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Summary : Studies have been conducted on 29 young healthy normal residents of sea level
on the changes in physical work capacity after prolonged stay of 24 months at an altitude of
4100m and a comparison is made with 20 young native residents of high altitude having identical
nutritional compromise and physical training status. Physical work capacity of these subjects
have been estimated by recording the cardio respiratory responses and 0, transport mecha-
nism during sub-maximal and maximal exercises in the laboratory under controlled conditions
and in outdoor performance in running and hill climbing. Endurance work capacity was estimated

from all out steeping exercises.

Maximum 0, uptake capacity of 46.8 ml//kg/min of sea level residents significantly (P<<0.001)
reduced to 34.6 ml/kg/min on induction to high altitude of 4100m but gradually improved to
36.6 ml/kg/min after 24 months stay at that altitude. The high altitude native residents on the
contrary had a significantly (P<C0.001) higher Vo, max of 41.1 m//kg/min which was not signifi-
cantly different than the sea level residents value at sea level. Timings in out door running
performance and hill climbing corroborated the findings of Vog max. Similarly endurance
work output in stepping exercise indicated that the native residents of high altitude had much
superior capacity and produced 2.5 times more work than the acclimatized low landers even after
24 months stay at 4100m. The increased work capacity of high altitude native residents is
attributed to their higher aerobic capacity and cardiovascular efficiency and superior respiratory
efficiency, possibly due to genetical adaptations at the tissue level.
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INTRODUCTION

Physical work capacity of sea level residents during sojourn to high altitude has
been reported by various workers from different countries (2,4,8,13,19,22,28). However,
all these studies pertain to subjects with relatively short term of stay at high altitude. No
precise information is available in the literature on the changes that take place in sea level
residents due to stay at high altitude over a prolonged period except one by Sen Gupta
et al. (27). Extensive studies by many workers on high altitude native residents of Andes
in South America indicate that these people posses a very high degree of physical work
performance capacity (14,18,25), and tolerated successfully the low ambient pressure
and could engage themselves in severe physical activity. Similar studies on Himalayan
natives have also been carried out (9,15,16,17,24,25,26). All these studies confirmed
the superior work capacity of the native residents. The reason for this could be due to

adaptational changes at the cellular level.
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This study was undertaken to investigate the changes in some physiological functions
associated with work capacity of sea level residents during prolonged stay at high altitude
and compare them with permanent high altitude native residents having identical nutritional
and physieal training status.

MATERIALS AND METHODS

Twentynine young healthy male adults in the age group of 20-30 years were
selected at random. from a homogeneous population. They had been born and brought
up at sea level and had not stayed at high altitude before. These subjects will be referred
as low landers. Similarly 20 healthy young permanent high altitude native residents
who were born and brought up at altitude varying from 3500 to 4700m and had not been
to sea level before, hereafter called high landers, were selected at random from a large
sample. Both these group of subjects had similar nutfitional and physical training status.
The physical characters of the subjects are shown in Table I.

Initial studies of low landers were carried out at Delhi. They were then taken
to an altitude of (3500m) by air and studied there. Subsequently they were taken by road
to an altitude of 4100m where they were stationed for the next 24 months. They were
studied periodically during their stay at that altitude and finally after 24 months of stay at
4100m. In this paper, however, only the results of studies at sea level; within one week
of their arrival at 4100m and after 24 months stay at 4100m are presented. The studies
on high landers were also done at the same place. The climatic conditions prevailing
during the study were recorded at each _place.

¥

a) The subjects were given a standard submaximal stepping exercise on a 37.5

cm stool at a frequency of 30 steps/min for 5 min. During the exercise pulmo-

nary ventilation (VE): 0, consumption (VOz) and heart rate (cf) were recorded
by making the subjects breath through a low resistance valve into a Max-Plank
KM respirometer. An aliquot of expired sample collected from the respiro-
méter was. analysed. for Co, and O, using micro-scholander gas analyser.
Heart rate was recorded with an ECG machine. Blood sample for lactic acid
estimation was collected: from the prewarmed finger tips after the exercise and
blood lactate was estimated by Barker and Summerson method (3) as modified
by, Strom. Pulmonary ventilation and O, consumption during. 15 min post
exercise period were also measured to estimate the aerobic and anaerobic
'O, supply during the effort and the ratio of recovery and exercise ventilation.

b) The subjects were then subjected to a graded maximum exercise on a mechan‘i-
cally braked bicycle ergometer till exhaustion. Pulmonary ventilation, O
consumption and heart rate were recorded for each rate of exercise by the
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method mentioned above. The maximum O, uptake capacity (VOz max) of
the subjects were determined from the plots and the flattening point was
considered as the maximum. Exercise ventilation and heart rate at the maximal
exercise have been considered as maximum ventilation (VE max) and max.
cardiac frequency (cf max), ventilation equivalent (VE/Voz) and oxgyen

pulse (Vo:/cf) were also calculated for 1 litre of 02 consumption from the
plottings of various sub maximal exercises.

¢) Endurance work capacity of the individuals was estimated by giving endurance
stepping exercises at a fixed speed on a 37.5 c¢m high stool till exhaustion
and the time was noted. Besides these laboratory tests, physical work perfor-
mance capacity of the subjects was also assessed by two out door performance

tests:

i) Time in running a distance of 1.6 #m at maximum speed and

ii) time taken to climb 1500m on a hill having (1 : 3) gradient.
RESULTS

Physical characteristics of the two groups of subjects are shown in Table I. The
data indicate that the mean age of the two groups was indentical. However, the high
landers were taller dnd heavier than the low landers. The mean height of the low landers
was 166.1 cm and their nude wt.  57.0 kg at Delhi was reduced to 54.7 kg after 2 years of
stay at 4100m, whereas the mean height and nude wiehgt of the high landers were 170.9
cm and 62.5 kg respectively. The climatic conditions indoor and outdoor prevailing
during various period of study at sea level and at 4100m are shown in Table Il and were
comparable to seasonal differences.

The physiological responses of low landers in a standard steping exercise on a
37.5 cm stool at sea level as well as at an altitude of 4100m after 2 years stay have been
shown in Figs. 1,2, and 3. Similar results of high landers have also been shown in these
figures. It will be seen that the pulmonary ventilation for the standard exercise which was
68.2 L at sea level increased significantly to 96.9 L at 4100m, wheras the high landers
at 4100m carried out the same work with much less ventilation of 71.2 L which is almost
similar to the low landers value at sea level (Fig. 1). The contraction of O, debt in the
same fixed work was 33.1 m/ at sea level in low landers but increased to 38.1 ml/kg at
4100m whereas the same effort was done at a less Oz debt (32.0 ml) by the high landers
at 4100m (Fig. 2). Lactate accumulation in standard exercise followed the similar pattern
as in Oz debt contraction as expected (Fig, 3).
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Some of the physiological responses during maximal effort have been shown in
Table Ill. It will be seen that the mean maximum oxygen uptake=capacity,,(\702 max) of
low landers which was 46.84 ml/kg/min at sea level was reduced to 34.61 ml//kg/min on
induction to 4100m but improved to:36.62 m//kg/min -at 4100m after 2-years of stay at
that altitude. The mean Vo2 max of high landers on the other.hand at 4100m wes 41.1
ml/kg/min which was about 13% higher. than the acclimatised low landers. . The mean VE

TABLE I: Physical characteristics ot lowlanders and highlanders at sea level and at an altitude of 4100m.

o itn " Lowlanders' .
Characteristics. = ' . . e e — —— - — Highlanders
<« At Delhi On. induction After 2 yrs at 4100m,
to high altitude of stay :
Number 29 2= 29 20
Age (yrs) 24.0 24.4 26.4 26.5
4301 i S +5.6
Height (cm) 166.1 &Y 166.1 166.1 170.9
+3.6 “' +3.6 +3.6 +5.2
Body weight (kg) ok 66,2 54.7 BB
+4.4 +4.1 4.1 SR
Surface area (Sq.m) 1.63 461 160 1.73
O%T sievs eshnel oo T 3 4008 40.07 40.07 $0.12
:-‘; indicates standard deviation.
TABLE 1I: Mean environmental conditions at sea level and at 4100m.
61 i /ndoor Outdoor
Place , Period e
D.B. W.B. Max Min
(°C) (°c) (°C) (°C)
sk Jan 14.50 10.0 20.10 5.9{1
(Range: - (Range: (Range: (Range:
13:83-15.i65) + 8.33-11.67) 18.89-21.11) 4:44- 7.22)
4100m June-July 17.28 9.17 21.4 3.78
(Range: (Range: (Range: (Range:
14.44-19.44) 7.78—12.22) - 13.89-30.55)

—2.22.12.22)
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max of 88.2 L of low landers at sea level increased significantly to 112.1 L at high altitude
after 2 years of stay. Curiously enough, the high landers demonstrated 2 significantly
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Fig. 3: Lactate accumulation (mg/100 ml/) in blood in fixed a exercise.

lower value of VE max (93.8 L). The lower respiratory stress during exercise in high landers

has however, been clearly observed in VEq (VE/Vo.) values. The mean V.Eq of low
landers at sea level was 26.9L/Lo. was increased significantly to 50.8 L/Lo; at 4100m
after 2 years stay whereas the high landers required only 38.7 L ventilation to supply 1L 02
which is significantly lower than the low landers. The mean maximum cardiac frequency
of low landers was 186 beats at sea level but significantly reduced to 183 beats/min at
4100m, after 2 years stay. The high landers demonstrated a mean max value of 185 beats/
min and was not different from low landers values. However, the cardiac efficiency can
be better judged from the 02 pulse values which indicate significant increase at high altitude
in case of low landers while the high landers demonstrated significantly lower value
indicating superior cardiac efficiency .in them.

The physical work performance capacity in endurance step test, 1.6 &m run and
hill climbing ability in both the groups of subjects have been presented in Table IV, It will
be seen that in endurance step test done at therate of 30 steps per min, the total number of
steps by low lander at sea level was 1142 which came down significantly to 648 steps at
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- 4100m afterx 2 years stay whereas the high lander finished with 1697 steps ‘at' the same
~ altitude. Similar trend was observed in the other test while stepping at the: rate of 35
- steps per min. The performance of low landers dropped to 594 steps at 4100m as compared
to 948 steps at sea level: whereas the high landers did 1173 steps at 4100m:  Thus the
high landers turned out nearly 2.5 times the greater work out put as compared to the»r sea
level counterparts who had spent 2 years at the altitude. il of e 23N

»

e, TABLE Il : Comparative physiological responses to exercise in acclimatized
low!anders and highlanders at altitude.

wb 2 IGA

Physiological Lowlanders Highlanders
parameters ' ; : == 'of 4100m iz _Lgvel_qf signif('cqqqe G
= / 1 1 14
Sea level On induction After 24 mon— e 3 Vs 4
to 4100m ths stay at
4100m
Voz max Gy 46% 2 34.61 36.62 s 1 ) b P<<0.001 S ) e S
(ml/kg/min) +4-6.47 +45.39 +11.10 -+11.10 VIRERLE alai
VE max 88.2 103.2 112.1 93.8 P<0001  P<00s 'V

(L BTPS/min) +4-10.60 -+12.80 -+21.65 +4-20.5

HR max 186.0 183.0 182.5 185.0 P<002 NS
(beats/min) $1846° T 04 +6.17 45.6

Exercise dyspnoea

in fixed exercise 45.0 60.4 - ' © 57.7 L 42.2 ' P<0.001 T DpL0.001
(37.5cm/30 steps) —-9.0 +7.65 +9.6 +8.0 ' : o 2 A ACEmaT
VENo, (L BTPS/  26.9 51.06 50.8 '38.7  P<0.001 P<0.001
Lo,) 310 1688 45.70 ' +4.49 :
i : ; : e
HRIVo, (beats/ 70.7 1) 906 89.8 7 0 760 P<0.001 P<0.0007 | »

Loz) ‘o p?200 C 1180 1 G080 15 4602
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- Inthe 1,6 kmrun, the mean time taken to cover this distance was 6,68 min at sea
level but this increased to 8.08 min at 4100m whereas the ‘high landers maintained much
higher.speed and covered the same distance in much less time 6.78 min which was almost
equal toJow landers time at sea level.  In the hill climbing test also the low landers average
time to cover 1500m with 1:3 gradient was 9.17 min whereas the high landers required only
7.55 min to climb the same features.

TABLE IV: Comparative physical work performance of highlanders and lowlanders at altitude.

Sea-level residents Highlanders at
Tests - : 4100m
At sea level After 2 years stay
at4100m - ‘
/ 1A > m
Endurance stepping on 37.5 cm
high stool —
@30 steps/min (No.) 1142 648*** 1697***
+4487.0 4-266.2 +4718.4
@35 steps/min-(No.)- 948 . 594*** T173%%"
4-354.0 4-292.0 45997
Time in 1.6 km run (min) 6.68 8.08*** 6.78%
4-0.51 40.72 40.65
Hill climbing time (min 1500m;
1:3 gradient) —_ 9.17 7 . GGeaee
N +40.88

<indicates standard deviation
***indicates highly significant (P<<0.001) changes between | and II; i and ili.

DISCUSSION

The capacity for phy3|cal work performance is directly related to the efficient Oy
transport mechanism. Thus the max 02 uptake capacity plays the foremost role in physical
performance capacity (1). It is a complex measure of a variety of separate physiological
functions encompassing the capacity of the heart for pumpnig a maximum volume of blood
(11, 12) the O carrying capacity of the blood, the level of oxygenation of the blood
in the lungs and the utilisation of oxygen by the active muscle tissues. All investigators
(4,10.23 & 20) agree that the max O, uptake capacity (\‘/o2 max) is reduced on- sojourn to
altitude.. This reduction in aerobic capacity follows a fairly linear pattern. If has been
estlmated (7) that there is a reduction of 3-3.5% for every 300m ascent above 1500m
The present data fits this regression line satisfactorily.
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In comparison to acclimatised low landers, high altllude native residents demonst-

1 tated superior oxygen supply mechanism as evidenced by higher Vo, max of 41.1 milkg/
" min as against 36.62 m//kg/min in the acclimatized-soldiers. High landers also demonst-
rated better cardio-respiratory. efficiencyand anaerobic efficiency as shown in figs 1-3.
Because of superior cardiorespiratory efficiency leading to higher O, transport mechanism,
the altitude native residents were able to produce much higher total work output than the
acclimatised sea level residents at high altitude. This superiority in physical work capacity
of high landers of Andes and Himalayes has been reported by various earlier workers (14,
28,9,15,17,24).

It is not known whether sea level men can adapt fully to high altitude and if so
how long it will take to develop the necessary physiological adjustment enabling them to
produce work rates similar to the high altitude native residents at altitude. From the
present studies it is clear that even after 2 years of stay at 4100m and maintaining a very
active schedule of work throughout, the low landers could not produce the same physical
work capacity at high altitude as at sea level though they subsequently showed improvement
from the initial losses. - This finding is in agreement with the observations (28) who studied
10 sea level residents at 4500m altitude and concluded that it is hard to say whether they
will ever reach the final physiological state as the adapted man. Extensive studies on accli-
matisation process of low lander at great heights for 9 months during 1960-61 in the Hima-
layas (26,22.23) and for 3 months in the Himalayan School House Expedition (16) con-
cluded that there were many physiological adaptational changes that took place due to
continuous stay at high altitude.

Adaptation to high altitude in the native residents demonstrates the highest degree
of harmonious integration of body functions attaining a peak condition which is not obtained
in new comers even after prolonged exposure for 24 months at those altitudes.

It can thus be concluded from this study that the high altitude native residents
‘possess superior work performance capacity than the low landers ecclimatised for 24
months. This might have been possible due to generations of adaptational .changes
accrueing in them in various system of the body enabiing them to overcome the handicap
due to the lowered partizl pressure of Oz.

ACKNOWLEDGEMENTS

Authors are gratetul to Surg Rear Admiral M.S. Malhotra, ex-Director, Defence
Institute of Physiology and Allied Sciences for providing all facilities for thework and
‘his constant encouragement. Sincere thanks are also due to M/s. T. Sampath Kumar,
P.B.S. Pillai & B.S. Arora for providing technical assistance and above all to the soldiers
tor their whole hearted cooperation. i



24 Dua_ and: Sen Gupta, - A : January-March..- 1980
Ind. J. Physiol. Pharmac,

Syt - REFERENCES, _ i
‘1'.\ Adarné. WC 'E.‘M. Bernauer;‘ D BDlHand J. Bomar 'E'ffects of equi\falént .se‘a‘ level and altitude
~\training. on Moz, max and running performance. . J. Appl. Physiol, 39 1 262-266, 1975. VEGLHE DTSN
2. Balke; B. Work-capacity at altitude. In Johnson Science and medicine of, ekercise and sports. (Harper &
; Row London, 1960).

'8, *Barker. S.D. and W.H. Summerson. ' The calorremetrrc determrnatron ‘of Iactrc acid in brologrcal materrafs.
J.. Biol. Chem., 138 : 535-554, 1941. : ) o

4. Buskirk, E.R., J. Kollias, E. Picon-Reategui, R. Akara. & Prokop and P. Barker. Physiological and: performance

" in the United States and Peru. Symp. Proc. on Effects of altitude on physical performance. Ed. RF. Goddard
.+ Athletic Institute, Chicago, 1966.. : 53

5 § Chnstensen E.H. (1937) Cited inthe physlologlcal effects of high altrtude Ed. W.H. Werhe. Pergamon Pfess,
'London, 1964. : :

6. Dill, D.B. Effects of physical strain and high altitude on the heart and circulation, Am. Heart J.. 23-:- 441445,
1942. : :

7. 'pifl, D.B. " Physiological ‘adjustments to altitude changes. -J.AMA, 208 : 747-753, 1968.

(8. !'Dua, Gt LSS Ramaswamy .and J. Sen  Gupta. " Altitude effect on physical work performance. Int Synm

erie. ON Human adapatability to environments and physical fitness’., Ed. M.S. Malhotra, DIPAS, 1966.

g LD

L9'. Dua, G “L. Changes in physical work capacrty of lowlanders on prolonged stay at high altitude and |ts com-

Yo/ parison with high altitude native residents.” Symo. on hypoxia and cold organised by I.C.M.R. & DG AFMS
Jan.. 1972. {

10 Grover B.F.. B. Saltin, L.H. Hartley, and R. L. Johnson Jr. Decreased stroke volume during maximal exercrse |n

> Hmant-at hrgh altitude.- Fed. Proc., 26" : 665 (Abs), 1967.

110D aauley;, L. The effects of high altitude environment on the cardiovascular systam of men. J. Am. Med. Assoer,

B 215 (¥ 241-’244 197 1.

1"2".' Harrley, LH “J.A. Vogel and B Cruz Reductron of maximal exercise heart rate at altrtude and its reversal
“with atrepine,J, Appl Physiol., 36.: 362-365, 1974.

13... Horvath,; $.M. - (Physjology. of 'work at altitude. . In. Physiological adaptation, Desart and Mountain. Ed; M.

_Yousef, S.M. Horvath & R.W, Bullard New York, Academic, 1972. .
14 Hu\'tadé A MIT. Velasquez, o Reynafarje ‘E. Lozarno., R. Chavez., H. Aste Salazar B Reynafarje C

" ¢8anchez and JiuMunoz. i Mechanisms of natural acclimatisation studies on the native resident of Marococha,
Peru, at an altitude of 14, 900 ft. Rept. 56-1, School of Aviation Medicine, USAF, Randolph Field Taxas, 1956.

16. Lahiri, S. and J.S. Milledge. Sherpa physiology. MNature, 207 : 610-612, 1965.

16 Lahiri,,S. and J. S Mrlledge Muscular exercrse in the Hrmalayan high altitude. resrdents Fed.. Proc., 25 :
" 1382- 96, 1966. ; :

15! iLanifi, §.,/9.5. Milledge, AK: Bhattacharya, AK Sinha- and H P. Chattopadhya. Respiration'and heart réié‘df

Sherpa high.landers during: exercise. J. Appl. Physiol., : 545-554, 1967,
18. Monge, C. Acclrmatron in 105 Andes Extractor de mvestrgacrones solbre Biologia de Altitude. Fac De. Med
p L/ma,, 196Q

}9 Nayar, H. S A srudy of varlous physrologrcal functions at high altltudes In Symposlum on problems of hlgh
. altitude, Purie. (under “the. auspices of 1.C.M.R. and Armed Forces Medical Services, 1955). }

20.: Pugh, LG.CIE " Muscular exercise in Mount Everast. J. Physiol., 141  : 233-261, 1958. s }
211. , Pugh; LGC.E. Cardiac outputin‘rnuscu_lar exercise at 5800m (19,000 ft) J; Appl. Physiol., 19 : 441-447, 1964.

2'2. Pugh, L.G.C.E. Animals in high altitudes : man above 5000m mountain exploratron in adaptanon to the environ-
ment, Handbook of Physiology. Amer. Physiol. Soci., Washington, 1964,

23. Pugh, L.G.C.E., M.B. Gill, S. Lahiri, J.S. Milledge, M.P. Ward and J.B. West. Muscular exercise at great altitude.
J. Appl. Physiol., 19 : 431-449, 1967.

24, Ramaswamy. S. S., J. Sen Gupta, S. R. Kamat and H.Bhardwaj. A comparative study of the physiological
parametérs in the local inhabitahts of high altitude and of sea level to estimate the effect of barometric pressure

. temperature and humidity and ultravielet radiation. DIPAS (R&D, Org., Min of Defence). Report;No. 5/68..

25. Saha, H. Studies on the resplratory metabolism of Tensmg Norgay and other subject Ind. J. Med. Res., ,47.}

. 423-427, 1969, - = : e

26. Saha, H. and S.K. Das. Studies on climbing efficiency of acclimatized and unacchmalrzed persons Int. Symp.
on problems of high altitude. DG, AFMS, Min. of Def., 1962, oy i

27. Sen Gupta, J., G.L. Dua, N. Srinivasulu and M.S. Malhotra. Changes in exercise heart rate in low landers on
prolonged stay at high altitude (4000m). Aviat. Space. Environ. Med., 46 : 907-910, 1975. 1

28. Velasquex, M.T. Response to physical activity during adaptation to altitude. In : The physiological effects
of high altitude. Ed. W.H. Weihe, Pergamon Press, London, 1964.

s T




