57 

130 
98 
68 

- 

Sodium 
intake, 

g 

2 -9 
2 -9  
1.9 
1.8 
2 -9 
2.9 
1 . 4  
2.5 
2.4 

a 

bMetrecal l i qu id  - 225 kca l  and 237 ml H ~ o / ~  oz can 
'4 cans Metrecal l i q u i d  = 948 + 100 ml with sugar 
dTime between sugar ingest ion and blood sample e Time between sugar ingest ion and cent r i fuga t ion  

Metrecal wafers - 25 kcal/wafer 

Metrecal l iqu id  and Metrecal wafers - a t o t a l  of 1350 k c a l  and 474 m l  of f l u i d  
per  day (see tab les  V I 1  and V I I I ) .  I n  addi t ion  t o  r e s t r i c t i n g  water,  t h i s  was 
a l s o  a semistarvation d i e t .  Thus, p a r t  of the  weight l o s s  i n  t he  H2c group 
was probably due t o  a ca lo r i c  d e f i c i t .  P r io r  t o  cent r i fuga t ion  (about 68 min) 
each H2c subject drank a mixture consis t ing of 38 g of t a b l e  sugar i n  100 ml 
of t a p  water ( t ab le  4)  t o  assure  t h a t  there  w a s  no hypoglycemia ( r e f .  15 ) .  I n  
addi t ion ,  subjects JM and MM (acute  group) took 38 g of sugar 20 minutes p r i o r  
t o  centr i fugat ion.  
was completed. The H2c subjects  ca r r i ed  on t h e i r  normal d a i l y  a c t i v i t i e s  
during the  2-day hypohydration per iod.  

No other  food or  water w a s  allowed u n t i l  t h e  experiment 

Each experiment ( t ab le  5) l a s t ed  approximately 2 hours and as many as 
The H2a subjects  t h a t  were 4 subjects  were t e s t e d  on any 1 day ( t a b l e  1). 

hypohydrated i n  t h e  sauna ba th  i n  t h e  morning rode t h e  centr i fuge t h a t  same 
afternoon. The H2c subjects  began t h e i r  d i e t  i n  t h e  afternoon and rode t h e  
centr i fuge approximately 48 hours l a t e r .  
i n  the  afternoon. 

Thus, both hypohydration groups rode 

b 



Time - 
0908 
0912 
0914 
0930 
0931 
0932 
0934 
0934 
0936 
0936 
0946 
09.50 
1038 
1050 
1115 

TABLE 5 .  - TYPICAL EXPERIMENTAL SCHEDUiX 

Urine sample 
Body weight 
R e  s t ing  
Pulse rate - lying 
Blood pressure - lying 
Blood pressure - standing 
Blood pressure - standing (2 min) 
Pulse r a t e  - standing (2 min) 
Pre-dye control  blood sample 
In jec t  Evans blue dye 
Post-dye blood s q l e  
Hookup f o r  centrifugation 
Ride centrifuge 
Egress from centrifuge cab 
Questioning regarding subjective fee l ings ,  e t c .  

Centrifuge 

The centrifuge w a s  t he  Ames five-degree-of-freedom motion simulator 
( r e f .  31). 
mounted on an a r m  with a 9.1 m (30 f t )  radius ( f i g .  1). 
res t ra ined  i n  a standard a i r c r a f t  seat with a lap and chest  harness. The 
helmet w a s  secured so  the  subject ' s  head would not be displaced. The roll of 
the  cab w a s  controlled by electronic  computers so the  accelerat ion vector w a s  
maintained p a r a l l e l  t o  t he  long ax i s  of the body. 

The single-place cab, supported inside a gimbaled s t ruc ture ,  w a s  
The subjects  were 

The pulse r a t e  (electrocardiogram) and oxygen sa tura t ion  (ear  oximeter) 
were included i n  the  measurements taken during centr i fugat ion ( f i g .  2 ) .  An 
intercommunication system w a s  used between the  subject and medical monitor and 
a closed c i r c u i t  t e l ev i s ion  monitor w a s  used t o  observe the  subjec t ' s  face.  

Figure 1.- Ames five-degrees-of-motion simulator. Figure 2.- Typical centrifugation record .  

5 



On t h e  tes t  day, each subject underwent four successive runs a t  an accel: 
e r a t ion  buildup of 3.7 G/min up t o  6.0 G, t he  machine's maximum, and t h i s  
l e v e l  was held u n t i l  blackout occurred. There was a 1 t o  1-1/2 minute r e s t  
per iod between each run. Sphygmomanometric blood pressures  were measured 
semiautomatically during the  r e s t  per iods.  We followed t h e  nomenclature of 
Howard ( r e f .  32) , who delineated three  s tages  of v i sua l  response t o  +Gz 
accelerat ion:  (1) grayout, a ve i l ing  or  misting of vis ion;  (2)  blackout,  com- 
p l e t e  loss of vision; and (3)  unconsciousness. 
luminance adjusted f o r  blackout a t  about 6.0 G was posit ioned d i r e c t l y  i n  
f r o n t  of t h e  sub jec t ' s  eyes ( r e f .  33) .  
but cen t r a l  blackout w a s  used f o r  assessing tolerance due t o  t h e  apparent 
inaccuracies t h a t  have accompanied per iphera l  grayout as an end poin t  
( r e f .  34) .  

One c e n t r a l  l i g h t  with t h e  

Peripheral  l i g h t s  were a l s o  employed, 

Pr ior  t o  t h e  start of the  experiments each subject had made a t  l e a s t  4 
runs on the centr i fuge f o r  prac t ice  and or ien ta t ion .  The two most experienced 
subjects  were i n  the  acute group and t h e  r e s u l t s  should be in te rpre ted  accord- 
ingly.  
ing of blood i n  the  lower extremit ies .  A l l  the  subjects  s t a t ed  they compen- 
sated t o  some degree; none rode passively (see r e f .  35). 

They were requested t o  compensate by muscular contract ion f o r  t h e  pool- 

The subjects  had about 5 minutes t o  become accustomed t o  t h e  darkness i n  
the  cab before s t a r t i n g  an experiment. The subjects  were ins t ruc ted  t o  
re lease  a deadman switch when the  c e n t r a l  l i g h t  faded out; each run w a s  termi- 
nated by t h e  subject .  A t  the  end of each run the  cab stopped with t h e  subject  
on h i s  r i gh t  s ide.  The cab was then slowly r o l l e d  upright t o  prevent ver t igo ,  
nausea, e t c .  None of t he  subjects  became ill during or  a f t e r  cen t r i fuga t ion  
i n  the  H2 and N 3  experiments, bu t  severa l  reported f ee l ings  of g a s t r i c  ' d i s -  
t r e s s .  
regarding h i s  f ee l ings ,  e t c . ,  concerning the  centr i fugat ion.  Those r e s u l t s  
were reported i n  the  companion paper ( r e f .  35).  

Immediately upon egress  from t h e  cab, each subject was questioned 

Biochemical Analyses 

Venous an tecub i t a l  blood specimens and ur ine  specimens were co l lec ted  
p r i o r  t o  centr i fugat ion ( t a b l e  5 ) .  
measured u t i l i z i n g  one 10-minute post-dye blood sample ( r e f .  36).  
heparinate was used i n  t h e  pre-dye con t ro l  blood sample. 
of 0.96 was used t o  estimate trapped plasma i n  t h e  c a p i l l a r y  microhematocrit 
determinations ( r e f .  37).  
serum from t h e  pre-dye con t ro l  sample: serum glucose using glucose oxidase 
( r e f .  38); ur inary  and serum t o t a l  osmolarity (Fiske osmometer model Mark 111); 
urinary and serum C1 ( ref .  39); and ur inary  and serum N a  and K (Ba i rd  flame 
photometer model KY-2). 

Evans b lue  space (plasma volume) w a s  
Sodium 

A correc t ion  f a c t o r  

The following add i t iona l  measurements were made on 

S t a t i s t i c a l  Analysis 

Analysis of variance w a s  used t o  t e s t  f o r  s ign i f i can t  d i f fe rences  between 
methods of hypohydration (acute and chronic) and states (normohydration and 
hypohydration). A s p l i t - p l o t  design w a s  used, where t h e  main p l o t s  were t h e  

6 



. 

Degree of 
freedom Source 

two methods of hypohydration and subplots were tolerance times. 
?.?ere c c q 9 ~ . 4  ten the  N3 data. 
a t ion  p ro f i l e s  applied during N l ,  these data were not used in 't'rie siailstizsl 
analysis ,  except fo r  body weight. 
t ab l e s  I through I V  f o r  reference.  
nomenclature i s  presented i n  t ab le  6. 
l i n e s  were f i t t e d  by the method of least squares. 

The H2 data 
Since there  w a s  some discrepancy i n  the  acceler-  

However, the M. data are included i n  
An explanation of t he  ana lys i s  of variance 

Throughout t he  paper a l l  regression 

F P 
sum of Mean 
squares squaxe 

TABU 6 .- CENTRIF(JGE TOLERANCE TIMES; ANAIXSIS OF VARIANCE 

Method 
Error (a) 

1 9 =663 9.663 0.010 n.s. 
ll 11,684.816 1,062.256 

Sta te  
M X S  
Error (b) 

Time 
T X M  
Error (c )  

S X T  
M X S X T  
Error (bc) 

1 
1 
11 

3 
3 

33 
3 
3 

33 

5,016.512 
44.758 

4,448.641 
2,218 .ogi 

3,583 0x17 
275.626 

254.410 
148.007 

3,287.380 

5,016.512 
44 9 758 

739 364 

io8 579 

49 336 
99.618 

404.422 

91 - 875 

84.803 

U.404 
0.1ll 

6 -809 
0.846 

0.851 
0 -495 

< 0.005 
n.s. 

< 0.001 
n.s. 

n.s. 
n.s. 

Method 
Sta te  
Time 
Error (a) 
Error (b)  
Error ( c )  
Error (bc) 
n.s. 

acute versus chronic 
normohydration versus hypohydration 
comparison of t he  four centrifuge runs 
subjects  within method 
subjects within method X s t a t e  
subjects within method X time 
subjects  within method X s t a t e  X time 
not s ign i f icant  at  p < 0.05 

RESULTS 

Centrifuge Tolerance 

The r e s u l t s  of t he  ana lys i s  of variance ( tab le  6) indicated: (1) no sig-  
n i f i c a n t  difference i n  mean tolerance times between the  acute and the  chronic 
groups; (2)  a s igni f icant  decrease (p < 0.005) i n  mean tolerance times between 
t h e  normohydration and hypohydration groups; and (3) a s igni f icant  decrease 
(p < 0.001) i n  mean tolerance times during the  four successive runs ( the  
f a t igue  e f f e c t )  . These r e s u l t s  are shown graphically i n  f igure  3. In 
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160 in te rpre t ing  these  r e s u l t s ,  one must . 
140 

keep i n  mind t h a t  t he  acute  g r o q  
might have had some residual e f f e c t s  of 
t h e  heat  per se and t h a t  t h e  chronic 
group were i n T a l o r i c  d e f i c i t  and were 
hyperglycemic when they rode t h e  

ance times indicated t h a t  most of t h e  

Hypohydrotion 2 (Acute) 

Normohydrolion 3 (Acute) 

Normohydrotion 3 (Chronic) 

I20 Hypohydrotion 2 (Chronic) 

V centr i fuge.  The d i f fe rences  i n  t o l e r -  

0 f a t igue  decrement occurred during or 
I 100 

- 80 a f t e r  2 runs with a l e s s e r  decrement 

E The H2c group ( t a b l e  7) had t h e  lowest 

t 
3 

1 

D 

e 0 

F 60 

between the  t h i r d  and fou r th  runs. 

average tolerance time (run l), and 
there  was very l i t t l e  decrement 
(3  .5 percent )  between runs 1 and 4.  
The decrements i n  t h e  acute  hypohydra- 
t i o n  groups (=a - 18.2 percent vs 
N3a - 17.2 percent)  were about equal.  
I n  run 1, t h e  H2a group had a lower 

Thus, acute  hypohydration reduced tal- 
erance time but  did not appreciably 
change t h e  f a t igue  e f f e c t .  The chronic 

group a l s o  exhibi ted a decrease i n  tolerance time when group H2c (82.9 sec)  
w a s  compared with N3c (103.8 sec)  i n  run 1, but  group H2c ( the  hyperglycemic 
group) had a much smaller fa t igue  e f f e c t  (3.5 percent)  compared with N3c 
(12.3 percent ) .  

40 

20 

0 
Run I Run 2 Run 3 Run 4 tolerance t i m e  than t h e  N3a group. 

Figure 3 . -  Average tolerance times for  the various 
experimental groups. 

Run 1 189.5 I i o 5 . i  I 14.8 82.9 103.8 

TABLE 7.- TOIZRANCE TIMES AND THE FATIGUE EFFECT DURING CENTRIFUGATION 
( seconds ) 

\ 

20.1 

Percent I H2c I N3c I Percent 1 I H2a I N3a I decrement decrement 

R u n  4 73.2 87.0 15.9 

decrement 18.2 17.2 
Percent 

80.3 91.0 11.8 

3.5 12.3 

Heart Rate Changes During Centr i fugat ion 

Heart r a t e s  were counted during t h e  10-second per iod immediately before 

The average changes i n  hear t  rates (pos t  minus p r e )  f o r  t h e  var ious 
centr i fugat ion (pre)  and during t h e  10-second per iod  during dece lera t ion  
( p o s t ) .  
experimental groups a r e  presented i n  f igu re  4.  The pos t -cent r i fuga t ion  aver- 
age hea r t  rates a re  a l s o  p l o t t e d  d i r e c t l y  above t h e i r  respec t ive  groups. With 
the  exception of t h e  H2a group, whose average d i f fe rences  i n  hea r t  r a t e s  were 
e s sen t i a l ly  equal f o r  t h e  f i rs t  three runs,  t he re  was a progressive diminution 
i n  the  differences during the  f i rs t  two runs and then a leve l ing  off during 
runs 3 and 4. The general  tendency of t h e  d i f fe rences  i n  t h e  hea r t  r a t e s  t o  
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decline during successive runs para l -  
l e led  a similar decl ine i n  to le rance  
times ( f i g .  3 ) .  ~ i i  g e x r z l ,  t h e  sir- 
ferences i n  t h e  hear t  rates (run 1 
through run 4) were due t o  a s l i g h t  
progressive increase i n  the pre-run 
hear t  rate and a s l i g h t  decrease i n  t h e  
post-run rates. However, t h e  H2a 
group showed t h e  opposite e f f e c t  - 
increased post-run rates and r e l a t i v e l y  
constant pre-run heart rates. It 
appeared that the cent r i fuga t ion  pro- 
duced more s t r a i n  i n  t h e  E a  group 
since the post-run pulse  rates were 
higher than  i n  the other  groups. The 
H2c group followed t h e  p a t t e r n  of t h e  
N3c and N3a groups. It w a s  coinciden- 
t a l ,  b u t  i n t e re s t ing ,  that the re  w a s  a 
6-beat/min difference between H2c and 
N3c during a l l  4 runs.  

Figure 4.- Heart-rate changes for the various experi- 
mental groups during centritbgation. 

Body Weight Changes and Tolerance Times 

A comparison of the H2 and Nlbody weights after hypohydration indicated 
that t h e  acute  group (ma) w a s  3.4-percent hypohydrated and t h e  chronic group 
( H ~ c ) ,  3.8 percent  ( f i g .  5 ) .  The N 1  body weight w a s  selected as t h e  b a s i s  f o r  
t h e  ca lcu la t ion  of hypohydration r a the r  than N 3  because N 1  w a s  t h e  more accu- 
rate normal" body weight. I t  The N3 mean bods weights f o r  t he  two groups w e r e  

72 - 

71- 

70 - 
m s 

E 
.% 69- 
r z 

68 - 

67 - 

66 

- Amte hypohydrotion g m D  

--- Chronic hypohydralion group 

I I I I 
NI n2  n2 N 3  

R C  -hypohydrotion ht-hyvohydmtion 

Plgure 5.- Body weight changes with hypohydration. 

- -  
slightly-lower than t h e  corresponding 
N1 weights, perhaps ind ica t ing  some 
re s idua l  ca lo r i c  d e f i c i t  and/or volun- 
t a r y  dehydration (ref.  28) .  Since t h e  
mean body weights f o r  t h e  two groups 
were approximately t h e  same i n  N1, H2 
post-hypohydration, and N3, it 
appeared that t h e  wide difference 
between t h e  body weights of t h e  two 
groups observed i n  H2 pre-hypohydration 
( f i g .  5 )  may have r e su l t ed  from 
increased amounts of food and/or water 
consurnption i n  expectation of t h e  
forthcoming d ie t a ry  r e s t r i c t i o n  per iod.  
Therefore it seemed appropriate  t o  
compare H2 post-hypohydration with N 1  
when t h e  percent  body weight l o s s  w a s  
computed. Table V I  p resents  addi t iona l  
d a t a  regarding body weight changes. 
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Figure 6.- Body weight loss and tolerance times. 

There was e s s e n t i a l l y  no r e l a t ioq -  
ship between body weight l o s s  and run 1 
tolerance time decrements i n  H2 
( f i g .  6 ) .  However, body weight loss i s  
not an accurate measurement of hypo- 
hydration. 
ca lor ic  d e f i c i t  i n  t h e  chronic group. 

Also, t h e  d i e t  caused a 

Cardiovascular and Metabolic Variables 

The s igni f icant  changes i n  t h e  cardiovascular and metabolic var iab les  

(See table V ( b )  f o r  t he  complete r e s u l t s  of t he  
I between method (acute vs chronic) and s t a t e  (normohydration vs  hypohydration) 

a re  presented i n  t a b l e  8. 

TABU 8.- CARDIOVASCULAR AND METABOLIC VARIABLES; ANALYSIS OF VARIANCE SUMMA-RY 

Lying pulse  r a t e  
Standing pulse  r a t e  
S - L pulse r a t e  
Lying SBP 
Standing SBP 
s - L S B P  
Lying DBP 
Standing DBP 

2-min standing SBP 
A standing SBP 
2-min standing DBP 
A standing DBP 
Serum glucose (mg/100 d) 
Evans blue space ( m l )  
Red c e l l  volume ( m l )  
B l o o d  volume ( m l )  
Hematocrit (vo l  percent)  
Serum N a  (mE / 2 )  
Serum K (aqr j2)  
Serum ~1 (mEq/2) 
Serum osmolarity (mosm/2> 
Urine volume ( m l )  
Urine N a  (mE / 2 )  
Urine K (mEq 3 2 )  
Urine ~1 (mEq/z) 
Urine osmolarity (mosm/2) 

S - L DBP 

Method zrror (a) 
- 

< 0.050 
< 0.025 

< 0.025 

< 0.005 
< 0.005 

< 0.025 

< 0.001 

- 

- 
- 
- 
- 
- 

< 0.01 
< 0.001 
< 0.001 
< 0.001 - 

- 
- 
- 

< 0.01 
< 0.025 

< 0.05 
- 
- 

Sta te  
- 

< 0.001 
< 0.001 - 
< 0.050 
< 0.050 

- 
- 
- 
- 
- 
- 
- 

< 0.005 

< 0.025 
< 0.001 

< 0.001 
< 0.010 - 
< 0.05 

- 
< 0.01 

< 0.001 

< 0.001 

- 
< 0.005 

< 0.025 

k thod  X Sta te  
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. 
analysis  of variance.) 
D;6,.,rLrLalrvy -- --1.c.._. ---+q-- 5:ffset. i n  the acute and chronic hypohydration groups. 
sugar w a s  given t o  the  chronic group, the  difference i n  serum glucose w a s  t o  
be expected. 

Only serum glucose, serum K, and urine osmolarity were 
Since 

On the  other hand, many var iables  i n  the normohydration group d i f fe red  
s ign i f i can t ly  from those i n  the  hypohydration group. Some o r thos t a t i c  i n t o l -  
erance w a s  present under hypohydration. The immediate standing pulse rate 
increased 20 beats/min, and the  immediate standing minus lying pulse rate 
increased 15 beats/min. The immediate standing sys to l i c  blood pressure (SBP) 
decreased 10 mm Hg as d i d  standing minus lying sys to l i c  blood pressure.  
Neither the  lying nor the  2-minute standing pulse  rate, nor sys to l i c  nor dia- 
s t o l i c  blood pressure,  changed with hypohydration. The 10 mm Hg decrease i n  
standing SBP w a s  e s sen t i a l ly  a normal response, but  the  2O-beat/min increase 
w a s  about twice the  normal increment when the subject assumed the  upright posi-  
t i o n  ( r e f .  40).  Sem glucose w a s  different  f o r  t he  reason mentioned above. 
A l l  t he  const i tuents  of t he  blood volume changed s ign i f i can t ly  with hypohydra- 
t i on :  t he  plasma volume decreased 410.1 m l ,  t h e  red c e l l  volume decreased 
116.4 m l ,  t he  t o t a l  blood volume decreased 326.5 m l ,  and the  hematocrit 
increased 1.8 volume percent.  The reason for the  discrepancy between the red 
c e l l  volume and hematocrit i s  not readi ly  apparent. The serum Na and C 1  were 
unchanged, while the  serum K and osmolarity were s ign i f i can t ly  increased with 
hypohydration. 
ur inary K and osmolarity were increased, the l a t t e r  two var iables  r e f l ec t ing  
the  elevated serum l eve l s .  

The urinary N a  and C 1  were s ign i f i can t ly  decreased and the  

I n  t a b l e  8 e r ro r  (a )  ind ica tes  the leve l  of significance of t he  i n t r a -  * 
c l a s s  cor re la t ion  coef f ic ien t  
value of a pa r t i cu la r  var iable  i n  H2 was highly correlated with the N3 value 
f o r  t he  sane individual.  A s igni f icant  value i n  the  last column indica tes  
i n t e rac t ion  between method and s t a t e .  This means that the  relat ionship 
between the  values of a pa r t i cu la r  variable ( i . e . ,  serum sodium) for  groups 
N3c and H2c w a s  e i t h e r  not i n  the  sane d i rec t ion  or not of the  same magnitude 

p .  A signif icant  e r ro r  (a) means t h a t  the  

- Acute --- Chronic 

Pigure 7.- Significant method X state interactions - 
analysis of variance. 

a s  t h e  same var iable  i n  groups N3a and 
m a ,  indicat ing a d i f f e r e n t i a l  
response t o  hypohydration and the  
method used t o  induce it. From 
tab le  8 it can be seen, under Method X 
State ,  that red c e l l  volume, urinary 
volume, ur inary sodium, and urinary 
chloride exhibited in te rac t ion  (see 
f ig .  7 ) .  Conversely, the  urinary 
sodium and chloride values pa ra l l e l ed  
each other very closely i n  the  chronic 
and i n  t h e  acute experiments. A very 
high cor re la t ion  (r = 0.97) w a s  found 
i n  previous work between the  mean 
dai ly  urinary sodium and chloride 
( r e f .  41). 
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Blood Volume Consti tuents and Tolerance T i m e s  

The red c e l l  volume, Evans blue space (plasma volume), and t o t a l  blood 
volume for t he  four  experiments a r e  presented i n  f igu re  8. 
volumes were e s s e n t i a l l y  equal i n  N3a, Wc, and N3c, and about 250 m l  lower i n  

The red c e l l  

H2a. I n  general ,  t he  hhohy  
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r a t ion  plasma volumes were about 400 m l  l e s s  than 
t h e  normohydration plasma volumes. 
The H2a t o t a l  blood volume w a s  about 
750 m l  l e s s  than N3a; H2c w a s  about 
400 m l  l e s s  than N3c. 
blood volume f o r  t h e  acute group w a s  
decreased about twice as much as t h e  
chronic group. Since the  l e v e l s  of 
t o t a l  body weight l o s s  reached by t h e  
two hypohydration groups were essen- 

grea te r  t o t a l  blood volume l o s s  of t h e  
acute group w a s  due t o  the  nature of 
t he  hypohydration process - short  time 
p lus  intense heat  - as has been 
described by S a l t i n  ( r e f .  29). 

+ 
Thus, t he  t o t a l  

+ 
+ t i a l l y  equal, it i s  l i k e l y  t h a t  t h e  

H2c N3c 

Figure 8.- Blood volume consti tuents i n  normo- and There w a s  l i t t l e ,  i f  any, r e l a -  
t ionship  between t h e  percent blood 
volume l o s s  and percent  change i n  r u n 1  

The plasma 

hypohydration. 

to lerance time i n  e i t h e r  t h e  acute or chronic groups ( f i g .  9). 
volume a lso  exhibi ted very l i t t l e  re la t ionship  t o  run 1 tolerance time i n  the  
two hypohydration groups ( f i g .  10 - l e f t  s i d e ) .  
( f i g .  10 - r i g h t  s ide)  showed a negative re la t ionship  between plasma volume 
and run 1 tolerance time. Since t h e  sample s i zes  a r e  r a the r  small, no def i -  
n i t e  conclusions can be drawn. From t h e  evidence it appears that the re  i s  no 
d e f i n i t e  pos i t ive  re la t ionship  between the  decrease i n  the  blood volume con- 
s t i t u e n t s  and decrements i n  tolerance t ime. 

The two normohydration groups 

c T A 
* 2 5 -  

5000r r 0 
4000 0 

A 
9 (_I A i' A 1 0 

Normohydration E 2000 
m Hypohydrotion 

A Acute H 2  A Acute N 3  
0 Chronic H2 0 Chronic N3 

1000 -- 
0 40 80 120 160 2 0 0 0  40 80 120 160 

Tolerance time. sec Tolerance time, sec 

Figure 9.- Blood volume changes and tolerance times. Figure 10.- Plasma volumes and tolerance times. 

DISCUSSION 

Before the  mechanisms involved i n  t h e  decreased to le rance  of hypohydrated 
subjects  can be discussed, t h e  problem must be c l e a r l y  defined. Blackout 
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tolerance,  as used i n  t h i s  study, i s  e s s e n t i a l l y  t h e  po in t  when t h e  subject  
'can no longer see t h e  c e n t r a l  l i g h t .  
pressure i n  t h e  r e t i n a l  vesse ls  cirops Lu airuiit 23 xii Yg ::here the  excess intra- 
ocular pressure compresses t h e  a r t e r i e s  completely, and v i s ion  i s  l o s t  even 
though t h e  blood pressure i n  t h e  rest of the b r a i n  i s  adequate (refs. 3, 32, 
and 42) .  Thus, t h e  "final common pathway" i n  the  chain of events influencing 
blackout tolerance i s  t h e  maintenance of the r e t i n a l  a r t e r i a l  blood pressure,  
t h e  la t ter  being a r e f l e c t i o n  of t h e  systemic blood pressure as a whole. I n  
t h i s  study we were looking a t  t h e  e f f e c t s  of an  increasing hydros ta t ic  pres-  
sure head due t o  cent r i fuga t ion  p lus  t h e  e f f e c t s  of muscular exerc ise  (essen- 
t i a l l y  in te rmi t ten t  isometric contract ions)  p l u s  t h e  influence of two types of 
hypohydration on t h e  a b i l i t y  of t h e  physiological systems t o  maintain blood 
pressure, spec i f i ca l ly  i n  t h e  retinal vessels .  

Presumably, at t h a t  po in t  t h e  blood 

The complex dynamic regula t ion  of t h e  blood pressure during acce lera t ion  
depends upon two physiological  var iables;  cardiac output (flow) and per iphera l  
r e s i s t ance  according t o  t h e  general  formula: 

(1) Pressure = Flow X Resistance,  or 

(2)  Blood pressure = Cardiac output X Peripheral  r e s i s t ance  

If hypohydration a l t e r s  blackout tolerance through a physiological  mechanism 
or mechanisms, it probably a c t s  by modifying cardiac output and/or per iphera l  
r e s i s t ance .  Three main systems serve t o  control mean arterial  pressure.  Cate- 
gorized on a time b a s i s  they a re :  
5 t o  10 seconds; (2) t he  cap i l l a ry  f l u i d  s h i f t  that takes  2 t o  30 minutes; and 
(3) t h e  kidney pressor substances t h a t  a re  t h e  slowest ac t ing  and take from 2 
t o  3 days t o  a c t .  
kidney mechanism probably w a s  not important. 
r e f l exes  and the  cap i l l a ry  f l u i d  s h i f t  mechanisms i n  more d e t a i l .  

(1) the  nervous system re f l exes  which a c t  

Since each run lasted no longer than 2-1/2 minutes, t h e  
We w i l l  d iscuss  t h e  nervous 

The nervous system re f l exes  operate through the  sympathetic nervous 
system which funct ions t o  alter blood vessel  diameter and inf luences the  hea r t  
rate and force  of contract ion.  
i s  the ca ro t id  sinus r e f l e x  which responds t o  changes i n  arterial pressure.  A 
drop i n  pressure,  such as occurs during +G,, causes a decrease of s t r e t c h  ten-  
s ion  i n  t h e  walls of t h e  ca ro t id  receptor.  
increase  i n  autonomic vasoconstr ic t ive a c t i v i t y  and a decrease i n  vasodi la tory 
a c t i v i t y ;  the f inal  e f f e c t  i s  vasoconstriction and increased hear t  rate and 
s t r eng th  of contract ion ( r e f .  43). 
t o  the con t ro l  of blood pressure,  such a s  the increase i n  CO2,  t h e  lack of 02, 
and t h e  changes i n  blood volume that follow, are probably less important 
during +G, 
a mechanical r a the r  than  a biochemical s t r e s s .  However, t he  hormones of t h e  
adrena l  medulla, which can r e f l e c t  emotional l eve l s ,  exe r t  profound e f f e c t s  on 
heart rate and blood pressure and must not be overlooked when mechanisms influ- 
encing to le rance  t o  +Gz acce lera t ion  a re  considered. It i s  p laus ib le  t h a t  
t h e  nervous re f lexes  p lay  the  major r o l e  i n  maintaining blood pressure during 
t h e  acce lera t ion .  

One very important reflex during acce lera t ion  

This lowered tens ion  leads t o  an 

Other known neurotensive systems r e l a t ed  

than the  ca ro t id  s inus r e f l e x  because cent r i fuga t ion  i s  pr imari ly  



Extracel lular  f l u i d  probably s h i f t s  during +Gz accelerat ion ( r e f s .  12  
and 44) even though t h e  time i n t e r v a l  before t h i s  occurs i s  longer than t h e  
neural  responses. However, it i s  very probable t h a t  t h e  f l u i d  s h i f t s  a r e  not 
progressive (ref.  45) and a r e  s u f f i c i e n t l y  s m a l l  ( c i r c a  300 m l )  that they a r e  
not detrimental t o  t h e  cardiovascular dynamics ( r e f .  1 2 ) .  A sudden i n j e c t i o n  
of a large amount of blood i n t o  the  c i rcu la tory  system usually increases t h e  
a r t e r i a l ,  cap i l la ry ,  and venous pressures ( r e f .  43) .  
t h e  same e f f e c t s  as increasing the  blood volume i n  the  lower extremit ies  and 
decreasing it i n  t h e  upper extremit ies .  However, the  decrease of pressure i n  
the  upper half  of t h e  body dominates since nearly a l l p r e s s o s e n s o r s  a r e  i n  
these upper regions. The blood volume i s  an extremely important regulator  of 
blood pressure.  It crea tes  a pressure of i t s  own i n  t h e  c i rcu la tory  system; 
with no blood flow, t h i s  pressure i s  ca l led  t h e  mean c i rcu la tory  f i l l i n g  pres- 
sure ( r e f .  43) .  
t o r y  f i l l i n g  pressure and the  cardiac output. When t h e  blood volume drops t o  
about 3000 m l ,  t h e  mean c i rcu la tory  f i l l i n g  pressure becomes e s s e n t i a l l y  zero 
( r e f .  43) .  Thus, t h e  contr ibut ion of blood volume t o  blood pressure would be 
l o s t .  Howard ( r e f .  22) observed a decrease i n  cardiac output of 32 percent a t  
2.0 G and 40 percent a t  2.4 G i n  two supine subjects during +Gz accelerat ion.  
I n  the  experiments of Lindberg e t  a l .  ( r e f .  46) ,  subjects  seated upright 
exhibited a decrease i n  cardiac output of about 30 percent a t  4.0 G. These 
r e s u l t s  may be compared with the e f f e c t s  of 1.0 G ( t i l t i n g  the  subject from 
t h e  horizontal  t o  t h e  v e r t i c a l  pos i t ion)  which produced a decrease i n  cardiac 
output of about 25 percent ( r e f s .  47 and 48). 

Acceleration would cause 

Any decrease i n  the blood volume would lower t h e  mean c i rcu la-  

The responses t o  +Gz accelerat ions of r e l a t i v e l y  rapid onset (1 t o  
3 G/sec) a r e  characterized by (1) a period of progressive de te r iora t ion  - the  
pulse r a t e  progressively increases,  blood pressure decl ines ,  and t h e r e  i s  a 
reduction i n  vis ion and consciousness; and ( 2 )  a period of compensation - the  
blood pressure r i s e s ,  t h e  pulse  r a t e  increases ,  and the  v is ion  of ten recovers 
( r e f s .  49-53). The period of progressive d e t e r i o r a t i o n  i s  usual ly  a l l e v i a t e d  
i n  about 6 t o  7 seconds by the  cardiovascular compensatory re f lexes  ( r e f .  5 4 ) -  
If the  accelerat ion buildup i s  slow enough ( c i r c a  6 .O G/min), t h e  cardiovascu- 
lar  ref lexes  have s u f f i c i e n t  time t o  "keep up" with t h e  hydrostat ic  forces  
induced by t h e  acce lera t ion  and vis ion i s  not l o s t .  
measure the r e f l e x  capacity of t h e  subject ( r e f .  21) .  
f i l e  i n  the present study w a s  of t h e  gradual onset type; we were assessing t h e  
f u l l  e f f e c t s  of t h e  cardiovascular r e f l e x  mechanisms i n  our measurements of 
tolerance time. 
e r a t i o n  has not been defined, but  t h e i r  main funct ion i n  +Gz 
maintain the blood pressure.  Blackout occurs when a r t e r i a l  pressure a t  eye 
l e v e l  drops below about 20 mm Hg ( r e f s .  3 and 42), and t h e  cause of blackout 
has been a t t r i b u t e d  t o  r e t i n a l  ischemic anoxia ( r e f .  52) and t o  a blockage of 
impulse propagation within the  neural  pathway ( r e f .  55). 
that t h e  pressoreceptors do not respond below about 30 mm Hg ( r e f .  43) .  This 
i s  approximately t h e  pressure a t  t h e  c a r o t i d  s inus when t h e  ocular pressure i s  

Slow runs may be used t o  
The acce lera t ion  pro- 

The spec i f ic  nature of the  r e f l e x  mechanism(s) during accel-  
tolerance i s  t o  

It i s  i n t e r e s t i n g  

20 mm Hg. 

Physiological reac t ions  t h a t  help t o  maintain systemic blood pressure a r e  

Since our subjects  exerted 
increased stroke volume of t h e  hear t ,  tachycardia,  a r t e r i o l a r  c o n s t r i c t i o n  
( r e f .  21), and venoconstriction ( r e f s .  24 and 56) .  
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p s c u l a r  force during centr i fugat ion,  our r e s u l t s  must be in te rpre ted  as a 
comb i n a t  ion centr i fuge -mus cular  exercise  prob la. 

Recent evidence has confirmed that exercise leads t o  d i l a t a t i o n  of t he  
res i s tance  vesse ls  ( a r t e r i o l e s ) ,  an increase i n  t h e  c a p i l l a r y  f i l t r a t i o n  coef- 
f i c i e n t  ( r a t i o  between precapi l la ry  and pos tcapi l la ry  r e s i s t ances ) ,  and a dis-  
tension of the capacitance (venules and veins) vessels .  The d i l a t a t i o n  of t h e  
l a t te r  w a s  caused mainly by an increased pressure and not by an ac t ive  venous 
d i l a t a t i o n  (ref.  57). Warner e t  al.  ( r e f .  58) have concluded that t h e  f a l l  i n  
per iphera l  res i s tance  p lays  an important r o l e  i n  br inging about t h e  increase 
i n  hear t  rate and cardiac output t h a t  occurs i n  t h e  e a r l y  phases of exercise .  

On t h e  other  hand, t h e  r e f l e x  mechanisms during cent r i fuga t ion  without 
exercise  would tend t o  cons t r i c t  t h e  arterioles and venules, t hus  decreasing 
t h e  cardiac output - just the  opposite of the exercise  reac t ion .  The bene- 
f i c i a l  e f f e c t s  of isometric muscular exercise on the  capaci ty  t o  maintain 
blood pressure during cent r i fuga t ion  must not only be centered around t h e  
mechanical r e s t r i c t i o n  of blood flow, but  must a l s o  a i d  venous r e tu rn .  
r e s i s t i v e  e f f e c t s  probably outweigh the  hypotensive e f f e c t s  caused by t h e  drop 
i n  pe r iphe ra l  res i s tance  which normally occurs with exercise ,  s ince muscular 
contract ion i s  known t o  a i d  v i s u a l  tolerance (ref. 3 5 ) .  
t o r y  system r e a c t s  t o  the  net  e f f e c t  of the  two opposing inf luences,  it i s  d i f -  
f i c u l t  t o  d i s sec t  t h e  contr ibut ion of each separately.  

These 

Because the c i rcu la-  

The r e s u l t s  of t h i s  study indicated a s ign i f i can t  decrement i n  G t o l e r -  
ance (14.8 t o  20.1 percent)  of hypohydrated subjects ,  but  e s s e n t i a l l y  no d i f -  
ference i n  G tolerance between the  acute and ckronic hypohydration groups when 
they were allowed t o  exer t  muscular force  during centr i fugat ion.  
time refers t o  time t o  black out during run 1. On t h e  other  hand, subsequent 
work has shown e s s e n t i a l l y  no decrement i n  +G, tolerance i n  men hypohydrated 
up t o  5 percent  of t h e i r  body weight who ride t h e  centr i fuge passively,  with- 
out muscular e f f o r t  (ref. 2 7 ) .  
ing t h i s  problem w a s  conducted by Tal ia fer ro  e t  a l .  ( r e f .  3 0 ) ,  who found a 
decrease i n  acce lera t ion  tolerance of 15 t o  18 percent i n  subjects  hypohydrated 
up t o  3.5 percent  i n  a hot room (5l.7O C and 25-percent r e l a t i v e  humidity) and 
r id ing  passively.  Thus, on t h e  b a s i s  of the above s tudies ,  when heat  was used 
a s  t h e  method of hypohydration, a 15- t o  20-percent tolerance decrement 
occurred regard less  of whether t h e  subjects rode passively or with muscular 
e f f o r t .  
was no decrement i n  tolerance time i n  subjects who rode passively ( r e f .  27) .  

Tolerance 

To our knowledge t h e  only other  study concern- 

However, if hypohydration w a s  induced over a period of 5 days, t he re  

These results are i n  accord with the  free c i r cu la t ing  water (FCW) concept 
proposed by Iade11 (ref.  59) and discussed by Greenleaf e t  a l .  (ref.  2’7). 
Br i e f ly ,  t h e  concept suggests that there  i s  a reservoi r  of water i n  t h e  body 
(about 2 l i ters  or 2 t o  3 percent of the body weight) over and above i t s  c r i t i -  
c a l  needs ;that can be drawn upon i n  time of need. Unt i l  t h e  s to re  of FCW i s  
depleted,  the bodi ly  funct ions could continue unimpaired. 
has not been i d e n t i f i e d ,  bu t  some of it i s  probably ex t r ace l lu l a r  f l u i d .  
ever ,  only 750 m l  of t h e  blood volume was l o s t  i n  t h e  H2a group. 
hydrat ion w e r e  severe enough, t h e  FCW might have been depleted faster than 
compensatory mechanisms could res tore  the  l o s t  f l u i d ,  thus  causing t h e  decrease 
i n  to l e rance  time. 

The s i te  of t h e  FCW 
How- 

If the  hypo- 

In longer term hypohydration (about 5 days) t he re  would be 



suf f ic ien t  time f o r  t he  compensatory mechanisms t o  come i n t o  play t o  maintain. 
the  volume of t he  FCW ( r e f .  2 7 ) .  Thus, performance could continue e s s e n t i a l l y  
unimpaired u n t i l  t he  c r i t i c a l  point  was reached ( f i g .  11, 3-percent l i n e )  when 
the  compensatory mechanisms would f i n a l l y  f a i l .  The c r i t i c a l  po in t  would be 

var iab le  depending upon, among other 
100 th ings ,  t h e  rate and method of hypo- 

t c hydro,,on hydration and t h e  physical  condition 
: of the  subjects .  al 

a 
d 

2 50 
0 I n  t h i s  experiment t h e  4-hour 

sauna ba th  (3  .h-percent hypohydration) 

- 

U 

E 
c b L 
a" 

and the  48-hour water r e s t r i c t i o n  
per iod (3.8-percent hypohydrated) were 
approximately equivalent i n  re duc ing 
centr i fuge tolerance.  The blood 

normohydration l e v e l s ,  were 730 and 
400 m l ,  respect ively.  On the  other  
hand, 
between body weight l o s s ,  blood volume, 
or plasma volume and to le rance  time. 

0 I 2 3 4 5 6 7 8 volume losses ,  compared with t h e i r  

Figure 11.- Graphic concept of the  re la t ionship  

Hypohydrotion. percent of body weight 

between hnohydration, Performance, and f ree-  
c i rcu la t ing  water. 

there  w a s  no c l ea r  r e l a t ionsh ip  

The chronic group w a s  hyperglycemic as a r e s u l t  of t h e  ingested sugar. 
However, there  w a s  only a s l i g h t  decrease i n  t h e  H2c fa t igue  e f f e c t .  Centr i f -  
ugation commenced about one hour following o r a l  sugar ingest ion,  t h e  time nec- 
essary f o r  blood glucose t o  reach i t s  maximum concentration ( r e f .  15) .  Clark 
e t  a l .  ( r e f .  12)  found no s igni f icant  e f f e c t  on +Gz 
hyperglycemia ( 2  g sugar/kg) or  i n su l in  hypoglycemia (50 t o  55 m g / l O O  m l  blood 
glucose);  however, hyperglycemia seemed t o  ameliorate the  untoward e f f e c t s  of 
hyperventilation ( d i z z i n e s s ,  sweating, p a l l o r ,  tachycardia,  e t c  . ) i n  conjunc- 
t i o n  w i t h  +3.4 G fo r  3 seconds. 

tolerance of e i t h e r  

CONCLUSIONS 

Two groups of young male subjects  were hypohydrated approximately 3.6 per-  
cent of t h e i r  t o t a l  body weight by means of a sauna ba th  (acute group) and a 
48-hour water r e s t r i c t i o n  period (chronic group) followed by four  +3.7 G/min 
centr i fugat ion runs which were held a t  6.0 G u n t i l  blackout occurred. P r io r  
t o  centr i fugat ion,  each subject i n  the  chronic hypohydration group was given 
38 g of sugar i n  100 m l  of t ap  water. 

I n  addi t ion t o  glucose, serum K and ur ine  osmolarity were t h e  only bio- 
chemical measurements t h a t  d i f fe red  s ign i f i can t ly  (p < 0.05) between t h e  acute  
and chronic groups; t h e  magnitude of t h e  differences w a s  not considered t o  be 
important physiological ly .  Some o r t h o s t a t i c  intolerance was evident comparing 
rec l in ing  and standing pulse r a t e s  and blood pressures  during hypohydration 
with t h e  normohydration s t a t e .  

16 



Acute hypohydration reduced blackout tolerance 14.8 percent and chronic 
hypohydration 20.1 percent when compared with t h e i r  respect ive normohydration 
tolerances.  Thus, it may be cvlicliided tht: 

1. Hypohydration reduces blackout tolerance 1 4  t o  20 percent.  

2.  The decrease i n  tolerance i s  e s sen t i a l ly  independent of t h e  method 
u t i l i z e d  and t h e  time (4 hours o r  48 hours) over which the  water i s  l o s t .  

3 .  Some o r thos t a t i c  hypotension i s  associated with 3.6-percent hypohydra- 
t i o n ,  and 

4. No c l e a r  re la t ionships  could be demonstrated between body weight loss ,  
t o t a l  blood volume, plasma volume , and tolerance times. 

Ames Research Center 
National Aeronautics and Space Administration 

Moffett F ie ld ,  Calif., Apr . 5 ,  1966 
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100 31 130182 llO/& -2014 lOBI88 21-2 
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TABLE I.- PUISE RATES AND BLOOD PRESSURES 

I Blow prerrbsura I 

Nornohydration (m) 

m 
Hv 
in 
Rp 
JM 
DD 
JEI 
JL 
MP 
DL 
co 
FK 
JG 

fSE 1[ 

n - 

110/84 
120176 
130186 

1421102 

132184 
142IllO 

134178 

116182 

1l2/100 

204/llo 
12219 

133.1/91.4 
7-aq3.73 

11 

-10126 
10118 lC8j70 1216 
0/18 130/80 016 
4/14 llOl84 61-2 

14/22 1210 
212 -618 

12110 61-4 

76 
60 
57 
75 
51 
66 
64 
66 
72 
68 
66 
66 

65.6 

12 
2 -07 

066- 

% 
072 
078 
072 
072 
075 

074 
1-97 
8 

38 
07 

128/100 
llo/m 

0116 
- 8/6 

-610 
-2110 
ml-6 

m 75 
JL 63 6 9  
MP 72 087 
DL 61 076 
CO 51 OB4 
FK 78 120 
J G  60 084 

06 
15 
16 
33 
48 
24 

1210 
-6116 

-16116 
14LZ 
14/22 

- V I 0  

-2110 

-8/9 
mJi4 

-1410 

-61-20 

01-4 l24/1O2 4/-14 
130184 01-8 

818 
104178 1610 

6/26 
20/u 
12/12 
l o l l 8  $$EO 412 

Rormohydration (Wc) 

44 
ss 
62 
64 
74 
52 
60 
66 

60.000 
3.21 
8 

066 

2 
074 
078 
068 
075 
084 

70.625 
3 -6 
8 

22 
00 

-M 
10 
04 
16 
15 
18 

10.625 
2.99 
8 



TABLE 11.- BLOOD VARIABLES 

Serum Evans blue Red cell Blood Serum 

mg/lOO m l  ml ml m l  vol $ m ~ q / l  m ~ q / l  m ~ q l l  mosm/1 
SubJect glucose, space, volume, volume, Hematocrit, Serum Na, Serum K, Serum C1, o~olarlty, 

Normohydrat I o n  ( Nl ) 

MM I 085 3181 
3341 
3612 
3322 
2984 
5319 
3215 
2947 
3445 
3301 
3858 
3633 
3218 

3490 
168 
13 

2293 
2399 
2398 
2178 
2143 
4013 
2328 
2334 
2120 
2756 
24% 
2707 
2359 

2499 
188 .g 
13 

142.9 
140.4 
140.0 
144.0 
143 *5 
143.6 
141.4 
143.2 
144.5 
145 .O 
144.4 
146.0 
143.8 

143.3 

13 
0.49 

278.0 

278.0 
274 .O 
284 .O 
282 .o 
310.0 
294 .O 
294.0 
302 .o 
286 .o 
290.0 
276.0 

286.0 

276.0 

3.08 
13 

4.6 
4 .O 
4.9 
4.4 
4 .O 
3.9 
4.1 
4.6 
4.2 
4.5 
3 .8 
4.6 
4.7 

4.3 
0.1 
13 

102.7 
99.7 
101.9 
102.4 
103.3 
101.2 
105.0 
099.4 
101.6 
100.8 
099.8 
103.8 
101.2 

101.8 

13 
0.46 

JM 090 
DD 097 
JB 093 
JL 085 
t@ 090 
DL 094 

44.8 
43.7 

5281 46.0 
39.7 

6057 47.4 
6314 40.5 
6340 44.5 
5577 44.1 

Hypohydration (Wa) 

MM I 090 I 3136 I 2770 I 5 9 ~ 6  1 48.9 I 146.0 I 4.6 I 104.6 I 280.0 -. 
M I  091 28% 2327 5183 46.8 148.8 

RP 086 3657 2338 5995 40.6 302.0 

r 99.40 3189.0 2421.6 5610.6 45.020 147.64 4.7800 103.38 292.92 * SE 11.20 132.2 89.3 156.8 1.39 0.67 I ;.15 1 i.65 I 3.64 
n 5 5 5 5 5 5 5 

WL 086 3231 2398 44.4 

JM 144 365 2275 5340 44.4 147.4 I 5.0 I 102.8 I 292.9 

-gx l  147 

3322 

Hvoohvdratlon (H2cl 

3559 
2584 

7605 I 48.8 145.0 
148.0 
145.5 
145.2 
149.8 
147.0 
147.7 
146.0 

4.4 
4.4 
4.9 
4.6 
4.6 
4.6 
4.8 
4.4 

294 .o 096.4 
101.6 
101.4 
100.4 
101.4 

101.4 
096.4 

103.8 

6652 44.5 
5409 48.4 
5401 40.8 I 293.5 

302 e 0  

300.0 2515 
2117 
2820 586.0 

294 .O 
34 .0  
300.0 

295.44 
1.81 
8 

5992 49.2 
5818 44.7 
5987 48.3 
5484 47.3 

2670.9 5968.5 46.500 146.77 
148.0 252.8 1.03 I 0.59 

8 I 8  8 8 

24% 
2778 
2490 

J 

Hypohydration (ma and W c )  

x 120.23 3255.8 2575.0 5830.8 45.931 147.11 4.6615 101.52 294.47 
fSE 7-50 89.8 100.6 169.2 0.82 0.44 0.07 0.92 1.73 
n 13 13 13 13 13 13 13 13 13 

Normohydratlon (N3a) 

5.6 100.9 287.5 
4.1 102.0 290.0 
5.2 103.0 292.0 
4.2 104.5 290.0 
4.7 098.4 272.0 

Normohydratlon (N3c) 

4477 975 8052 46.2 145.5 3.9 099.4 284.0 
41.4 

DD 083 
142.4 3.6 100.9 298.0 

JL 084 2862 2560 5422 49.2 144.5 4.2 103.0 290.1 
MP 085 3765 2230 5995 38.7 144.7 4.3 093.9 290.1 

2548 40.2 143.8 4.0 102.2 280.0 

JB 093 3793 2497 6290 

145.0 100.4 280.0 DL 107 3422 2974 6396 48.4 4.3 co 082 4053 6601 
44.8 144.0 4.2 102.5 286.0 FK 079 3615 2727 6342 

JG 118 3400 2382 5782 42.9 147.4 4.3 103.5 293.5 

r 91.38 3673.4 2686.6 6360.0 43.975 144.66 4.1000 101.47 287.71 
fSE 4.93 169.7 149.2 276.3 1.35 0-51 0.09 0.54 2.26 
n 8 8 8 8 8 8 8 8 8 

Normohydratlon (N3a and Qc) - 
X 90.62 3665.9 2691.4 6357.3 44.100 145.28 4.3538 101.58 287.17 

f SE 3.94 110.0 91.9 174.3 0.86 0.68 0.15 0.49 1.89 
U 13 13 13 13 13 13 13 13 13 



TABLE 111.- m m  VARIABLES 

Subject  

r 

Urine volume, Urine Na, Urine K, Urine C1, Urine osmolarity, 
ml mEql’l mEql’l &q/2 mOsm/2 

050 
120 
176 
130 
110 
112 
156 
122 
190 
188 
100 
252 
156 
143 
14.15 
13 

MM 
Hv 
WL 
RP 
JM 
DD 
JB 
JL 
I@ 
DL 
co 
FK 
JG 
X 

? SE 
n 

- 

016 
084 
042 
052 
036 
050 
094 
060 
028 
074 
112 
100 
091 
64 

13 
8.38 

MM 
Hv 
wz 
RP 
JM 
X 

5 SE 
n 

- 

DD 260 052 0% 

JL 030 098 056 
M P  110 038 I20 

080 140 DL 125 
co 152 056 148 
FK 142 026 128 
JG 025 
X 113.63 57-500 123.50 

? SE 27.08 8 -0g 12.22 
n 8 8 8 

J33 065 048 164 

062 140 

- 
077 
249 
025 
128 
170 
030 
005 
012 
030 
030 
210 
210 

098 
26 .06 
12 

081.7 0936.0 
1112.0 107.5 
0820 .o 092.1 

076 7 0676 .O 
147.8 1300. o 
113 .I. 0988.0 
064.8 1012 .o 
115 .i 1154 0 
99.850 999 75 
9 *37 69.18 
8 8 

038 
007 
025 
040 
074 
36.80 
11.01 
5 

- 67.692 118.31 108.68 X 84.077 
? SE 19.88 12.24 10.21 11 *37 
n 13 13 13 13 

968.46 
49 -12 
13 

055 7 
190.8 
173.3 
144.2 
116.3 
118.9 
192.3 
127.2 
197.9 
228.3 
097 - 3 
326.1 
200.4 
166.8 
19 -05 
13 

Hypohydration (ma) 

066 
020 
088 
194 
052 
84 .OOO 
29 -63 
5 

068 
160 
152 
090 
080 
110.00 
19.14 
5 

0274 .O 
0786 .o 
0740 .O 
1000.0 
1058 .o 
0484.0 
1074.0 
0932.0 
0834 .o 
1180.0 

0896 .o 
875 
68.65 
13 

1148.0 
0966.0 

141.2 
077.7 
098.2 
216.8 
080.2 
122.820 
26 . io 
5 

0852 .o 

1162.0 
0896.0 
0918 .o 

0764 .O 

918.40 

5 
66-37 

i 

25 



TABLE 111.- URINE VARIABLES - Concluded 

Urine volume, Subject m l  
Urine Na ,  Urine K, Urine C1, Urine osmolarity,  

mEq/z mEq/z m / z  mO sm/ 2 

Normohydration (N3a) 

155-231 
18.25 
13 

MM 
Hv 
WL 
RP 
JM 
X 

+- SE 
n 

- 

DD 
JB 
JL 
MP 
DL 
co 
FK 
JG 
x 

k SE 
n 

- 

72.31 180.38 780.92 

13 13 13 
6.98 19 .oo 62.14 

26 

080 
160 
125 
006 
150 
104.20 

5 
28.17 

350 
028 
050 
060 
088 
028 
052 
030 
85 - 75 
38 -43 
8 

066 

036 

088 
110.800 
35.35 

124 

240 

5 

171.6 

258.8 
102.8 

074.2 

Normohydration (N3c ) 

168 
198 
164 
134 
264 
152 
188 
196 
183 .ooo 
13 -97 
8 

096 
055 
051 
104 
0 76 
064 
112 
055 
76 -63 
8.58 
8 

181.8 
213.4 
174.4 
131.3 
262 -4 
211.4 
268.3 
223.6 
208-3251 
16.13 
8 

Normohydrat i o n  (N3a and N3c ) 

0408.0 
0536 .o 
0586.0 
0984 .O 
0476 .O 
598 .oo 
100.99 

5 

0714 .O 
1014 .O 
0984 .O 
0804.0 
0946.0 
1048 .o 
0708.0 
0994.0 
895 -25 
47.53 
8 

. 



- 
X 
i s  
n 

Bg.50 l l 3 l l72  59 80.10 1071167 60 77.90 113/173 60 73-20 U4/18l 

5 5 5 5 5 5 5 5 5 5 5 
m.49 6.4016.74 10.8 9.04 4.41/5.02 4.2 6.73 8.9.3/13.86 12.7 6.52 6.84j21.67 

TABLE 1V.- C-GE TOLERANCE TIMES AND HEART RATES 

rdration (m) 

083.0 
055.5 

071.5 
084.5 
072.5 

78.7 
10 

- 
og6 .O 
w . 5  
101.0 
067.0 
083.5 
070.0 
083.0 
066.5 
081.0 
Q35.5 
073.0 
078.5 
W.0 

82.1 

13 
3.05 

W5.0 

050.5 
091.0 

082.0 
054.5 
081.0 
Q35.5 
065.0 
084.0 

76.5 
5.32 
9 

Wl.0 
079.5 
075.5 
082.5 
059.5 
081.0 

67 
16.4 
5 - 
- 

42 
72 
42 
42 
60 
42 

$ 
49 
4.3 
8 

- 
085.5 
084.5 
079.5 
085.0 
130.5 
063.0 
o n . 7  
079.0 

080.7 
3.72 
0 - 

- 
42 
60 
48 
48 
60 
30 

E 
48 

3.4 
8 

093.5 
085.0 
069.5 
084.0 
C67.0 
074.5 
095.5 
079.0 

-9 
8-95 
0 

72 

42 
04 
90 
42 
04 
60 

68 
8 .O 
7 - 

082.5 

m . 5  
oSS.0 

064.5 
083.5 
060.5 

78.6 

8 

078.0 

094.0 

3.89 

074.5 
084.0 
100.5 
064.0 

47 1 :.31 
2.7 3.92 

llO/156 52 88.0 100/156 % 
T490/8.69 t.5 3.55 11.16/9.10 9.8 

5 5 5 5 

Aonuohydratiw (aja and Wc) 
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TABLE V.- CARDIOVASCULAR AND METABOLIC VARIABLE3 

( a )  Raw data  swnmary 
(Mean values +SE) 

Normohvdrat i o n  Hypohydrat ion 

64.9 (3.28) 
65.8 (4.93) 
65.2 

~~~ 

60.0 (3.21) 
61.0 (5.35) 
60.4 

62.4 
63.4 

79 -3 
82.8 

16.9 
19.4 

126.2 
118.8 

128.2 
118.2 

2.1 
-0.6 

78.8 
80 .o 

90.6 
87.2 

11 .g 
18.2 

126.5 
116.2 

1.6 
2 .o 

Lying pulse ra te ,  Chronic 
Acute 

X 
bea t  s/min - 

88.2 (6.03) 
93.8 (9.15) 
90.4 

70.4 (3.06) 
71.8 (5.48) 
70 *9 

Standing pulse  ra te ,  Chronic 
Acute 

X 
b e a t  s/min - 

23.4 (5.36) 

25.2 
28.0 (5.25) 

10.4 (2.99) 
10.8 (2.58) 
10.5 

Standing minus lying Chronic 
Acute 

X 
pulse  r a t e  - 

Lying sys to l i c  blood Chronic 
Acute 

X 
- pressure 

126.8 (8.22) 
118.0 (3.80) 
123.4 

125.5 (6.74) 
119.6 (5.00) 
123.2 

Standing s y s t o l i c  Chronic 
blood pressure Acute w 

126.5 (7.42) 
107.2 (10.27) 
119.1 

130.0 (5.42) 
129.2 (2.65) 
129 * 7 

-0.3 (4.30) 
-10.8 (9.54) 
-4.3 

Standing minus ly ing  Chronic 
Acute s y s t o l i c  blood - 

pressure X 

80.5 (1.92) 
78.0 (16.34) 
79.7 

77.0 (2.45) 
82.0 (8.23) 
78.7 

Lying d i a s t o l i c  Chronic 
Acute 

X 
- blood pressure 

93.5 (4.73) 
86.0 (5.69) 
90.6 

87.8 (2.15) 
88.4 (6.40) 
88 .o 

Standing d i a s t o l i c  Chronic 
Acute 

X 
- blood pressure 

10.8 (1.64) 
12.8 (4.92) 
11.5 

Standing minus ly ing  Chronic 
Acute - d i a s t o l i c  blood 

pressure X 

126.0 (7.15) 
109.6 (5.70 
119 7 

127.0 (4.54) 

125.4 
122.8 (4.80) 

2-min standing Chronic 
sys to l i c  blood 
p re  s sure X 

Acute - 

-0.3 (4.51) 
-2.4 (4.75) 
-0.8 

3.0 (2.64) 
6.4 (2.71) 
4.3 

A standing s y s t o l i c  Chronic 
Acute 

X 
- blood pressure 

28 



TABLE V.- CARDIOVASCULAR AND METABOLIC VARIABLES - Continued 

( a )  Raw data sunnnary - Continued 
(Mean values ISE) 

Ey-pohydrat i on  Normohydration x 
2-min standing Chronic 92.8 (3.87) 94.8 (3.23) 93 98 

d i a s t o l i c  blood Acute 84.4 (4.62) 90.8 (6.41) 87.6 
pressure f? 89.5 93 0 . 2  

A standing d i a s t o l i c  Chronic 0.8 (3.76) -7.0 (2.95) -3.1 
blood pressure Acute - 1.6 (3.49) -2.4 (3.87) -0.4 

X 1.1 -5.2 

Serum glucose, Chronic 133.2 (6.99) 91.4 (4.93) 112.3 
m g / l O O  ml Acute 99.4 (11.20) 89.4 (7.24) 94.4 x 120.2 90.6 

Evans blue space, Chronic 3297.6 (124.7) 3673.4 (169.7) 3485.5 
m l  Acute - 3189.0 (132.2) 3654.0 (117.4) 3421.5 

X 3255 -8 3665.9 

Red cell volume, Chronic 2670.9 (148.0) 2686.6 (149.2) 2678.8 
m l  Acute 2421.6 (89.3) 2699.0 (59.5) 2560.3 x 2575 -0  2691.4 

Blood volume, Chronic 5968.5 (252.8) 6360.0 (276.3) 6164.2 
m l  Acute - 5610.6 (156.8) 6353.0 (152.3) 5981.8 

X 5830.8 6357 3 

Hematocrit, Chronic 46.5 (1.03) 44.0 (1.35) 45.2 
vel Acute - 45.0 (1-39) 44.3 (0.79) 44.6 

X 45 -9 44 .i 

Serum N a ,  
mEq/ ‘1 

Chronic 146.8 (0.59) 144.7 (0.51) 145.8 
Acute - 147.6 (0.67) 146.3 (1.57) 147.0 
X 147.1 145.3 

Serum K, Chronic 4.6 (0.07) 4.1 (0.09) 4.4 
Acute 4.8 (0.15) 4.8 (0.29) 4.8 

4.4 
mEq/ 1 x 4.7 

Chronic 100.4 (0.93) 101.5 (0.74) 100 .g 
Acute 103.4 (1.65) 101.8 (1.03) 102.6 x 101.5 101.6 

Serum osmolarity, Chronic 295.4 (1.81) 287.7 (2.26) 291.6 
mosm/ L Acute 292-9 (3-64) 286.3 (3.64) 289.6 x 294 95 287.2 



TABLE V.- CARDIOVASCULAR AND MJTCABOLIC VARIABLES - Continued 

(a) Raw data  summary - Concluded 
(Mean values +SE) 

Urine volume, 
m l  

Urine Na, 
~ q l l  

Urine K, 
mEq/’t 

Urine C1, 
mll’l 

Urine osmolar it y , 
mosm/l  

Tolerance time 

Chronic 
Acute x 

Chronic 
Acute 

37 

Chronic 
Acute 

X 

Chronic 
Acute x 

Chronic 
Acute 

X 

Chronic 
Acute 

- 

- 

37 

Hyp ohydr a t  i on 

113.6 (27.08) 
36.8 (11.01) 
84.1 

57.5 (8.09) 
84.0 (29.63) 
67.7 

123.5 (12.22) 
110.0 (19.14) 
118.3 

99.8 (9.37) 
122.8 (26.10) 
108.7 

999.8 (69 -18) 
918.4 (66.37) 
968.5 

80.9 (1.73) 
80.2 (5.57) 
80.5 

Normohydrat ion  

85.8 (38.43) 

92.8 
104.2 (28.17) 

76.6 (8.58) 
65.4 (12.40) 
72 -3 

208.3 (16.13) 
135-7 (35-71) 
180.4 

93.8 (8.09) 
95.7 (2.14) 
95 * o  

31 

99.7 
70.5 

120.2 
97.4 

100.1 
87.7 

154.1 
129.2 

947.5 
758 -2 

87.4 
88 .o 



. TABLE V.- CARDIOVASCULAR AND METABOLIC VAFiIABLES - Continued 

Degree 
of freedom Source 

(b) Analysis of variance data 

F P 
sum of Mean 
squares square 

Method 1 
Error ( a )  11 

Sta te  1 
M X S  1 
Error (b)  11 

5 *6 5 =6 
1595 *8 145.1 
152.6 152.6 

0.1 0.1 
639.8 58.2 

n.s. 
0.002 n.s.  

Method 1 74.9 74.9 0.22 
Error (a) 11 3671.5 333 -8 3 *05 
S ta t e  1 2461.9 2461.9 22.46 

Error (b) 11 1205.5 109.6 
M X S  1 26.1 26.1 0.24 

n.s.  

< 0.001 
n.s. 

< 0.05 

Method 
Error (a) 

S ta t e  
M X S  
Error (b) 

0.19 
3 -76 

25.62 
0.50 

1 
11 

1 
1 
11 

n.s.  

< 0.001 
n.s.  

< 0.025 

I I 

Method 
Error (a) 

S ta t e  
M X  S 
Error (b) 

2244.2 204 .O 

1388.5 1388.5 

596.4 54.2 

1 330.1 
11 6707.4 
1 0.1 
1 12.6 

11 405 3 

Lying sys to l i c  blood pressure I 
330 -1 

0.1 
12.6 

609.8 

36.8 

0.54 n.s. 

0.003 n.s. 
0.34 n.s.  

16 -57 < 0.001 

I 

Method 1 621.6 621.6 1.26 
Error  (a) 11 5432.6 493 -9 3 -50 
S t a t e  1 732 5 732 -5 5.20 
M X S  1 526.2 526.2 3 -73 
Error  (b) 11 1551.0 141 .O 

n.s. 
< 0.025 
< 0.05 

n.s.  



TABLE V.- CARDIOVASCULAR AND METAJ3OLIC VARIABLES - Continued 

F Degree sum of Mean 
of freedom squares square Source 

(b) Analysis of variance data - Continued 

P 

Method 1 
E r r o r  ( a )  11 

M X S  1 
E r r o r  (b) 11 

State  1 

43.6 45.6 0.25 n .s .  
2008.2 182.6 1.26 n.s.  

376 -9 376 *9 3 *43 n.s .  
753 *8 753 08 5.20 < 0.05 

1593 -3 144.9 

Met hod 
E r r o r  (a )  

State  

E r r o r  (b) 

Method 

State  
M X S  

E r r o r  (a )  
1 8.3 8.3 0.06 n.s .  

1 6 .o 6 .o 0.34 n.s .  
1 75 *O 75 -0 4 . lg  n.s. 

10 1371.0 137.1 7.66 < 0.005 

Method 
Error  (a)  

State  

E r r o r  (b) 

1 72.1 72.1 0.31 

1 44.4 44.4 1.05 
1 102.3 102.3 2.43 

11 2517.4 228.9 5.44 

11 463 -3 42.1 

Standing minus lying d i a s t o l i c  blood pressure 

n.s.  
< 0.005 

n.s.  
n.s.  

1 
11 
1 
1 
11 

0.73 
2.70 
1.59 
0 .go 

246.1 246.1 
3731 4 339.2 
199 93 199 3 
112.6 112.6 

1380.1 125.3 

2-min standing s y s t o l i c  blood pressure I 
652 =9 

4165.6 
210.6 
228.9 
962.4 

Method 
Er ro r  (a) 

State  
M X S  
Error  (b) 

652 09 
378 -6 
210.6 
228.9 
87.5 

1 
11 

1 
1 
11 

n.s .  
n.s. 
n.s .  
n.s.  

< 0.025 

2.62 n.s.  



Degree 
of freedom 

TABU3 V.- CARDIOVASCULAR AND METABOLIC VARIABLES - Continued 

F P 
sum of Mean 
squares square 

(b) Analysis of variance data - Continued 

Method 
Error ( a )  

S ta te  
M X S  
Error (b) 

1 0 =9 0.9 0.01 n.s. 
11 1,24788 113.4 1.41 n.s. 

1 167.5 167.5 2.09 n.s. 
1 56 -4 56.4 0.70 n.s. 
11 882.1 80.2 

Method 
Error (a) 

Sta te  
M X  S 
Error (b) 

Method 
Error (a) 
Sta te  
M X S  
Error (b) 

1 232.8 232.8 1.32 n.s. 
11 19937.4 176.1 2.64 n.s. 

1 88.7 88.7 1.33 n.s. 
1 29.7 29.7 0.45 n.s. 
11 733 06 66.7 

1 
11 

1 
1 
11 

Method 1 1,974.5 1,974.5 
Error (a) 11 3,569.3 324.5 
Sta te  1 5,700 99 5,700.9 
M X S  1 1,56301 1,563.1 
Error (b) 11 4,08005 371-0 

45.6 
952 02 
258.6 
21.7 
869 7 

6.08 < 0.05 
0.87 n.s. 

15.37 < 0.005 
4.21 n.s. 

45.6 
86.6 
258.6 
21.7 
79 -1 

~ 

25,206.2 
2,614,211 .o 

12,254.6 
494,262.8 

1,093,060.1 

n.s. 
n.s. 

25,206.2 
237,65505 

12,254.6 
44,933 00 

1,093,060.1 

Serum glucose, mg/100 

0.11 
5.29 
24.33 
0.27 

n.s. 
< 0.01 
< 0.001 

n.s. 

I Method 
Error (a) 
S ta t e  
M X  S 
Error (b) 

1 
ll 
1 
1 
ll 

. 33 



TABLE V.- CARDIOVASCULAR AND METABOLIC VARIABLES - Continued . 

F Degree sum of Mean 
squares square Source of freedom P 

Method 
Error (a) 

S ta t e  
M X S  
Error (b)  

Method 1 86,341 .o 86,341.0 0.37 
22.32 Error (a)  11 2,587,081.6 235,189.2 

88,045 .O 8.36 
M X S  1 103,324.1 105,324.1 9.99 
Sta t e  1 88,045 .o 

Error (b) 11 115,916.4 10 7 53 7 -9 

1 
11 

1 
1 
11 

n.s.  
< 0.001 
< 0.025 
< 0.01 

204,849.1 

1 j801,551 5 
189,432 99 

7,966,390 6 

841,842.6 

Hematocrit, vo l  $ r 

204,849.1 0.28 n.s.  

1,801 551 5 23.54 < 0.001 
1899432.9 2.48 n.s .  

724,217.3 9.46 < 0.001 

76 , 531 1 

Method 1 2.052 2.052 0.12 
Error  ( a )  11 igo .872 17.352 8.51 

M X S  1 5 0013 5.013 2.46 
Sta t e  1 21.786 21.786 10.68 

Error (b )  11 22.431 2 *039 

I Serum K, mEq/z I 

n .s .  
< 0.001 

< 0.01 
n.s.  

Method 1 9.330 9.330 2.52 
Error  (a )  11 40 759 3.705 0.79 
Sta t e  1 21.787 21.787 4.65 
M X  S 1 0.824 0.824 0.18 
Error  (b) 11 51 559 4.687 

34 

n.s. 
n.s. 

n.s.  
n.s. 

Method 1 1.118 1.118 8.28 

Sta t e  1 0.615 0.615 5.26 
Error (a)  11 1.480 0.135 1.15 

M X  S 1 0.336 0.336 2.87 
Error  (b) 11 1.289 0.117 

< 0.025 

< 0.05 
n . s .  

n.s. 



TABLE V.- CARDIOVASCUIAR AND MFTABOLIC VARIABLES - Continued 

Source 

. 

F P 
Degree sum of Mean 

of freedom square s square 

(b) Analysis of variance data - Continued 

Method 1 
Error (a)  11 

S t a t e  1 
M X  S 1 
Error (b) 11 

23.762 23.762 

346 385 346 385 
1.878 1.878 

335 -052 30 -459 

665.294 60.481 

Method 
Error (a) 

S t a t e  
M X S  
Error (b) 

Method 1 5,242.6 
Error (a) I 1116,837.9 

1 
11 
1 
1 
11 

5,242.6 
10,621.6 

16. go6 
95 503 

0.031 
11.692 
44.431 

Method 1 3,213 01 3,213 -1 0.78 
Error (a) 11 45769.4 49097.2 3.73 
S t a t e  1 49,809.4 49,809.4 45.40 
M X S  1 14,987.2 14,987.2 13.66 
Error (b) 11 12,069.4 1,097-2 

16 .go6 
8.682 
0.031 

11.692 
4 -039 

n.s. 
< 0.025 

< 0.001 
< 0.005 

1-95 
2.15 
0.01 
2.89 

Method 
Error (a) 

S t a t e  
M X S  
Error (b) 

n.s. 
n.s.  

n.s. 
n.s. 

1 940 5 940 5 
11 11 9 755 -0 1,068.6 
1 13 7 754 00 13 9 754 -0 
1 7 -9 7 -9 

11 11,142.1 1,012 -9 

'T 11.37 < 0.01 

I Urine volume, m l  

S t a t e  
M X S  
Error (b) 

1 
1 
11 

0.22 
6.09 

< 0.01 

< 0.05 

Urine K, d q / Z  

35 



TABLE V.- CARDIOVASCULAR AND METABOLIC VARIABLES - Concluded 

Degree 
of freedom Source 

(b )  Analysis of variance data - Concluded 

F P 
sum of Mean 
squares square 

3,799.374 
44,320.852 
33,408.616 
14,070.851 
14,310.473 

Met hod 
Error (a)  

S ta te  
M X S  
Error (b)  

3,799.374 0.94 
4,029.168 3 .io 
33,408.616 25.67 
14,070.851 10.81 
1,301 *339 

1 
11 
1 
1 
11 

n.s .  

< 0.001 
< 0.01 

< 0.05 

Urine osmolarity,  mosm/Z I 
Method 1 
E r r o r  (a) 

S ta te  

Error (b)  

I 220,519.940 
411,101.600 

220,519.940 
37,372.870 

228,609.385 

275,480.600 
71,712.021 

228,609.385 
71,712.021 
25,043.690 

I!! 2.86 

I -  

< 0.05 
n.s .  

< 0.025 
n . s .  

. 
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TABU V I 1 . -  COMPOSITION OF METRECAL LIQUID* t 

Quantity, m l  
Kcal 
Protein,  g 
Fat,  g 
Carbohydrate, g 
Vitamin A, U.S.P. u n i t s  ( p a h i t a t e )  
Vitamin D, U.S.P. u n i t s  
Vitamin C, mg (sodium ascorbate) 
Thiamine, mg (hydrochloride ) 
Rib of lav in ,  mg 
Niacinamide, mg 
Calcium, g 
Phosphorous, g 
Iron, mg ( fe r rous  su l f a t e )  
Iodine, mg (sodium) 
Vitamin E, I n t .  u n i t s  (D-alpha- 

Pyridoxine, mg (hydrochloride) 
Vitamin BE, mcg (cyanocobalamin) 
Calcium pantothenate,  mg 
Sodium, g ( i r o n  pyrophosphate) 
Potassium, g 
Copper, mg ( s u l f a t e )  
Manganese , mg ( su l f a t e  ) 

t o r  op her y l  ace ta te  ) 

915 * 2  
900 

70 
20 
110 

5000 
400 
100 
2 
3 

15 
2 
1.7 
10 
0.15 

10 
2 
2 
10 
1 .o 
2 *3 
1.5 
2 

Other ingredients :  Concentrated sweet skim 
m i l k ,  m i l k  p ro t e in  concentrate,  sugar, p a r t i a l l y  
hydrogenated soy o i l ,  a r t i f i c i a l  f l avor ,  
0.04 percent calcium cyclamate, na tu ra l  color  , 
chondrus e x t r a c t ,  and c a l c i f e r o l  

*Label values 
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TmIX VII1.- COMPOSITION OF METRECAL WAFERS 

Quantity, no. wafers 
Kcal 
Protein,  g 
Carbohydrate, g 
Fat,  g 
Vitamin A, U.S.P. u n i t s  (palmitate) 
Vitamin D, U.S.P. u n i t s  
Vitamin C, mg (ascorbic acid) 
Thiamine, mg (mononitrate) 
Rib of l a v i n  , mg 
Niacinamide, mg 
Calcium, g (phosphate) 
Phosphorous, g 
Iron, mg ( su l f a t e )  (carbonate) 
Iodine, mg 
Vitamin E, I n t .  u n i t s  (D-alpha- 

Pyridoxine, mg (hydrochloride) 
Vitamin B,, mcg (cyanocobalamin) 
Calcium pantothenate, mg 
Sodium, g 
Potassium, g (carbonate) 
Copper, mg 
Magnesium, g (carbonate) 
Manganese, mg ( s u l f a t e )  

t o r  opheryl suc c i n a t e  ) 

36 
900 

70 
110 
20 

5000 
400 
100 
2 
3 

15 
1.1 
1.2 

15 
0.15 

10 
2 
2 
10 
0 -9 
2 
1.5 
0 * 3  
2 

Other ingredients :  Soy pro te in  concentrate,  
wheat f l o u r ,  sugar, calcium caseinate ,  molasses, 
corn o i l ,  coconut o i l ,  dried t o r u l a  yeast ,  
ammonium bicarbonate, cottonseed flour, l e c i t h i n ,  
wheat bran, cornstarch, ca l c i f e ro l ,  cinnamon, 
lemon o i l ,  and imi ta t ion  bu t t e r  and van i l l a  
f l a v o r s  

A-2206 NASA-Langley, 1966 
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