
'. . 

William E. Siri 

Donner Laboratory 
University of California 
Berkeley 4, California 

June, 1965 

American Mt. Everest Expedition 

1963 



ABSTRACT 

e s  of erythropoiesis and adrenal gland function were 
d on members  of the American Mt. Everest  Expedition 
xposure to severe hypoxia). and on a member of the 
during 4 d a y s  exposure to 17,000 ft in a chamber 

oxia). 
rom 17.800 ft to 28,000 f t  showed no erythropoietin 
1 excretion ra tes  of 17-OHCSs .17-0S, aldosterone, 

Twenty-four hour urine collections obtained a t  

catecholamines, and electrolytes. Adrenocortical response to 
ACTH was normal. Plasma i ron turnover doubled at 17,800 f t  
and increased 2 112 t imes at 23,000 ft. A rapid fall in hemo- 
globin concentration, 0.4 g/Kg-d, accompanying descent from 
17,800 f t  suggests either a short  red cell  life span o r  active 
removal of cells f rom the circulation. 
acutelv exoosed in the chamber developed high serum and urinary 
CiincentrdLluua of erythropoietin that were maximal on the 2nd 
day and declined to low levels by the 4th day. Plasma iron 
turnover increased with erythropoietin concentration. 
Erythropoietin declined with improving actl imatizatiqn but 
hemoglobin synthesis remained elevated for rome time af ter  
returning to sea level pressure.  
elevated 50% all  four days and 17-0s were elevated 50% on 2nd 
day only. Serum and urine Na, K, C1, remained unchanged i l l  

the chamlier subject and expedition climbers. 

The expedition member 

Urinary 17-OHGS were 
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for which the human body cannot adequately acclimatize nor perma- 

nently endure. At great altitudes physiological responses evoked 

specifically by hypoxia may reasonably be expected to undergo the 

fullest possible development, making their as sociated regulatory 

systems m o r e  amenable to investigation. It is also reasonable to a6- 

sume, a priori ,  that severe, prolonged hypoxia, combinod with fatigue, 

insomnia, anorexia, cold, and psychogenic factors that are inevitable 

concomitants of high altitude climbing, would induce decisive evidence 

of nonspecific physiological "stress." These were the premires  for 

physiological, psychological, and sociological studies conducted on 

members  of the American Mt. Everest  Expedition in the spring of 1963. 

The psychological and sociological studies a r e  reported else- 

where by their respective investigators, Dr. J a m e s  T. Laster  and 

Dr. Richard M. Emerson. 
.. .. 

The physiological investigations, which a r e  reported here, 

1 l b 0 5 1 S  
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on erythropoiesis and adrenal gland function. Numerous studies 

opoietic activity have been made at altitudes up to 14,900 f t ,  

y Hurtado et a! (7), Merino (I4), Lawrence and his associates 

nd Keynafarje et  a1 (25). More recent, unpublished findings by 

in studies a t  12,000 and I f ,  000 f t  in the Andes are summarized 

or:. '1 nese investigations, consisting principally of determi- 

nations of yAoorlla i ron turlAuver, urinary erythropoietin, and hematological 

values, were extended in the studies on Mt. Everest  to altitudes of 17,800 

21,500, and for erythropoietin, 23,000 ft. 

The assessment  of cortical  and medullary activity of the adrenal 

&:lands during the course of the Expedition was based pGimarily on urinary 

excretion of cortical steroids and their  metabolites, and total catecholamines. 

Twenty-four hour urine collections for these assays  and other chemical 

measurements were obtained from climbers during prolonged stays a t  

altitude and in the course of acute stressful episodes, such as the descents 

f rom the summit, 2 9 , 0 2 8  f t  (Po2 = 49.6 m m  Hg), without oxygen. In most 

instances, a second urine collection was obtained following administration 

of ACTH. 

limited to simple procedures that were practicable under the restrictive 

conditions imposed by the environment and expedition activities. 

Collateral tes ts  of adrenocortical function were necessarily 

By the time the expedition reached its base camp at 17,800 f t  on 
.. . 

Mt. Everest ,  acclimatization was already well advanced a s  a result  of the 
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long approach march  and'occasional stops for acclimatization 
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in which a member of the Expedition was exposed for four days 

to a simulated altitude of 17.000 f t  following rapid decompression in a 

low-pressure chamber (27). Measurements similar to those to be made 

later in the field were applied more intensively and eupplemented with 

other tes ts  to identify more  clearly the transient responses that appear 

to take place in the early stage of acclimatization. 

I l b O S I l  



MATERIALS AND METHODS 

ubjects for the Mt. Everest  studies were healthy, athletic, 

members  of the Expedition, 24 to 44 years  in age. 

nd other particulars are given in  Table 4. Eight of the 17 had 

limbing experience at altitudes greater than 20,000 ft. 

Ages, 

Expedition member "A" served as subject in the low-pressure-chamber 

study on acute hypoxia. Base-line values of physiological and bio- 

chemical quantities were determined at Donner Laboratory, University 

of California, Berkeley (sea level) a month pr ior  to the Expedition's 

departure. 

The blood studies a t  12.000 f t  were made on four young male 

residents of La Paz, Bolivia, whereas the subjects at 17,000 f t  were 

young indians who were long-time residents at this altitude. 

were studied at the Laboratory for  Cosmic Ray Physics, Chacaltaya 

( A 7 , O O O  ft), Bolivia, through the courtesy of Professor Ismael Escobar, 

and with the assistance of members  of the Faculty of the Medical School, 

Universidad Mayor de San Andres, La Paz. 

. The latter 

Erythropoietin was assayed in  24-hr urine collections that 

were processed by the collodion absorption method for extracting . 

' urinary erythropoietin (35). Collodion filters ware prepared in advance 

of the Expedition's departure, stored and traneported in  di6tilled water 

l l b 0 5 1 8  
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.DaGb&bt a1 ( l a )  (red-cell incorporation of Fe59 in hypertransfused 

mice). In each assay, five mice were given 0.5 ml each of the urinary 

concentrate dissolved in 6 . 5  m l  saline. 

Plasma iron turnover was measured with FeS9. The radio- 

activity in serial blood samples wag determined with a Nuclear-Chicago 

Model 2800 portable scalar and Model DST5 probe equipped with a well-  

type Na(Th) I crystal  that was to have doubled a #  an in vivo counter for 

cardiac output measurements. 

in samples returned to Donner Laboratory. 

ted that prolonged storage a t  room temperature would not significantly 

Serum iron concentration was determined 

Earl ier  tes ts  bad demonstra- 

affect the measurable Fe  concentration. Plasma and r e d  blood cell 

volumes were estimated from the radioiron disappearance curves. The 

common hemoto~ogioa~ values were determined by generally accepted 

methods . 
Urinary excretion rates  of 17-hydroycorticorteroids (I7-OHCS). 

17 -keto steroids (hereinafter called I7  -oxosteroids and abbreviated 17-0S), 

. .  aldosterone, catecholamines, and various chemistrier were determined 

in 24-hr urine collections, usually started in the mornings between 7:OO 
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A. M. A second collection, immediately following the first ,  was 

by intramuscular administration of 80 U. S. P. unite of long- 

TH (Armour Lab., AGTHAR Gel). 

collections were returned to Donner Laboratory for all analyses. 

s ts  for ketones, sugar, protein, density, and total volume were 

e time of collection. 

Two-hundred m l  aliquote of 

Total urinary 17-OHGS were determined in I 5  m l  aliquote of 

24-hr urine collections by the Few (2) method, modified by Thomas and 

Bulbrook (32). Urinary 17-0s from subject A in the low-pressure 

chamber experiment were fractionated by the method of Kellie and Wade 

(8) modified by Thomas and Bulbrook (32). 

collections from the Expedition were determined by the method used by 

the Biochemical Unit of the Imperial Cancer Research Fund, Royal College 

Total 17-0s in urine 

of Surgeons. Briefly, the method is as follows: 

To a 10 m l  aliquot of urine, 3 m l  of concentrated HC1 ie added 
and the mixture heated for ten minutes in a boiling water bath. After 
cooling i t  is extracted with 10 ml of ethylene dichloride, and the extract 
washed with water, shaken with a eolution of 3 N N a  OH containing 10% 
sodium dithionite, and filtered. Aliquots of 1 ml to 3.5 ml, depending 
on the 24 hr urine volume, a r e  taken to dryness. 
a r e  added 1. 5 ml of 170 in-dinitrobenzene and 0.75 m l  of 2.5 N KOH (40) 
both reagents prepared in absolute ethanol. An hour in the dark at  room 
temperature i s  allowed for the Zimmerman reaction, 3 ml of absolute 
ethanol added, and the color read in the Bechman Spectrophotometer at 
440, 520 and 600 m u ,  the Allen correction applied and the data calcu- 
lated in te rms  of the chromogenicity of dehydroepiandrosterone. 

To the dry residue 

catecholamines (epinephrine plus norepinephrine) weA e 

determined in 1 5  ml aliquots of 24-hr urine collections by the method of 

I I b 0 5 2 0  
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6 Aldosterone was assayed in 25 ml aliquots of urine by Dr. I 

Bigliari, San Francisco County Hospital, who employed the 

technique. 

Serum and urinary Na,  K, Cl, and creatinine were determined 

by accepted methods in general practice. 

Basal heart  ra tes  were self-determined on awakening in  the 

morning. 

seated and on days when he was not engaged in substantial physical work. 

Blood pressures  were read  af ter  a 10 min rest  with the subject 

Three-minute step tests were conducted at intervals during the 

course of the expedition, pr imari ly  to determine i f  recovery patterns of 

heart  ra te  and blood pressure  a r e  significantly a l tered during acclima- 

tization to severe hypoxia, 

hear t  ra te  was recorded at 10 sec intervals by one observer  while a 

second rapidly measured blood pressure  and recorded systolic and 

Starting from the conclusion of the exercise,  

diastolic separately when they were read. 

response were sought ra ther  than close comparison of the results from 

the several  t es t s  for each subject. 

tained because of the changes in body weight, variations in  clothing, 

Qualitative changes in the 

A fixed work level could not be main- 

ambient temperature,  and unavoidable differences in  step height from time 

i I b o 5 2  I 
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Breath holding times were taken after a normal expiration and 

a maximal inhalation, with care  being taken to avoid 

tilation in advance of each test. 

The same procedures were employed in the low-pressure 

chamber experiment except that no ACTH was given and the tes ts  were 

conducted continually before, during, and after th3 four-day exposure. 

Erythropoietin CWG, RBG, hemoglobin, and hematocrit were determined 

every 6 hr,  iron turnover every 12 hr, and adrenocortical steroids every 

24 hr. Additional tests,  omitted from the expedition studies, were made 

on the subject in the chamber study to assess his level of functional 

hypoxia. 

hr and a partial  examination at intervening 6-hr periode. 

heart  rate,  and EKG were monitored continually on instruments outside 

the chamber. 

determined every 12 hr with a Jones Metabolator using air. 

The subject received a complete physical examination every 12 

Respiration, 

Oxygen consumption and pulmonary function tes t s  were 

Total body water (TBW) was measured with tritiated water that 

was given by mouth and assayed in ser ia l  urine samples. 

TBW was reduced by 1% to correct  for hydrogen-tritium axchange. 

initial values of total fat (depot triglycerides, not adipose tissue) were 

estimated from body density, determined by the helium-dilution method 

(281, and TBW using the formula proposed by Sir i  (29) .  

fa t  was estimated from the widely-used formula fat 70 

The measured 

The 

In the field total 

100 - (TBW%/O* 731. 

b o 5 2 2  
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e exposure and use of oxygen. 

The first two weeks of the month-long t rek  from Kathmandu 

f t )  to Mt. Everest  involves exposure to only moderate altitudes 

inates at the Sherpa village of Namche Bazar  at 12,000 ft. The 

eeks of the march,  although short in miles,  brought exposure 

sively higher altitudes terminating on March 22nd at a base 

camp a t  17,800 ft at the foot of Mt. Everest. 

and 5 days were made at elevations of 13,000 and approximately 16,000 ft. 

Acclimatization stops of 4 

Following the expedition's arrival at base camp (17,800 ft) ,  63 

days were spent a t  this and higher altitudes. Approximately a month of 

this t ime was spent by each member at an altitude of 21,500 f t  (camp 2) 

and higher altitudes. 

summit, usually lasted 4 to 10 days. 

in excess of 26,000 f t ,  among them subjects B, C, D, E and R who climbed 

Excursions to 25,000 f t  o r  higher, including the 

Ten members  climbed to elevations 

to the summit a t  29,028 ft. 

climbers were located, day by day, are indicated in Fig. 1 and 2. 

The upper and lower altitudes at which 

Supplemental oxygen was almost invariably used in climbing and 

for sleeping at altitudes greater than 23,000 ft. 

an open circuit apparatus utilizing an efficient and highly successful mask 

recently developed by Dr.  Thomas F. Hornbein (5). 

Oxygen was supplied by 

F o r  climbing, oxygen 

flow ra tes  ranging from 2 l /min  to 4 l /min  were used depending upon the 

altitude and the needs of the climber. A flow rate of 1 /2  to 1 l /min was 

used for sleeping beyond 25 ,000  ft. 

I I b 0 5 2 3  
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gical studies, it was regrettable for the serious frost  bite injuries 

d a s  a consequence. Subject B exhausted his oxygen supply at the 

and spent 3 112 hr  above 28,500 ft before reaching a reserve  

Subjects C and D, climbing together, a lso exhausted their  oxygen 

10 

The length of exposure of the summit c l imbers  to extreme 

without oxygen was unprecedented. While this benefitted the 

a t  the summit and were forced to bivouac over night at 28,000 f t ,  thus 

spending about 15 hr without oxygen between 28,000 and 29,000 ft. 

Subjects E and R who climbed together, and who pioneered a new route on 

Mt. Everest  via its West Ridge, spent respectively 6 and 9 hr without 

oxygen a t  28,000 ft 

no fluids, and, during the bivouac, no shelter,  were available to the 

climbers for about 20 hr. Their descent the next day was aided with 

oxygen provided by a support team at 27,400 ft. 

and bivouacked with subjects D and G. Little food, 

As a consequence of the use of oxygen above 23,000 f t  it is 

difficult to a s ses s  the actual degree and duration of exposures to hypoxiab 

A reasonable estimate for  the average exporure however, would be 30 

days at 17,800 ft and 33 days at 21,500 f t  and, for subjects E, J, K, M 

and R, about 8 days a t  23,000 ft. The experiences of the summit climbers 

a r e  considered here  as acute exposures to the ambient oxygen pressures  

of 49.5 - 51.8 mm Hg between 28,000 and 29,000 ft. 

Although the level of work performed by the climbers in 

ascending Mt. Everest is  not directly relevant to the studies, it may have 

I I b 0 5 2 4  
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ect bearing on adrenocortical function and certainly on changes in  

position. Mt. Everest  is climbed by rtagas through a series of 

ely higher camps, spaced at vertical  &stances of about 2,000 ft .  

2,000 ft from one camp to the next, which required from 3 to 

generally considered a day's work. The ascent from the highest 

I 
I 
a 
m 

camp to the summit was the exception and for the two climbers who 

pioneered a new route, it required more  than 12 hr. 

22, 000 f t  ranged from 25 to 55 lbs  in addition to 20 to 25 lbs of clothing. 

Out of the 63 days spent on the mountain, the most  active member climbed 

Loads carr ied above 

on 31 dayr of which 19 were spent ascending and 12 descending. The 

total vertical  ascent by the most  active member of the team was therefore 

less  than 40,000 f t  in 63 days. 

2 1 / 2  days, downhill 1 1 /2  days during the same period. 

uphill climbing for the team was l e s s  than 15 days, o r  30,000 ft,  with an 

The l aa r t  active member climbed uphill 

The average 

additional 10 days descending. 

There can be no question about the intense subjective feelings of 

fatigue and, no doubt, physiological fatigue induced by hypoxia in working 

a t  high altitudes. 

exceedingly small  compared to the sustained level of work climbers a r e  

accustomed to performing at lower elevations and to the level of work 

Nevertheless the weekly average work level was 

performed on the approach march. F rom the records of the movementr 

of the team members  it i s  difficult to escape the conclusion that climbing 

I I b o 5 2 5  
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est was a r.elatively 

f the same climbers 

I I b 0 5 2 b  
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RESULTS 

23,000 ft. At the time of collection, subjects A, L, and F had been at 

the former altitude respectively 5, 20 and 29 days. Collections from 

subjects J and K were obtained after 5 days at 23,000 ft. Erythropoietin 

was also assayed in  collections from three of the Bolivian Andean 

subjects who had lived at 17,000 ft 2 years  o r  longe;. None of the 

concentrates prepared from these collections contained detectable 

quantities of erythropoietin. 

In contrast with the findings in subjects chronically exposed to 

high altitude, subject A developed a high transient elevation in serum 

and urinary erythropoietin during his acute exposure to simulated 

altitude in the low-pressure chamh--..rs shown in Fig. 3. 

Erythropoietin became detectable in serum X2 h r  after decompression, 

and continued to increase to an apparent maximum on the third day. On 

the fourth day the concentration was significantly lower but still clearly 

detectable. The erythropoietic activity in samples collected X I / 2  and 2 

days after the subject returned to sea  level pressure was slightly greater 

I I b o 5 2 1  
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t of pre-exposure Berum, but the difference may not be significant. 

dose-response curve of human urinary erythropoietin previously 

d to a sample of standard "A" obtained from the Division of 

cal  Standards, Medical Research Council of Great Britain, the 

urn serum erythropoietin concentration in  the subject was estimated 

.4  "A'* unitsfml. The concentration in normal human serum has 

been estimated to be 0.003 "A" unitslml (34). 

Erythropoietin could not be detected'in unprocessed urine but it 

was definitely present in the concentrates of most urine eamples collected 

after 24 hr exposure, with an apparent maximum in hormone excretion 

occurring at 48 hr. One sample collected two days a h e r  return to sea  

level pressure gave a resu l t  identical to the pre-exposure sample, neither 

being significantly higher than the saline-injected controls. 

Plasma iron turnover and blood volume. 

The results of these teats on Mt. Everest  climbers and the 

Bolivian subjects a r e  presented in Table I. Plasma iron turnover at 

sea level for the climbers averaged 34 mg/d. 

after a week o r  more at 17,800 f t  and for the two subjects at 21,500 ft the 

rate was 81 mg/d. 

the Mt. Everest  climbers and the Bolivian subjects is reflected in the. 

lower average iron turnover r a t e s  of 29 mg/d for residents at 12,000 f t  

and 40 mg/d for residents at 17,000 ft. 

The rate doubled to 68 mg/d 

The large difference in average body weight between 

. 

The effect of differences in 

I I b o 5 2 8  
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re  also evident in the plasma and red  cell volumes. The plasma 

f the climbers appear to be somewhat lower at altitude but the 

weight could more than account for the difference. 

hemoglobin synthesis are based on the assumption that all  

The 

a iron turnover i s  diverted to hemoglobin. 

tion of iron turnover utilized for  hemoglobin synthesis is 

It is well known 

highly variable and may depend to  some axtent on the plasma iron 

concentration. Hence, the estimates of rates of synthesis in Table 1 

a r e  intended only as indications of relative values. On this basis the 

average rates  of hemoglobin synthesis for the climbers were IO, 20 and 

25 g/d at sea level, 17,800 f t ,  and 21,500 ft. 

Bolivian subjects were 9 ,  and 12 g/d at 12,000 and 17,000 ft. 

be emphasized that the Bolivian subjects w e r e  lighter in weight. 

responses of subject A to  acute hypoxia in the low pressure chamber a r e  

shown in Fig. 3. An hour after decompression, plasma iron turnover 

was essentially unchanged at 1.04 mg/hr  despite a decrease in plasma 

iron concentration from 112 Fg/100 m l  to 76 pg/IOO ml. Eleven hours 

la ter  plasma iron turnover d d b  distinctly elevated and continued to 

increase to a maximum volume of 2.80 mg/hr  2 1 / 2  days after onset of 

hypoxia. During the las t  day and a half  the subject was in the chamber, 

plasma iron concentration decreased to approximately 60 pg/IOO ml,  

and by the end of the four days plasma iron turnover decreased fo 

The averages for the 

It should 

The 

. .  
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g ; TABLE,lg Blood Volume, plasma iron turnover and estimated 
g E 5 -  , =  hemoglobin synthesis in Mt. Everest  climbers and 
; = =  - 3  - 1: fS acclimaiized Andean residents at various altitudes. 

- -  

" L V L I -  - - 
A 0 48 

17.8 57 
A1 17.0 
B 0 46 

21.5 62 
0 45 

17.8 50 
C 

21.5 67 
M 0 42 

17.8 62 

2.56 2.36 112 25 7 .  . 8  
2 .53 3.37 100 75 22 1.9 

3.41 2.91 88 11 1 .1  
3.22 5.25 93 39 87 26 1 .5  
2.61 2.14 114 29 8 1.1 

1.82 3.70 167 81 24 1.6 
3.24 2.34 142 44 13 1.6 

88 65 19 

2.55 2.55 68 49 . 14 1.6 

3.00 4.88 82 79 23 1.4 

Residents of La Paz ,  Bolivia --- 
Sa 12 50 2.60 2.54 62 29 9 1 .0  
P c  12 51 2..14 2.04 117 30 9 1 .3  
V a  12 51 2 .41  2.41 83 30 9 1 . 1  

8 1. 1 Mc 12 5.3 1.95 2.16 75 26 

-- - iridian Residents, Chacaltaya, Bolivia _. 

Th 17 62 1.98 3.19 
Ca 17 62 1.59 2.80 76 33 10 . 8  
Ch 17 59 1.54 3.18 96 37 11 1 .0  

14 1 .1  To 17 62 1.70 3.58 9 4  49 

'Values at time ( 2  1/2d) of maximum plasma iron turnover in subjectA 
during exposure to simulated altitude in a low pressure  chamber (pre-  
expedition, when subject was acclimatized to sea level). 

'Estimate assumes complete util:zation of plasma iron turnover for 
hemoglobin synthesis. 

I I b o 5 3 0  
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ubsequently, plasma iron turnover decreased slightly during 

days a f te r  return to r ea  level p re r ru re ,  after which it de- 

rapidly. toward the initial base line value. 

oglobin synthesis, estimated on the same basis as for the 

s definitely elevated eleven hours after onset of hypoxia and 

crease until the third day when it attained a maximum rate 

of 7.8  g/d. During the subsequent five days (last  day in the chamber and 

four at s ea  level pressure)  the ra te  dropped to about 5.5 g/d, after which 

a more gradual decrease toward the initial, pro-exposure rate continued 

during or, additional eight days until measurements wqre terminated. 

The pattern of change in hemoglobin concentration during the 

Expedition paralleled roughly the change in  altitude, as shown in Fig. 1. 

However, changes in altitude were not reflected in hemoglobin concen- 

tration until 2 to 3 weeks later; hence, the hemoglobin curves a r e  delayed 

by this span of time relative to the curve for altitude change. 

maximum recorded hemoglobin concentration war in e x c e ~ ~  of 25 g/lOO m l  

and a concentration of 21 g/100 m l  was exceeded in  all climbers rometime 

during the expedition, depending on their movements up and down the 

mountain. 

The 

During the f i r s t  twenty days exposure to altitude, March 20 to 

April 10, hemoglobin con,centration increased approximately 

0.25 g / l O O  ml-d. The average rate of r i se  during the succeeding 20 days, 

I I b 0 5 3  I 
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April 30; was only 0.18 g/100 ml-d. During this period most 

imbers  were stationed at 21,500 f t  where their  hemoglobin was 

sured. 

vations on the return march, hemoglobin concentration responded 

ely by decreasing at an average r a t e  of 0.4 g/IOO ml-d. 

Erythrocyte counts showed increares  comparable to those of 

in concentration but the data are not reported here because rapid 

When the expedition left base camp and descended to 

evaporation of blood samples in the counting chambers at high altitude 

made the precision of the counts doubtful. 

No significant changes were observed in  plasma b r  r ed  blood 

cell volume, erythrocyte count, and hemoglobin concentration in subject A 

during the four-day low pressure chamber experiment. 

Adrenocortical steroids. 

The results of assays of 17-OHCS, 17-0s. and aldosterone a r e  

presented in Table 2. The altitude and the number of days the subject 

was exposed to the indicated altitude at the t ime urine was collected a r e  

shown in the right-hand column. F o r  altitudes of 17,800 f t  and 21,500 f t  

urine collections were obtained 5 days o r  more after a r r iva l  at these 

altitudes to avoid acute responses in  adrenal activity. 

The daily excretion rate of 17-OHCS at rea  level before d r -  . 

.. .parture of the expedition was 15.2. mg/d. 

for  all urine collections taken on Mt. Everest  is not rignificantly 

The average value of 14.8 mg/d 

1 1  b o 5 3 3  
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t . from the ba.se line value. An average of 16.8 mg/d  was ob- 

{ a i h e d F r  the four summit climbers in the course of their  descent 
, ,  

fn c :  
(3 ;4 2.  . - .", 

,, I .. * -: , s 0 s.7 e 5 ,: 8 ( o l l g w ~ g  the high altitude bivouac without oxygen. 
t .< < z r -5 

This is only about 10% 
c- , .-, '- i. i> - 

than the base line value and does not appear to be significant. 

o exceptions the pre-expedition excretion ra tes  of 17-OHCS l ie  

he range that i s  generally considered normal for adult males. 

B and I) showed abnormally high excretion rates  of both 17-OHCS 

For  the most  par t  stimulation with ACTH brought on a normal and 17-0s. 

response by increasing the excretion ra te  of 17-OHCA by factors ranging 

from 2 and 4 and 17-0s  by a factor of two. 

observed in subjects A and F whose rate  of excretioli of cortocoids 

increased by more  than the factor of 7.5 following ACTH. administration. 

These high values were confirmed by repeated assays on the same urine 

collections. 

lections from the subjects during the expedition. 

ra tes  during the course of the expedition were markedly elevated in only 

two uring collections. 

exposure to extreme altitude. 

an anomalously high base line value, and subject H after exposure to 

27,400 ft .  

Anomaloiis responses were 

These anomalous responses were not seen in  urine col- 

The corticoid excretion 

Both were in subjects immediately following 

These were subject D, who also showed 

With two exceptions the excretion ra tes  of 17-0s were within the 

normal range for adults. The exceptions were the base line values for 

I 1  b o 5 3 4  
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B and D who were the two subjects who also exhibited high base 

etion ra tes  of 17-OH-. The average base line excretion rate  

g/d differs from the average of 9 . 5  mg/d for all values obtained 

eld because of the weight of the two abnormally high base line 

There is no evidence of significant response in  17-0s to any of 

tions of exposure. The responses to ACTH a r e  normal with the 

exception of base line value of subject C whose corticoids a lso did not 

respond, and probably is attributable to an inactive ACTH preparation. 

Results of urinary 17-OHCS and 17-05 assays  for subject A in 

the low-pressure chamber experiment a r e  8ummarized in Table 3. 

end products of the 17-OHCS a r e  chiefly etiocholanolone and 11 - 
hydroxyetiocholanolone in  approximately the ratio one to four in normal 

subjects. 

t e rms  of the chromogenicity of dehydroepiandrosterone. 

The 

The data a r e  reported as the s u m  of these two 17-0s in 

Total urinary 17-05 increased from a base line excretion rate  of 

8.3 mg/24 h r  to a maximum of 13.1 mg/24 hr  on the recond day in the 

chamber. The excretion ra tes  on the third and fourth days were the same 

a s  the pre-exposure value for the subject. 

total 17-0s more  than doubled on the second day, whereas the 11-deoxy 

fraction increased about 50%. 

which was 11.3 mg/24 h r  pr ior  to exposure, increased about 45% the 'first 

day in the chamber and remained relatively constant a t  this higher ra te  

during the four-day tes t  period. 

The 11-oxy fraction of the 

The urinary excretion rate  of 17-OHCS, 

I. . . 

I I b o 5 3 8  



17-OHCS and 1 7 - 0 s  excretion rater for rubject "A" 
during acute exposure to 17,000 ft. 

17-0s 
17 -0HCS Total 1 1  -oxy fraction 
m g / 2 4  hr m g / 2 4  hr 70 of total 

0-1 

1-2 

2 - 3  

3-4 

Subject at eea level prdreure 

1 1 . 3  8 . 3  

Subject at 17,000 ft 

16.2 10.5 

15. 5 13.1 

16.2 8 .6  

16.9 8 . 6  

9 . 5  

9 . 7  

16.0 

11.6 

11.8 

I 

1 
8 
I 
I 

m 

.. . 
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The relatively few values for  daily aldosterone ~ e c r e t i o n  

resently available are well within the normal range for adult 

for the assay method that was used. 

amples is in the middle of the normal range. 

Values for total catecholamines excretion reem notable for their  

The average of 9 . 8  Geld 

O, C; .- kjd:&ctuation. The average of $4 pg/d for the expedition values i s  
E ; ; . ;  5 i.= 2 
8 ? S  E z  %.? 

ihentical to the average for the base line valuer. The difference between 

these averages and the 45 wg/d for the four summit c l imbers  is not 

statistically significant, nor i r  there  a significant change in excretion 

rate after ACTH administration. 

Serum and urinary electrolytes and creatinine. 

The relatively few observations that could be made on serum C1, 

Na, K and creatinine are presented in Table 4. Urinary excretion ra tes  

of these electrolytes and creatinine a r e  given in Table 5. 

Blood pressure and heart  rate. 

Systolic and diastolic pressure  relative to pre-expedition values 

a r e  charted in Fig.  2 along with average relative pulse pressures .  

altitude positions of the members  of the expedition are plotted on the 

same time scale. 

on the approach march,  blood pressure  had increased significantly. 

age systolic pressure  for the group was elevated about 10% and remained 

elevated about this amount during the succeeding two months. 

The 

By the t ime an  elevation of 13,000 ft had been attained 

Aver- 

-. . 

The final 

I I b 0 5 4 U  
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a . 
- =,sst.&values taken on May 20th at 17,800 ft represents a selected group S B T  - L -  

' ? I> ;  '* 0 
n c  of @Sjects. They were climberr who had returned to base camp ten to 

II 
1 
I 

1 
1 
1 
I 

a 

. -  2 2 $ i -1. -!.. j -. $ 
f- ,, :: .' . ~ ,  = .$iftee; days ear l ier ,  following a month-long exposure to higher altitudes. - c !. . - L 'J 

5 ( ;  :, ~ :: '1 6 - c .L - .,- '- _ -  
E ~ ~ t -  5 I- . ' ::s - s c , . ? c . = % 2  

E ; 
0 c; i; ' - ;.' 2 ~ .: :-. 2 5 3 e : - * , ,  2QQOJogk@t persisted throughout the time the expedition was on Mt. Everest. 
8 2  f :, ;, L .- ?2 

- - 3 m 12 I 

Diastolic pressure  for the entire group was almost uniformally 
- _ -  

-~ %iB@t;ea than at  sea level and on the average showed an increase of about 
;. 2 cm 

. - G ' i $  
f t  wae about 25% higher in the selected group that exhibited low systolic E 

pressure on May 20th. Pulse pressure  on the average showed no 

significant change from sea level values uptil most  of the expedition 

members  reached an altitude of 21,500 ft. This war followed by a 

gradual reduction of about 2070 in pulse pressure  relative to the pre- 

expedition average. 

20th had an average pulse pressure  that was only 60% of their pre- 

expedition values. 

I _  

. 

The five climbers measured a t  base camp on May 

Subject A showed rel'atively little change in his normal syetolic 

pressure of 120 mm Hg during his four days in the low-pressure chamber. 

His  diastolic pressure,  which was normally 75 mm Hg, increased to 

90 mm Hg during the f i rs t  forty hours but thereafter stabilized at  

80 mm Hg for the remainder of the t ime he was in the chamber. 

Basal heart ra tes  of most of the expedition team fluctuated 

widely. In general however heart  ra tes  increased with altitude at the 

outset but after a month showed a decrease with time. Toward the end of 

May when the expedition left base camp the heart  ra tes  of most  members  

-. . 
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m were still somewhat elevated. 

d by all members  of the team;  subjects A, B, C,  D, and E 

ange significantly during the entire expedition. 

s F and N, which increased 50 and 35% respectively, were the 

These trends however were 

The heart  ra tes  

st  persistent responses that were observed. 

te did not change significantly during the expedition. 

Subject A, 

0 C l Z  - " 
'' L- .?s$&$&n increase of about 30% after the f i r s t  day of his exposure in the 

.E $ 2  ,p k $ 
o O 2 a E b 2 3 g  

low-pres sure  chamber. 

Body composition and weight loss. 

Table 6, which summarizes measurements of total body water, 

depot fat and other particulars of the climbers reveals that the group a s  

a whole is less  lean than one might expect.of active athletes. Depot fat 

ranged from a low of 13 to a high of 29q0 of body weight before the 

expedition's departure. 

20% of body weight. 

after they returned to base camp from protracted sojourn6 to higher 

The average fat content of the entire team was 

The total body water measured in 7 climbers a week 

altitudes on Mt. Everest ,  showed an increase in percentage of water but 

a loss in volume. 

was then 10% of body weight compared to 2070 for the same subjects before 

the expedition. 

'wholly account for the weight loss sustained by these subjects. Assuming 

hydration was normal at the time total body water was measured, part of 

Total depot fat estimated from TBW in the subjects 

It i s  apparent f rom there data that the fat loss does nDt 

'' 
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pears  to have been lean tissue. 

y suggestive however because estimates of fat f rom TBW a r e  

reliable than several  kilograms. 

This evidence for  lean tissue 

he trends in body weight of the climbers during the course of 

ition, shown in Fig. 1. are remarkable for their uniformity. 

exceptions weights increased measurably during the three  weeks 

of somewhat over-indulgent living from the t ime the team left Berkeley 

until it  started the approach march  to Mt. Everest.. During the f i r s t  17 

days of the march. the climbers. without exception, sustained weight 

losses of 5 to 10%. 

constant, until members  of the team ascended to 21,500 ft. As long as 

members  stayed a t  this o r  higher altitudes they lost weight steadily and 

without exception until they returned to base camp at 17,800 ft. At base 

camp weights again tended to stabilize until the return march  when 

Weights then stabilized, remaining essentially 

further weight loss was sustained. 

Peripheral  blood leucocytes. 

Once the expedition reached the relative isolation of Mt. Everest .  

and respiratory infections that flourished during the approach march had 

run their course, leucocyte counts remained within the range 5,000 to 

No trends in concentration were evident in either 3 * -. . J1,  500 cells /mm . 
individual subjects o r  the group. 

taken before, during, and after the expedition a r e  essentially identical. 

Differential counts, shown in Table 6 ,  

I I b 0 5 5 0  
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fl : : o f i g # % r  counting statistics. Platelet counts remained in the normal 

i a) ; :- ._ - 
C- $ 0  
c . >  -. -. - . fl - - > k a  
m :  8 ; . 
E L: .- 3-. .- .I. = s 5 
.cD 'c ;. '. - c> 2 ij 0 , , , '_ -: .c .- 

Q. - 
E 5) .- -- -. * '  - SJ 

0, b, I. .- - 4 2 a - 0 ..> ' 
Q c -ss+$ektt;?eduring his acute exposure to hypoxia in the chamber. 
.- 0 L c L >  g 2 ' s  5 
g 2 E . e  
0 E -&$ 9)? '%n abrupt doubling in leucocyte count w a s  seen soon after onset 

S ~ . z ~ , ~ g E  2 0 I: 
f :_Tha.Fw@rent reduction in eosinophil percentage is not significant in view 

c . . 

E $ '  : . i y z g  
fa&* auging the time.the expedition was on Mt. Everest ,  and the average 

did.r&afer significantly from the pre-expedition value. 

:, E p f i n i t e  responses in leucocyte and platelet counts occurred in 

(See 

of hypoxia, followed by an i r regular  return to the pre-exposure level 

during the following two weeks. The proportions of granulocytes and 

lymphocytes remained unchanged (40% lymphocytes). 

before exposure) fell to 1% by 6 h r  and remained a t  this level for the 

following 1.0 days before returning to the pre-exposure level. 

count rose gradually during the 4-day exposure and remained elevated for 

Eosinaphils (4% 

The platelet 

approximately three weeks. 

Step Test. 

In general the pattern of recovery in blood pressure  and heart 

ra te  that was characterist ic for  each subject following the three-minute 

step tes t  remained much the same a t  the four altitudes, sea level, 13,000, 

17,800, and 21,500 ft, where the tes t  was conducted. The magnitude of 

the responses varied, however, with changes in weight, amount of . 

*. . clothing worn, and height of the step, and perhaps altitude and length of 

exposure to it. The response in pulse pressure to exercise may be more 

I I b O 5 S l  
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p = '  - - U J  

- P r e -  Poet- 1 2 : .  - -  
; Exp e dition Expedition Expe dit ion 
3 * - - ?  - _  

58 60 56 

( 1  2 2 

4 3 2 

Basophil < 1  (1  1 

34 32 32 Lymphocyte 

Monocyte 5 4 6 

TABLE 8. Average breath holding t imes at altitude 

I -  

I 

I -  

Altitude After After 

Altitude expiration inspiration 
f t  ft sec sec sec sec 

normal maximal 

86 .22  10.2 

17,800 13.2 r 3.4 3 1 . 3 ~  9.3 

6,400 27. 5 * 4.7 

21,500 
I. . . 

8. 7 1.6 27. 2 f 6. 2 
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k, . .-after+grival a t  13,000 f t ,  the average elevation in pulse pressure  stimu- E < - . :  _ '  

4 ;t LteCb- the step exercise,  and the rate  of recovery,  were comprable to 

O L  0, E &&a g e a s u r e d  a t  sea level, despite an  average reduction in body weight 

$Go&d:pf_Pessure was elevated at altitude, a s  noted earlier.  A few days 
. . 2 . -  

e a , ' I '  , @ 
- x  :.,?$.= 

- c  - -  

cf 570 and a step that was 2 in lower. 

sea level were also observed at 21,500 ft with a still lower step (I2 in  

compared to 18 in a t  sea level) and a further reduction in weight. The 

smallest  response in both pulse pres rure  and heart  rate (with a L5 in 

step) was seen in tes ts  at 17,800 f t  near  the conclusion of the expedition 

when climbers returned from high camps and were well acclimatized. 

At this time two subjects, A and G, had no measurable elevations in heart  

ra te  a t  the end of the exercise. 

Values comparable to those a t  

Five Sherpas tested at 21,500 f t  with the 12 in step displayed 

heart rate responses comparable to the American team members ,  but 

their systolic pressure  responses were widely divergent. 

Sherpa Ghotari (12Q/87 resting) showed no change in  systolic pressure  

and a depression of only 6 mm Hg in  diastolic pressure.  

extreme, Sherpa Tashi, whose resting blood pressure  was 177/110, had 

a systolic pressure  of 235 mm Hg, 30 sec after the test, and 210 mm 

Hg a t  one minute. 

At one extreme, 

At the other 

-. . . 
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DISCUSSION 

poietin, assuming it is normally present,  is not gener- 

the blood and urine of healthy persons a t  sea level and 

with bioassays currently available. 

e r a  in crude extracts of blood and urine from bled and 

It is readily 

from phenylhydrazine-treated animals, and animals acutely exposed to 

severe hypoxia. 

sometimes found in association with anemia when hemoglobin concen- 

tration drops below 4 g/lOO ml; in exceedingly r a r e  instances unaccountably 

high concentrations have been found. 

In humans, elevated levels of erythropoietin a r e  

Exposure to low oxygen pressure evokes in ra t s  and rabbits an 

abrupt r ise  in erythropoietin concentration in blood and urine followed by 

a rapid fall to low o r  undetectable levels with continued exposure 

(15, 2 3 ,  30, 31). The magnitude of the response depends upon the severi- 

t y  of the hypoxic stimulus (31) whereas the time after onset of hypoxia 

when the niaximuni concentration occurred in these studies seemed to 

depend upon the size of the animal. 

occurred in 12 to 2 1  hr  ( 1 5 )  and for the rabbit, 24 to 48 hr  (23). 

human subjects taken from s e a  level to an altitude of 3990 m (13, 100 f t )  

F o r  the rat, peak concentration 

In 9 
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s, Scaro (16 )  found a progressive increase in erythropoietic 

activity in the pooled urine from the second day at altitude 

sixth, and last ,  day of the study. 

study on subject A in the low pressure  chamber clearly <:on- 

a transient response in  erythropoietin occurs  in the human on 

r e  to severe hypoxia. Moreover, the response was i n  

that observed in small  animals subjected to low pressure  

under comparable conditions. 

rate to a maximum on the third day of hypoxia, then fell to low levels on 

Serum erythropoietin rose at an increasing 
6 .  

the fourth day (see Fig.  3). Judging from comparable findings in small 

animals,  body size would not appear to have an important influence on 

the t ime in which maximum serum concentration occurs .  The manner 

in which the erythropoietin concentration responded in the first three 

days suggests that the rate  of increase may be limited by the rapidity with 

' 

which the source of the hormone can augment synthesis in response to 

acute hypoxic stimulation, and beyond that, the ra te  may be governed by 

the prevailing level o f  "functional hypoxia." The fall in serum and 

urinary erythropoietin concentration with continued exposure to low 

pressure,  we believe, is associated with attenuation of erythropoietin 

synthesis brought on by reduction in functional hypoxia as acclimatization 

progresses. 

and clinical changes that accompanied changes in erythropc~ir*t-n. 

Suggestive evidence for this appears in the physiological 
". . 
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enty-four hours after the start of exposure, the subject f i r s t  

bjective signs of acclimatization. In varying degrees and rates ,  

sided, appetite and capacity for  physical activity improved, and 

d insomnia diminished in severity. 

symptoms was almost complete. 

r 24 hr  the respiratory rate returned nearly to normal from 

ate observed earlier.  

On the fourth day, r e -  

Minute volume (BTPS) followed a 

similar pattern, but when reduced to STPS it showed a drop at  24 h r  to 

about one-half the pre-exposure value despite the 15% increase in oxygen 

consumption. These changes clearly indicate a marked increase in the 

subject's ability to extract  oxygen from the inspired air and from blood. 

The increase in heart rate from a normal value of 72 beats/min to 97 

beatslmin a t  36 hr ,  together with the return in pulse pressure to the 

subject's normal 45 m m  Hg, suggests an increase in cardiac output con- 

sistent with the respiratory changes. 

Among the hormonal changes that were observed, serum PBI 

doubled by the second day; urinary 17-OHCS excretion was  elevated 50% 

throughout the four days. 

day and then returned to pre-exposure values on the third day. 

Urinary 17-0s increased by 50% on the second 

During the period 48 - 72 hr,  evidence of progressive myocardial 

hypoxia became apparent from the decreasing amplitude of the T waves 

in the left lateral  precordial leads and AVL. 
-. . . 

This effect could not be 

I I b 0 5 ! j 1  
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d coincidentally with the maximum elevation in serum ervthro- 

he subsequent reversion to the normal EKG pattern on'the 

y cor re la tes  well with the preceding evidence of acclimatization. 

Collectively, these cardiac, respiratory,  and symptomatic 

haracterize in part  an ear ly  stage of acclimatization in which 

the body learns  to function effectively on greatly reduced ar te r ia l  oxygen 

tension long before secondary polycythemia is present to augment the 

oxygen carrying capacity of blood. The changes all occurred shortly 

before o r  coincidentally with the maximum elevation in e t r u m  erythro- 

poietin. 

reduction in functional hypoxia taking place during the initial acclima- 

tization process. Improved t issue oxygenation, o r  whatever underlying 

process influences functional hypoxia, may also be responsible for  

reducing erythropoietin production following i t s  initial stimulation by 

hypoxia. 

The fall in erythropoietin, therefore, appears to reflect the 

The absence of measurable quantities of erythropoietin in the 

urine of Bolivian natives living at 17 ,000  ft, and failure to detect the 

hormone in acclimatized climbers at 23,000 ft, is in agreement with 

more recent observations by Van Dyke (personal communication) on ' 

I' 'tiuman subjects at 13, 000 ft. These findings, particularly for high 

I I b o 5 5 8  
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where erythropoieses is two to three t imes more  active than at 

strongly suggest that elevated levels of erythropoietin a r e  not 

for maintaining a hyperactive marrow in the acclimatized 

The initial outpouring of the hormone observed in the early stage 

atization seems to be needed primarily to accelerate erythro- 

tivity but may not in itself regulate normal activity nor maintain 

d level of activity in chronic hypoxia. The continued maintenance 

of elevated erythropoietin concentration is sometimes observed in severe- 

ly hyposic animals that a r e  moribund o r  nearly so. 

investigators to suggest that erythropoietin may be a "panic hormone" 

evoked only in c r i s i s  and that another, a8 yet unknown, mechanism 

normally regulates erythropoiesis. 

This has led some 

The observations reported here seem 

to support this contention. 

A final observation on erythropoiesis, which i s  an outcome of 

the study on subject A in the low-pressure chamber, seems significant. 

It i s  well established that a temporary shut-down in erythropoiesis immedi- 

ately takes placc: when a human who is acclimatized to high altitude 

descends to sea level (6, 25). In contrast to this, subject A's high rate of 

plasma iron turnover and hemoglobin synthesis persisted a f te r  he was 

restored LO sea level pressure ,  then gradually decreased toward normal 

va!uen oker an extended interval of time (more than two weeks). 

I 
Thls 

-. . 
striking difference in re  ,,,onse may depend upon the pressncr  o r  absence 2 I 
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emia a t  the time the subject changed altitude. The subject in  

e r  experiment, although apparently acclimatized in  most other 

a s  not polycythemic when restored to sea level pressure. 

erythropoietic activity may be governed more  by the differ- 

n the actual red cell volume and what it ought to be for a given 

by the level of hypoxia itself. 

The most extensive studies of hemotological changes brought on 

by hypoxia have been those conducted by various investigators working at 

Morococha (14,900 ft, 430.6 m m  Hg), Peru  ( 6 ,  7, IO, 14, 25). At this 

altitude plasma iron turnover in acclimatized residents is about 25% 

greater than in sea level residents (approximately 0.55 compared to 

0 .45  mg/Kg-d). 

level value were generally observed in unacclimatized subjects for the 

first  few weeks after arriving a t  altitude from sea  level (6, 25). 

of 0. 52 and 0.72 mg/Kg-d measured in Bolivian residents a t  12,000 and 

17,000 ft a r e  in good agreement with the value for Peruvian residents a t  

the intermediate altitude. The Expedition subjects' base line average of 

0.43 mg/Kg-d i s  also in agreement with the mean value for Peruvian 

residents at sea level. 

Expedition climbers a t  I? ,  800 and 21,500 f t  a r e  consistent with what one 

would expect for subjects who a r e  not fully acclimatized, or more 

correctly, subjects whose red blood cell volume has not yet stabilized. 

In Ap,.il, whcri t h e s e  measurements were made, the expedition had been 

In contrast, ra tes  of iron turnover nearly twice the sea 

Rates 

The ra tes  of 0.98 and I. 40 mg/Kg-d for  

-. . . 
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ltitudes greater  than 15,000 f t  for more  than a month. How- 

shows hemoglobin concentration and. presumably, circulating 

1 voiume still increasing rapidly. 

a iron turnover in subject A during his expoaure to low 

chamber increased from an initial value of 0.37 mg/Kg-d 

of 0.95 mg/Kg-d after 2.5 days (Fig. 3). This is 

noteworthy for i t s  close correspondence with the r i s e  in serum erythro- 

poietin concentration. 

not clear. Although plasma iron turnover ra te  declined slowly for nearly 

If a correspondence exists after the third day. it is 

two weekr af ter  the subject was restored to aea level pressure.  u r h a r y  

erythropoietin was no longer detectable after the subject left the chamber 

and the presence of serum erythropoietin waa doubtful. 

Although i ron turnover is obviously related to hemoglobin 

synthesis, there  is disagreement among authorities on i ron  kinetics 

about how it i s  related and on what fraction of the observed plasma iron 

turnover is used for hemoglobin synthesis in the healthy human. The 

uncertainties stem partly from biological variability but perhaps more  

from varied interpretations of i ron kinetics. 

study of iron kinetics in 13 normal subjects. Pollycove (22) concludes that 

when serum iron concentration exceeds 92 Ug/100 ml only 65% of the iron 

From a comprehensive 

turnover i s  diverted to hemoglobin synthesis but when the concentration 

i s  less  than 54 i ig/ IOO ml ,  95% of the iron turnover is so utilized. Since 
- 6  . . 
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ds for selecting any one proposal in preference to another for 

hemoglobin synthesis a r e  in dispute, we have aeaumed, for the 

timating relative rates of hemoglobin production, that iron 

s completely utilized for this purpose. On this basis,  the rate 

bin synthesis for the tour expedition subjects at sea level was 

d a t  17,800; and at 21,500 f t  the ra tes  were 0.28 and 

0.35 g/Kg-d. At 12,000 and 17,000 ft, the acclimatized Bolivian subjects 

produced 0.16 and 0. 22 g/Kg-d 

From the initial rate of rise in hemoglobin concentration of 

2 . 2 5  mg/100 ml-d, during the first 20 days when the expedition first 

?.scended to significant altitude and the initial mean red cell volume of 

2.44  l i ters,  it  i s  apparent that about 14 g were being produced per day in 

addition to that necessary for replacement. A crude estimate of 7 gld 

for the latter i s  obtained from the red cell volume and a mean red cell 

life span of 120 days; hence, the rate of aynthesis. at least at the outset 

of the 20-day period, was about three t imes normal for  the group. Since 

plasma volume does not appear to change at  altitude nor with the develop- 

ment of polycythemia, one can, a t  some risk,  project the red cell  

volume to the s tar t  of the next 20-day period when hemoglobio concen- 

tration increased a t  the rate  of 0. 18 g/IOO ml-d. This interpolation 

yields a mean red cell volume of 3. 25 l i ters ,  a total blood volume of 

6.20 l i ters ,  and an excess hemoglobin production rate of 13 g/d with a 

I I b 0 5 b 2  
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e production of 12 g/d. The sum, 25 g/dD agreesD perhaps too 

the estimate of 25 g/d derived from plasma iron turnover 

during this period at 21,500 ft. 

this estimate, the agreement may only be accidental. 

is well known that when high altitude residents descend to sea 

hropoiesis i s  depressed until the red blood cell volume is 

red call attrition to values normal for  sea level (6, 25). 

. 
In view of the assumptions 

Reynafarje (25) observed a rate of decrease in volume that was consistent 

with what  one would expect for a normal red-cell life span, and in a la ter  

study (24), shcwed by more  direct methods a normal life span for cells 

formed immediately after arr ival  at 14,900 ft. 

The abrupt and extremely rapid drop in hemoglobin concentration, 

0 . 4  g/100 ml-d, that occurred when the climbers left bare camp (17,800 ft) 

and descended to lower altitudes on the return march, is not consistent 

with ear l ier  reports and raise's doubts about the life span of red cells 

formed a t  high altitude. At the start of the descent, hemoglobin concen- 

tration averaged ahout 21 g/lOO ml. Assuming that plasma volume had not 

changed greatly, the red cell and total blood volumes would have been 4.8 

and 7. 8 l i ters.  The initial rate of loss of circulating hemoglobin would 

therefore have been approximately 2.57dd. At that point in time, after 

63 days at  altitude, a l l  but a small fraction of the circulating red blood 

cells would have been produced at  high altitude as a result  of the 
-. . . 
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Under these 
0 %  

no substantial drop in red  cell volume @r hemoglobin concentration) 

until the bulk of the cells had lived out their life spans. 

happened about 30 days after the Expedition left Mt. Evereet, but in fact 

occurred the n.oment the Expedition descended to lower elevations. 

should be borne in mind that this situation differs from that for which 

Reynafarje (25)  describes an expected loss  in r ed  cell volume on descer,.. 

from altitude, He used in his study a long-term high altitude resident in 

This should h a v e  

It. 

whom cell ages were distributed normally, and doubtless the average cell 

life span was normal. In their ear l ie r  study, Reynafarje et  a1 (24) 

measured cell life spans with radiocarbon - labeled glycine and found 

normal values. However, the glycine was given only 10 hr  after the 

subjects arrived a t  14,900 ft and consequently would have labeled only 

cells produced before the bone marrow was fully stimulated. 

There appears to be no direct evidence that the life spans a r e  

normal for cells produced during the first month o r  two of severe hypox'e: 

when erythropoiesis is most intensely stimulated. 

mvs. ". 
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Studies on animals show a marked reduction in r ed  cell life 

n the cells a r e  formed during t imes of intense erythropoietic 

Neuberger and Niven (1Sa) found a reduction of 30 - 5070 for  

formed in the rabbit after bleeding. Berlin and Loto (I)  also 

t acute hemorrhage produces in the r a t  abnormal cells with 

51 

shor t l i fe  spans. A similar effect was observed by F r y e r s  and Berlin 

(2a) in hypoxic ra t s ,  provided the labelled glycine used for tagging the 

cells was given in the initial stage of acclimatization to hypoxia. No 

change in life span was apparent in r ed  cells formed in acclimatized 

animals. 

The sudden, rapid drop in hemoglobin concentration observed 

in the Mt. Everest  climbers can only be accounted for by either a 

significantly shorter life span for cells formed during the first 60 days at 

high altitude, o r  by active, random removal of red  cells f rom the 

circulation. 

Adrenal gland activity. 

There i s  general agreement that secretion of 17-OHCS and 

17-0s i s  stimulated in the initial stage of acclimatization by hypoxia 

but not after acclimatization is well advanced. 

(9) reported an increased urinary excretion of both cortical steroid 

Koller and his associates 

- , , ~ ~ o u p s ,  along with a fall in eosinophils at 3450 m (11.300 ft). An 

elevated excretion rate of 17-OHGS and 17-0s was observed by Timiras 

I I b 0 5 b 5  
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for  5 days o r  more  after subjects a r r ived  at 4100 m (13,450 f t )  

level. 

rtical activity, based on urinary 17-OHCS and other indices 

e f i r s t  five days in subjects taken to 4330 m (14,200 ft)  in the 

Mackinnon et  a1 (13) found a significant increase in 

wever, they also report a slight depression in 17-0s excretion 

h day. Even at the relatively low altitude of 2000 m (6560 ft) 

Halhuber and Goble (3) found in  newly ar r ived  subjects an elevation in  

urinary 17-OHCS excretion and a depression of eosinophils that persisted 

for several weeks. 

In studies on acclimatized subjects, Moncloa et a1 (16, 17) 

found no significant differences between urinary excretion ra tes  of steroids 

in native residents a t  14,900 f t  and sea  level. 

responses to ACTH and MethoTyrapone were also much the same in  the 

two groups of subjects, 

The adrenocortical 

A similar result for adrenal urinary steroids i ?  

reported by Mackinnon (13) for his subjects a t  4330 m, and by Hornbein 

(4) for 17-OHCS excretion in climbers exposed to altitudes over 21,000 f t  

AI 

for two to three weeks. 

For the most par t  the adrenocortical responses observed in  the 

Mt. Everest  climbers,  and in subject A during acute hypoxia in  the 

chamber, a r e  in accord with the findings of others for the effect of less  

severe hypoxia. Only 4 values of 17-OHCS, and 2 for 17-0s. a r e  clearly 

and abnormally elevated. Two of these were pre-expedition when 

b 0 5 b b  
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strain; of last-minute preparations are greateat. One of 

s occurred the day following the climber's ascent to the 

s bivouac at  28,000 ft without oxygen for 14 hr. However 

cortical activities of other summit climbers were not altered 

erage for the four men is not sigruficantly different from their  

tion value. 

ares and the responses 01 both 17-OHCS and 17-0s to ACTH. 

" .  . I. 

.I < ! 
,-;--. . 

f'he same conclusion appliea to the 11-0s 

The adrenocortical activity of subject A showed no changes 

during the expedition that were statistically significant. 

adrenocortical response to acute hypoxia in the chamber, however, 

appeared to be more definite. 

17-OHCS and 17 -OS we believe is significant evidence of an 

adrenocortical response in t h i s  subject, based 0 1 1  measurements made 

occasionally over a period of several  years. 

a r e  noteworthy. 

parallel those of 17-OHCS. 

maximum on the second day but returned to the normal, pre-exposure 

His 

The increase of about 50% in both 

Two aspects of the response 

F i rs t ,  the changes in excretion rate of 17-0s did not 

The excretion rate of 17-0s attained a 

rate on the third and fourth days. 

vated 011 all  four Jays of the test. 

17-05 increased about twice a s  milch a s  the 11-daoxy fraction. 

The 17-OHCS were uniformly ele- 

Second, the 1 I-oxy fraction of the 

The depression in subject A's eosinophil couxt froin his norm'al 

... . lbvel of 4'5 to 1% dur inC his four days in Llic chamber IS consistelit wit11 

I I b O 5 b l  
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rate increase in adrenocortical activity. No consistent changes 

ophil concentration were noted in subject A o r  other members  of 

ition while on Mt. Everest. 

atecholamine response to hypoxia has not been extensively 

d. Pace et  a1 (19) observed no increase in epinephrine 

six men taken from sea level to 3,800 m (12,500 ft)  during 

the subjects were observed. In contrast, norepinephrine 

increased two-fold during the two week period, starting on the second 

day at  altitude. 

subjects was also increased, Pace's findings would seem to conflict, at 

least  on superficial examination, with Luft and von Euler's (L2) obser- 

vations that administration of ACTH, Cortisone, and 

desoxycorticosterone acetate greatly reduce norepinephrine kcre t ion .  

Our findings do not appear to be in accord with either of these obser-  

If it i s  assumed that adrenocortical activity in these 
0 

vations. The Mt. Everest  climbers showed no change in catecholamine 

excretion with altitude o r  ACTH administration. 

It should be noted that our values for daily axcretion rates  a r e  

about one ha l f  the values generally found in the l i terature,  but we believe 

this to be due to a systematic difference i n  the assay that would not havc 

affected the relative values. 

'-. .Miscellaneous observations. 

Leucocytes. Healthy persons acclimatized to moderate altitudes ( less  

I 1 5 0 5 b 8  
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5 2 x $ ~ n ~ l { , ~ O O  ft), in whom erythrocytoeis is invariably present,  do not in  

t- I: $*ekdBxhibit leucocytosis and thrombocytosis (6,7). Temporary 
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l-e?cgcjt>sis, however; has been observed in the early stage of acclima- .c 2. .- . . - - .- 

O ' t .  kza$&$7, 38). The findings from the Expedition and the chamber study 
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: B;ar>o&%hese observations. No meaningful changes in either total o r  
0, . . 

nor in climbers who made excursions of several  days to much higher 

altitudes. In contrast, subject A on acute exposure to severe hypoxia 

developed moderate but significant leucocytosis and thrombocytosis, with 

ir marked depression in eosinophil concentration. 

Van Dyke et a1 (36) demonstrated that concentrated but 

impurified urinary erythropoietin from a human donor (one of only 

several known to excrete large quantities of the hormone) produced in 

normal subjects a leucocytosis and thrombocytosis in addition to the 

expected reticulocytosis. The similarity between.the pattern of the 

responses in the subjects given large doses of erythropoietin and that 

observed in subject A (See Fig.  3) ra ises  the possibility that high 

concentrations of erythropoietin may ac t  a s  a generalized hematopoietic 

stimulant. The absence of leucocytosis and thrombocytosis in chronic 

exposure to hypoxia may mean only that production of these cell forms , 

is insensitive to erythropoietin a t  the relatively low concentrations 

(and possible absence) that prevails after acclimatization is well advanced. 
,-. . 
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other than 

to hypoxia 

erythropoietin a re po rtulat e d, 

except in the initial r t r e r r  of 
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they seem 

' H e i 3  rate and blood pressure.  Disagreement exists in the l i terature on 

in heart rate and blood pressure that occur during sojourns 

To a large extent this would seem to be inevitable because 

under which such observations a r e  made. A wide 

i t 

range in response was seen in the Mt. Everest  climbers,  but several  

distinct patterns seem to emerge. In general, basal heart rate8 were'  

elevated during the 60 days at  o r  above 17,800 ft. Although the ra tes  

were highest during the first month and decreased thereafter, there was 

no clear  tendency to return to sea level values. No heart rate was 

consistently less  than a t  sea level, but five cl imbers  exhibited no change 

from base-line values during the course of the expedition. 

Resting diastolic pres rures  were uniformly and chronically 

elevated. Systolic pressure  was also elevated, but more  labile and 

showed a tendency to diminish after a month of acclimatization. 

heart rate of subject A showed no consistent change during the first 24 

h r  in the low-pressure chamber, but thereafter it increased about 20%. 

After a day and a half his systolic and distolic pressures  increased 

slightly. He also maintained a somewhat higher than normal blood 

pressure during the expedition. 

The 

' 

u .. 9.' 
These observations a r e  somewhat a t  
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with those of Leuthold (11) who reports no change in blood 

in climbers at altitudes up to 6400 M (21,000 ft), and no change 

ate for altitudes up to 5400 m (17,750 ft) ,  although a marked ._ .- - ; & I , ;. i; < \  E 
.- >; 2 I $perease a t  6400 m. ,p E . 7 .r. a 5 

The general character of the recovery pattern for heart  r a t e  and 

ressure  following light exercise (3-min step test)  did not change 

ably with altitude and acclimatization. The r i s e  in  heart  rate and 

pulse pressure produced by the exercise seemed to diminish progressive- 

ly  with acclimatization. 

were most pronounced, the responses were greater than at sea  level, if 

weight changes and step height a r e  taken into account. 

months that followed, pulse pressure and rate responses to the exercise 

a t  17,800 ft seemed to decrease steadily. 

In the first week, when symptoms of hypoxia 

During the two 

Weight loss. The weight loss of 5 - 6 Kg sustained by all members  of 

the Expedition team during the 4-week approach march is not surprising 

in view of the daily high work level, high ambient temperatures, and 

initial average fat burden of 20%. It indicates, however, that pre-  

expedition physical training was l e s s  than wholly adequate for the task, 

but it should be added that this was one of the purposes served by the 

approach march. 

The persistent loss of weight i n  climbers at 21,500 ft and higher 
.. . 

elevations cannot be attributed to a calorie imbalance caused by work. 

l l b 0 5 1 1  
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e must be sought elsewhere because the average daily work level 

e 30 days o r  more most climbers spent at and above 21; 500 ft 

r low. 

itable consequence of depressed appetites, the ever-present 

‘It i s  generally assumed that weight loss  at high altitude 

of preparing food and occasional food shortages. These 

r e  present and, combined with the additional calorie demands 

the low ambient temperatures at 21,500 f t  (0 to -20 C), could 

explain the loss  in weight. Nevertheless, two additional 

I 

factors may have m o r e  significance than heretofore suspected. 

exclusive, but necessary,  use of highly concentrated, processed foods 

led to a monotony of diet that seemed to have more  impact on appetite 

than did hypoxia. In contrast, f r e sh  foods of any description, including 

tough goat meat that would have been rejected as inedible under normal 

conditions, were eagerly consumed at all altitudes. There war no evi- 

dence that fats were l e s s  acceptable than at rea level. Bacon and butter 

always remained in demand. If the diet shifted more toward carbohydrate6 

a t  higher altitudes, it  was because they were more accessible, required 

The 

no preparation and were in familiar forms that a r e  part  of the ordinary 

diet a t  sea level. 

supplemented with expedition food, rhowed little evidence of weight loss a t  

high altitude. 

Sherpas, who subsisted on their normal diets, 

I. . . 
A possible second factor in weight loss  relates to digestion and 

i I b o 5 1 2  
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.irIprion in  the intestine of food consumed at high altitude. Little 

pears  to have been done on the effects of hypoxia on hydrolysis 

d protein andabsorption of digestive products in the gastroin 

tinal tract .  Evidence for this effect of hypoxia is still dubious. 

persistent weight loss  a t  t imes when caloric intake seems 

t consists of the observation on a number of expeditions, 

is one, that a sprue-like syndrome occurred with large 

volumes of flatus and bulky, steatorrheic stools. 

weight loss, it seems likely f rom the losses  in TBW that members  of 

the expedition were subjected to malnutrition a s  well as under -nutrition. 

Evidence for lean-tissue wasting admittedly is meager,  but it is worth 

Whatever the cause of 

noting that if  lean t issue were lost, it occurred while substantial depot 

fat still remained. 

(20 ,  2 1 )  and Nevison et  a1 (18) that no change in body compisition occurs  

It is clear from the work of Picon-Reategui et a1 

during prolonged exposure to 14,000 ft (permanent residence) and 

19,000 ft (9 months). 

nearly constant. 

highest altitude a t  which body weight can be maintained l ies between 

19,000 and 21,500 f t .  

At both altitudes, body weight and TBW remained 

It appears  probable from these observations that the 

Electrolytes. Much has been said about physiological reaction to hypoxia 

-. .brought on by excessive renal excretion of potassium ion as a result of 

respiratory alkalosis and a potassium shift from intracellular space. 

I I b o 5 1 3  
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ed in the Mt. Everest  climbers,  it war not evident after 

hed base camp (17,800 ft)  when measurements began; sodium 

p-ssium excretion appeared to be normal even after ascents to 

altitude. Serum levels of both ions were also normal in  the 

ested at 17,800 and 21,500 ft. In the acute exposure of 

to hypoxia in the chamber, no significant changes occurred in 

um o r  urinary Na, K, and G1. 

ns that potassium was not a factor in acclimatization, at least  

It must  be concluded from these 

in these subjects and under the conditions of the studies. 

-. . . 
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