
Int J Biometeorol (1996) 39:133-138 © Springer-Verlag 1996 

C.K.  B a s u .  R .K.  G a u t a m  • R.P. S h a r m a  • H.  K u m a r  
O.S.  T o m a r  • R .C.  S a w h n e y  • W. S e l v a m u r t h y  

Metabolic responses during initial days of altitude acclimatization 
in the Eastern Himalayas 

Received: 27 July 1994 / Revised: 16 October 1994 / Accepted: 7 August 1995 

A b s t r a c t  The study was carried out on 16 men (aged 
20-30 years) to evaluate daily metabolic responses dur- 
ing the early phase of  altitude acclimatization at moder- 
ate altitudes between 3100 and 4200 m in the Eastern Hi- 
malayas. Resting (R) and submaximal exercise (E) oxy- 
gen consumption (IVOa) at 100 W at sea level (SL) were 
3.25 (SEM 0.15) and 20.31 (SEM 0.77) ml/kg per min 
respectively. On day 1 at 3110 m both R and E IVO 2 de- 
creased (P<0.001) and subsequently remained constant. 
At 3445 m these values tended to increase over the 3110 
m values but were lower than the SL values. At 4177 m 
the decline in IVO 2 was significantly greater (P<0.01) 
than at the preceding altitudes. Pulmonary ventilation 
(IVE) increased consistently (P<0.001) with increase in 
altitude. The arterial oxygen saturation (SaO2) at differ- 
ent altitudes was lower (P<0.001) than SL values. The 
cardiac frequency 0cc) at R and E was higher (P<0.001) 
at altitude; the values at 3110 and 3445 m were signifi- 
cantly lower (P<0.001) than at 4177 m. Blood pressure 
(BP) increased (P<0.001) on the first day at each alti- 
tude. The systolic BP tended to decline towards SL val- 
ues but the diastolic BP remained high (P<0.001) 
throughout. The resting blood lactic acid concentration, 
[la-]bl, showed a decline (P<0.001) only at 4177 m. The 
[la-]bl at E was similar at 3110 and 3445 m but was high- 
er (P<0.01) at 4177 m. These observations suggest that 
acclimatization to a mid-altitude of 3445 m can be safely 
avoided where rapid ascent to higher altitude is required. 
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Introduction 

Several physiological functions have been shown to be 
involved in the process of acclimatization of man to high 
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altitudes (HA). The acute responses include hyperventi- 
lation, improvements in haemodynamic function, 02 
transport and its delivery and utilization (Ward et al. 
1989; Monge and Leon-Velarde 1991). Ascent to HA is 
made either by road or by air; since air ascent is more 
rapid and acute, the changes in physiological functions 
are very prominent. Most of the studies on metabolic re- 
sponses at HA have been done on air ascent, and no at- 
tempts at measurement have been made during the grad- 
ual ascent by road to HA (Malhotra et al. 1976; Mathew 
etal .  1977; Sengupta et al. 1978; Selvamurthy 1988; 
Wolfel et al. 1991; Reeves et al. 1993). Likewise, studies 
on exercise responses at HA have been performed sever- 
al days after arrival, but daily resting and exercise re- 
sponses have not been monitored from the first day of 
the sojourn at different altitudes (Klausen et al. 1966; 
Sengupta and Goyle 1980; Wolfel et al. 1991; Reeves et 
al. 1993). 

There is also a paucity of  information on metabolic 
responses in men transported by road at altitudes ranging 
from 3100 to 4200 m. However, recent studies by Bande- 
ret and Burse (1991) have recommended an initial slow 
ascent up to 3000 m followed by a gradual climb of 500 
m allowing 1-2 days to acclimatize at each altitude be- 
fore undertaking a trek at extreme altitude. The present 
study was carried out to evaluate the daily metabolic re- 
sponses at rest and during exercise in men transported by 
road during the early phase of  acclimatization at alti- 
tudes of  3110, 3445 and 4177 m in the Eastern Himala- 
yas. The hypothesis to be tested is whether a mid-altitude 
(3445 m) acclimatization is required, as suggested by 
Banderet and Burse (1991). 

Methods 

Subjects 

Sixteen healthy men with mean age of 25.1 (SEM 0.87) years, 
height 171.5 (SEM 1.14) cm, body weight 62.1 (SEM 1.90) kg 
and body surface area 1.70 (SEM 0.03) m 2 volunteered to partici- 
pate in the study. The subjects had no previous experience of ex- 
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posure to simulated or natural hypoxic stress. All the subjects 
were briefed about the experimental procedure. The study protocol 
was approved by the Institute's Ethical Committee. Each subject 
signed an informed consent statement prior to participation and 
could withdraw without prejudice at anytime. 

Protocol 

The studies at sea level (SL) were performed during two consecu- 
tive days at Meerut (220 m) where the laboratory temperature was 
maintained between 18 and 20 ° C. These subjects were taken to 
HA in the Eastern Himalayas by road and were re-evaluated daily 
during 4 days at 3110 m, 2 days at 3445 m and 4 days at 4177 m. 
The gradual ascent from SL to 3110 m was completed in 36 h, 
from 3110 to 3445 m in 2 h  and from 3445 to 4177 m in 4 h  re- 
spectively. During their stay at HA, the subjects were confined to 
their dwellings and did not undergo any physical exertion. At HA, 
the various parameters were monitored every day in a make-shift 
laboratory where the temperature was maintained between 17 and 
20 ° C. 

Physiological variables 

All subjects reported to the laboratory at 0800 hours and rested in 
a supine position for about 30 min before the physiological mea- 
surements were made. The cardiac frequency (fo in beats/rain) 
from the standard configuration of limb lead ECG and blood pres- 
sure (BP in mm Hg) using the oscillometric method, were moni- 
tored on a multiparameter recorder (Propaq 102, Protocol 
Systems, USA). The arterial oxygen saturation (S~O2) was mea- 
sured by otpical plethysmography and spectrophotometric tech- 
niques using a pulse oximeter model N-10 (Nellcor, USA). Rest- 
ing oxygen consumption (IVOz) was determined while the subjects 
were seated quietly on the cycle ergometer and expired gas sam- 
ples were collected for 4 min for subsequent analyses. Both at SL 
and at HA each subject exercised for 10 min at a submaximal in- 
tensity of 100 W on a cycle ergometer (model SK 4000, Speigel 
Keller Co., Germany). However at HA, cycle ergometry was ter- 
minated when the fc reached 180 beats/min or due to fatigue 
whichever ensued earlier. 

Gas samples were collected every minute throughout the exer- 
cise bout or before the cessation of exercise due to fatigue. Resting 
(R) and submaximal exercise (E) IVO~ was measured using a 
Servomex O 2 analyzer (Taylor Instrument, Rochester, NY, USA) 
and expired CO z by Capnograph mark III (Gould Medical BV, The 
Netherlands). Pulmonary ventilation (IVE) was monitored using a 
Koffrani-Michaelis respiration gasometer (Max Planck Institute, 
Dortmund, Germany). Blood lactic acid concentration, ([/a-]bl in 
mmol/1) was measured using a YSI model 23L lactate analyzer 
(Yellow Spring Instrument Co., Ohio, USA). Capillary blood by 
finger prick was obtained for determination of [la-]bl in R and 2 
min after the termination of submaximal exercise on day 2 of arriv- 
al at each altitude. All the equipment was calibrated at each altitude 
before performing any test. 

Statistics 

Statistical analysis of the data was performed by analysis of vari- 
ance using the Newman-Keuls multiple range test. If the F-value 
was significant a paired t - test was applied for inter-group com- 
parison. 

Results 
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Fig. 1 Resting diastolic and systolic blood pressure (BP), heart 
rate ~c), exercisefc and exercise-rest fc (Af c) at sea level (SL) and 
on different days of acclimatization at 3110, 3445 and 4177 m. 
Significances vs SL values: *** P<0.001, ** P<0.01, * P<0.05 

of the succeeding values compared to day 2 but the value 
remained higher (P<0.01) than the SL values up to day 
4. The submaximal exercise caused a significant increase 
in fc in all subjects at all three altitudes. However at 
3110, 3445 and 4177 m, the increase in exercisef~, above 
resting fc (Aft) was significantly higher than the SL val- 
ues but there were no significant differences (P>0.05) 
between them. 

Blood pressure 

Both diastolic and systolic BP showed~ a significant in- 
crease (P<0.001) on arrival at 3110 m (Fig. 1). The dia- 
stolic BP decreased (P<0.001) on day 2 of the stay at 
3110 m but was maintained at values higher than at SL 
during the entire period of stay at this altitude (P<0.001). 
The systolic BP returned to SL values on day 2. On day 
1 at 3445 m, both diastolic and systolic BP again showed 
a significant (P<0.001) increase over the preceding val- 
ues and a similar pattern of ensuing response to the pre- 
vious high altitude. The BP response at 4177 m was also 
comparable to the other two HA locations. 

Cardiac frequency 

The resting fc increased on day 1 of arrival at 3110 m 
(P<0.001) (Fig. 1). There was a slight decline (P>0.05) 

Pulmonary ventilation 

R IV E increased on arrival at 3110 m (P<0.001); (Fig. 2). E 
IV E also showed a significant increase (P<0.001) over the 
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Fig. 2 Pulmonary ventilation (IVE) at rest, during submaximal ex- 
ercise and exercise-rest IV~ (AlVa) at SL and on different days of 
acclimatization at 3110, 3445 and 4177 m. Significances vs SL: 
*** P<0.001, ** P<0.01, * P<0.05 

SL values from day 1 to 3 at 3110 m. A similar increase 
was also noted at 3445 m. R and E IV E at 4177 m showed a 
significant increase (P<0.05) over those at the preceding 
altitudes and continued to rise up to day 3 but tended to 
decline subsequently. The AIV E at all the altitudes was 
higher (P<0.001) than at SL. The AIV E on different days of 
the stay was not significantly different (P>0.05) between 
3110 and 3445 m but was higher at 4177 m (P<0.001). 

Oxygen consumption 

The R and E values of IVO 2 showed a significant de- 
crease (P<0.001) on day 1 at 3110 m and remained at a 
lower level until day 3 of the stay at this altitude (Fig. 3). 
On arrival at 3445 m both R and E IVO 2 did not show 
any significant decline (P>0.05) compared to the values 
on day 4 of the stay at 3110 m. At 4177 m, R and E IVO a 
decreased significantly (P<0.01) from the values at 3445 
m and remained at a lower level. Similarly to E IVO 2, A 
IVO 2 was significantly lower (P<0.001) at all altitudes 
studied. The AIVO 2 on different days of the stay at 3110 
and 3445 m was not significantly different. The AIVO 2 
on day 1 and 2 of the stay at 4177 m was significantly 
lower (P<0.01) than the preceding altitude values and 
tended to increase subsequently. 
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Fig. 3 Arterial oxygen saturation (SaO2) , oxygen consumption 
(IVO2) at rest, submaximal exercise IVO 2 and exercise-rest IVO 2 
(AIVO2) at SL and on different days of acclimatization at 3110, 
3445 and 4177 m. Significances vs SL: *** P<0.001, ** P<0.0I, * 
P<0.05 

Arterial oxygen saturation 

The SaO 2 at SL declined (P<0.001) from mean SL values 
of 97.8% (SEM 0.25) to 94.6% (SEM 0.45) on day 1 of 
arrival at 3110 m, remained low until day 4 of the stay 
(P<0.001) at 3110 m, and showed a greater fall at higher 
altitudes (Fig. 3). The SaO 2 showed a gradual increase 
with increase in the duration of the stay at 4177 m but 
was still maintained at lower levels compared to SL or 
the values at 3110 and 3445 m (P<0.001). 

Lactic acid 

The resting [la ]bt on arrival at 31 l0 and 3445 m was not 
significantly different (P>0.05) compared to the SL val- 
ues but was found to have decreased (P<0.01) on day 2 
at 4177 m (Fig. 4). At 3110 and 3445 m, the exercise-in- 
duced increase in [la-]b t and A[/a-]b/, although not signif- 
icantly different from each other, was significantly high- 
er (P<0.001) than the SL values. At 4 t77 m the exercise- 
induced increase in [la-]b z and A[la-]v l were significantly 
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Sympathoadrenal activity 

Our observations on the maintenance of higher BP andfc 
values during the process of acclimatization to altitude 
are consistent with the findings of earlier investigators 
(Malhotra et al. 1976; Norboo 1986; Robinson and Hay- 
mes 1990; Grubbstrom et al. 1993). The acute exposure 
to hypoxia has been shown to cause stimulation of the 
sympatho-adrenomedullary system and activation of the 
renin-angiotensin-aldosterone system resulting in vaso- 
constriction and increase in peripheral vascular resis- 
tance (Johnson et al. 1983). The hypoxia-induced decline 
in vagal tone and reciprocal excitation of the sympathetic 
system in man (Malhotra et al. 1976) have been shown to 
be additional contributory factors towards elevation in fc  
and BP at high altitude. 

Fig. 4 Blood lactic acid concentration ([la-]b l ) at rest, during sub- 
maximal exercise and exercise-rest [la ]bl, A[/a-]bl, at SL and day 
2 of arrival at 3110, 3445 and 4177 m. Significances vs SL: *** 
P<0.001, ** P<0.01, * P<0.05 

higher (P<0.001) not only from SL values but also from 
those at 3110 and 3445 m. 

Discussion 

Cardiovascular response 

Acute Mountain Sickness (AMS) 

The signs and symptoms were assessed of AMS, such as 
headache, nausea, vomiting, giddiness, anorexia, muscu- 
lar weakness, sleeplessness and depression. About 35% 
of the subjects in our study showed symptoms of AMS. 
These subjects showed a marked increase in BP and fc. 
The symptoms were pronounced during the first 72 h of 
the ascent to 3110 m, and the symptoms gradually sub- 
sided thereafter. 

The unique aspects of this study concerned the evalua- 
tion of daily variations in the physiological responses of 
sojourners moved by road during their acclimatization at 
altitudes ranging from 3100 to 4200 m in the Eastern Hi- 
malayas. The initial response to the decrease in SaO 2 on 
immediate arrival at HA has been shown to be a higher fc 
mediated via chemoreceptors and the sympathoadrenal 
axis (Mathew etal .  1983; Mazzeo etal .  1991). The 
greatest increase in diastolic and systolic BP was seen on 
the first day of arrival at each altitude. Although the sys- 
tolic BP tended to decline to SL values with increased 
duration of the stay at all three altitudes, the diastolic BP 
remained elevated. Similarly to BP, R and E f c  also re- 
mained elevated at all altitudes. Despite a significant de- 
cline in SaO 2 at 3110, 3445 and 4177 m by about 3.2, 5.3 
and 9.5% respectively, the maximal Afc was more or less 
identical at all altitudes. The percentile increase in sys- 
tolic and diastolic BP and E fc  on the first day of arrival 
at each altitude was also more or less of the same magni- 
tude. The results indicate that having achieved acclimati- 
zation to a lower altitude, the cardiovascular response on 
the first day of arrival at subsequently higher altitudes 
does not apparently seem to be related to the degree of 
hypoxia or decline in SaO; at least between 3100 and 
4200 m. 

Respiratory changes 

The consistent increase in ]V E with increase in altitude 
indicates that the hypoxic ventilatory response is directly 
proportional to the fall in partial pressure of oxygen. 
This HA hyperventilation is an important adaptive mech- 
anism to keep the alveolar partial pressure of 02 high 
(Lahiri 1974; Sato et al. 1992). The observation that the 
increases in R and E IV E during the entire period at 3110 
and 3445 m were of the same magnitude suggest that for 
rapid ascent to higher altitudes, acclimatization at 3445 
m could be safely avoided. The significant increase in IV E 
over the values of the preceding altitude on arrival at 
4177 m appeared to be due to a substantial decline in S a 
02 at this altitude (Easton et al. 1984). The SaO 2 declined 
by 8.4% at 4177 m compared to a decline of 3-3.5% at 
3110 and 3445 m. 

Metabolic responses 

On arrival at 3110 m, the initial decline in R and E IVO 2 
would have been mainly due to a reduction in cardiac 
output and stroke volume (Fulco et al. 1988; Wolfel et al. 
1991). Consolazio et al. (1966) had also observed a simi- 
lar decrease in 1702 at rest and during exercise at HA. 
Sime et al. (1974) similarly found a decrease in WO 2 of 
10% at rest and 7% during exercise at HA. With increas- 
ing duration of the stay at 3110 m the resting IVO 2 
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showed a considerable recovery and increased by about 
19% on day 4 at 3110 m. Since the SaO 2 at 3445 m was 
not substantially altered, R and E IVO 2 remained more or 
less constant during the entire period of stay at this alti- 
tude. A standard exercise intensity (100 W) performed at 
SL and during acute exposure to 3445 m elicited a higher 
fc and IVO 2 since the subjects would have been working 
closer to their IgO2max (Drinkwater etal. 1982). Never- 
theless, further reduction in SaO 2 on arrival at 4177 m 
again caused a decline in [VO 2, which was even lower 
than at 3110 m. The maintenance of slightly higher IVO 2 
at 3445 m compared to 3110 m appears to be a conse- 
quence of pre-acclimatization at 3110 m. These observa- 
tions of higher IVO 2 at 3445 m are in agreement with the 
findings of Bender et al. (1988): no compromise of IVO 2 
during exercise at HA was observed though the [la-]bl 
showed a marked elevation. 

Lactic acid build-up 

The higher [la-]bt accumulation following submaximal 
exercise at HA is indicative of a state of anaerobic me- 
tabolism during the initial days of acclimatization to the 
hypoxic stress. Robinson and Haynes (1990) suggested 
that hypoxia mandates an increased reliance on the an- 
aerobic catabolism of blood glucose and intra-muscular 
glycogen as energy substrates for muscular work, with a 
concomitant increase in lactic acid formation by working 
muscle and its subsequent appearance in the circulation. 
The resting blood lactic acid concentration at 3110 and 
3445 m was of the same magnitude; therefore the degree 
of hypoxaemia attained at these altitudes was also identi- 
cal, again suggesting that acclimatization at 3445 m 
could be avoided. However, to perform the same work 
load at 4177 m the [la-]blbuild-u p was significantly 
higher than at lower altitude's suggesting an accentuated 
degree of hypoxaemia at this altitude. The exact mecha- 
nism leading to higher [la-]b z during the initial days of 
arrival at HA remains speculative and may be due to ac- 
tivation of the adrenergic system leading to a higher rate 
of lactate appearance (Brooks et al. 1991; Reeves et al. 
1992). 

In conclusion, the ascent from 3110 to 3445 m did not 
cause any deleterious effects on cardiopulmonary perfor- 
mance. The metabolic responses at 3110 and 3445 m 
were similar, indicating that the ascent was not stressful. 
If  the individuals are acclimated to lower akitudes, accli- 
matization to mid-altitude (3445 m) apparently may be 
safely avoided for a rapid ascent to higher altitudes. 

Acknowledgements The authors express their sincere thanks to 
Dr. J. Sengupta, Former Director, Defence Institute of Physiology 
and Allied Sciences, for his encouragement and interest in the 
study. Thanks are also due to the volunteers who extended their ut- 
most co-operation in carrying out this investigation. 

References 

Banderet LE, Burse RL (1991) Effects of high terrestrial altitude 
on military performance. (Technical Report Performer) Army 
Research Institute for the Behavioral and Social Sciences, Al- 
exandria, VA 

Bender PR, Groves BM, McCullough RE, McCullough RG, 
Huang SY, Hamilton AJ, Wagner PD, Cymerman A, Reeves 
JT (1988) Oxygen transport to exercising leg in chronic hyp- 
oxia. J Appl Physiol 65:2592-2597 

Brooks GA, Butterfield GE, Wolfe RR, Groves BM, Mazzeo RS, 
Sutton JR, Wolfel EE, Reeves JT (1991) Decreased reliance on 
lactate during exercise after acclimatization to 4,300 m. J Appl 
Physiol 71:333-341 

Consolazio C, Matoush L, Nelson R (1966) Energy metabolism in 
maximum and submaximum performance at high altitudes. 
Fed Proc 25:1380-1385 

Drinkwater BL, Kramar PO, Bedi JF, Folinsbee LJ (1982) Women 
at altitude: cardiovascular responses to hypoxia. Aviat Space 
Environ Med 53:472-477 

Easton PA, Slykerman LJ, Anthonisen NR (1984) Does the hyp- 
oxic ventilatory response measurement overestimate the venti- 
latory response to sustained hypoxia? Am Rev Resp Dis 
129:A237 

Fulco CS, Rock PB, Trad L, Forte V, Cymerman A (1988) Maxi- 
mal cardiorespiratory responses to one and two legged cycling 
during acute and long-term exposure to 4300 meters altitude. 
Eur J Appl Physiol 57:761-766 

Grubbstrom J, Berglund B, Kaiser L (1993) Myocardial oxygen 
supply and lactate metabolism during marked arterial hypoxa- 
emia. Acta Physiol Scand 149:303-310 

Johnson TS, Young MB, Landsberg L (1983) Sympathoadrenal re- 
sponses to acute and chronic hypoxia in the rat. J Clin Invest 
71:1263-1272 

Klausen K, Robinson S, Michael ED, Myhre LG (1966) Effect of 
high altitude on maximal working capacity. J Appl Physiol 
21:1191-1194 

Lahiri S (1974) Control of ventilation during hypoxic exercise. In: 
Bhatia B, Chhina GS, Singh B (eds) Selected topics in envi- 
ronmental biology. Interprint Publications, New Delhi, pp 
243-250 

Malhotra MS, Selvamurthy W, Purkayastha SS, Mukherjee AK, 
Mathew L, Dua GL (1976) Responses of the autonomic ner- 
vous system during acclimatization to high altitude in man. 
Aviat Space Environ Med 47:1076-1079 

Mathew L, Gopinath PM, Purkayastha SS, Sengupta J, Nayar HS 
(1983) Chemoreceptor sensitivity in adaptation to high alti- 
tude. Aviat Space Environ Med 54:121-126 

Mathew L, Purkayastha SS, Selvamurthy W, Malhotra MS (1977) 
Cold-induced vasodilatation and peripheral blood flow under 
local cold stress in man at altitude. Aviat Space Environ Med 
48:497-500 

Mazzeo RS, Bender PR, Brooks GA, Butterfield GE, Groves BM, 
Sutton JR, Wolfel JR, Wolfel EE, Reeves JT (1991) Arterial 
catecholamine responses during exercise during acute and 
chronic high altitude exposure. Am J Physiol 261 :E419-E424 

Monge C, Leon-Velarde F (1991) Physiological adaptation to high 
altitude: oxygen transport in mammals and birds. Physiol Rev 
71:1135-1172 

Norboo T (1986) In: Heath D (ed) Aspects of hypoxia. Liverpool 
University Press, Liverpool, pp 75, 129 

Reeves JT, Moore LG, Wolfel EE, Mazzeo RS, Cymerman A, 
Young AJ (1992) Activation of the sympathicoadrenal system 
at high altitude. In: Ueda G, Reeves JT, Sekiguchi M (eds) 
High altitude medicine. Shinshu University Press, Matsumoto, 
Japan, pp 10-26 

Reeves JT, McCullough RE, Moore LG, Cymerman A, Well JV 
(1993) Sea-level pCO 2 relates to ventilatory acclimatization at 
4,300 m. J Appl Physiol 75:1117-1122 

Robinson KA, Haymes EM (1990) Metabolic effects of exposure 
to hypoxia plus cold at rest and during exercise in humans. J 
Appl Physiol 68:720-725 



138 

Sato M, Severinghaus JW, Powell FL, Xu FD, Spellman MJ 
(1992) Augmented hypoxic ventilatory response in man at alti- 
tude. J Appl Physiol 73:101-107 

Selvamurthy W (1988) Effects of acute induction to high altitude 
on CNS and other systems. Ind J Aerospace Med 32:9-18 

Sengupta J, Goyle BR (1980) Beneficial effects of endurance 
training at moderate altitude on adaptation to high altitude. Ind 
J Med Res 72:610-618 

Sengupta J, Joseph NT, Malhotra MS (1978) Physical fitness sta- 
tus and adaptation to high altitude. Ind J Med Res 68:312- 
331 

Sime F, Penaloza D, Ruiz L, Gonzales N, Covarrubias E, Postigo 
R (1974) Hypoxaemia, pulmonary hypertension and low cardi- 
ac output in newcomers to low altitude. J Appl Physiol 
36:561-565 

Ward MR Milledge JS, West JB (1989) High altitude medicine 
and physiology. Chapman and Hall, London 

Wolfel EE, Groves BM, Brooks GA, Butterfield GE, Mazzeo RS, 
Moore LG, Sutton JR, Bender PR, Dahms TE, McCullough 
RE, McCullough RG, Huang S, Sun S, Grover RF, Hultgren 
HN, Reeves JT (1991) Oxygen transport during steady-state 
submaximal exercise in chronic hypoxia. J Appl Physiol 
70:1129-1136 


