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	High altitude is a multienvironmental stressor and it is important to remember that hypoxia is only one of the components. Altitude exposure leads to the development of physiological changes intended to tolerate the drop in the partial pressure of oxygen. All these compensatory changes take place in a process known as acclimatization. It is a well-known fact that acclimatization increases tolerance to hypoxia at rest in humans. However, some of the physiological changes that occur with acclimatization to high altitude may have detrimental effects on exercise performance. Altitude-induced loss of muscle mass which contributes to the decrement of maximal aerobic power is commonly considered as an inevitable consequence of long term exposure to chronic hypoxia. Exercise performance at high altitude is partly dependent on nutrition. As at sea level, the nutritional intake of climbers is a critical determinant of their performances at altitude. Thus, the importance of the nutritional status is recognized to limit the extent of the hypoxia-induced weight loss, whereas other particularities of nutrition at altitude have potential benefit for preservation of exercise performances.





Nutrition And Weight Loss At Altitude





	Whether an adequate diet is able to minimize the altitude-related weight loss is the major problem of nutrition at high altitude. It is well-known that exposure to high altitude leads to body weight loss in humans (2,7). The American Medical Research Expedition to Everest (1981) provided the opportunity to assess the weight loss and changes in body composition occurring in lowlanders during a mountaineering expedition at high altitude. Boyer and Blume (2) reported a mean weight loss of 1.9 kg during the approach march from 1,000 m to Base Camp (5,400 m), and during the first week at 5,400 m (Table 1). The weight loss continued when subjects went on to higher altitude, and a mean reduction in total body weight of 4 kg was observed during the 22 following days. Similar body weight losses were recorded during other mountaineering expeditions with average decrements of 4 to 6.8% (7,12). Weight loss during sojourn at high altitude is highly correlated with initial body fat (2). It is of interest to analyze the changes in body composition secondary to weight loss.


	To evaluate body composition during mountaineering expeditions, anthropometric measurements such as skinfold thickness and circumferences of extremities have been utilized. The body weight loss observed during the approach march and the first week at Base Camp has been mainly attributed to reduction in body fat. Body fat content was observed to decrease 1.5 to 1.8% during this period of acclimatization to high altitude (2,7) (Table 1). Measurement of whole body density after hydrostatic weighing provides valid estimates for body composition changes. Using this criterion method, it has been shown that the body fat loss accounted for 59% of the decrease in body weight resulting from 16 days of residence at 3,700-4,300 m (4).


	Body composition alterations are commonly estimated by fat mass and fat-free mass changes. When altitude increases (above 5,500 m) the calculated fat-free mass significantly decreases, and the fat loss accounts for a lesser percentage of the total weight loss (2,7). Whether the fat-free mass losses are explained by total body water changes and/or muscle tissue wasting has been discussed. Using criterion methods of body composition analysis, Fulco et al. (4) suggest that up to 4,300 m, nearly all the loss in fat-free mass results from both reduced total body water and fluid compartment shift. It appears clearly that the role of loss of body fluid in the reduction of body weight at altitude should be taken into consideration, while both increase in extra cellular water and decrease in intracellular water occur during sojourn at altitude. During exposure at higher altitude (above 5,500 m), or when discomfort and changes in habits become a major problem, anthropometric measurements and computed tomographic scan data show that muscle atrophy accounts for most of the weight loss attributed to the fat-free mass (2,12). Since a relationship exists between total weight loss and initial percent body fat (see above), climbers with high fat masses would appear to utilize fat at a fast rate (2). It seems reasonable from these data to suggest that muscle wasting occurs irrespective of body composition, and that high percent body fat does not confer any advantage for muscle tissue sparing at extreme altitude.


	However, muscle wasting has not only detrimental effects on exercise performance at altitude. Loss of muscle tissue results from a decrease in muscle fiber size, when the capillary network is spared from catabolism. Since the diffusion distance for oxygen from the capillary into the cell was reduced, and since the fiber volume supplied by one capillary was significantly reduced, oxygen availability to mitochondria was improved. Therefore, this loss of muscle mass may be regarded as a true adaptation to chronic hypoxia. The reduction of muscle mass should result from a compromise between enhancement of oxygen supply to the fibers and alteration of muscle performance.


	These data demonstrate that chronic exposure to altitude leads to a significant weight loss. Body fat loss accounts for approximately two-thirds of the total weight loss below 4,500 m. At higher elevation muscle wasting becomes a major problem for exercise performance. It is of interest to specify that all these measures were collected in humans without any symptom of acute mountain sickness. Consequently, a significant aggravation of body weight changes is expected if any digestive symptom of intolerance to hypoxia occurs. Several hypotheses have been put forward to explain this altitude-induced loss of body weight: a decrease in food intake due to loss of appetite, a discrepancy between energy intake and energy expenditure due to elevated rate of energy expenditure, a loss of body water, a decreased absorption of ingested nutrients, a specific effect of hypoxia and/or exercise on protein synthesis (8). These various hypotheses are briefly discussed.





Causes Of Weight Loss At Altitude





Anorexia


	It is well-known that subjects eat less at altitude than during a control period at sea level. A reduction in energy intake of approximately 35-40% has been reported during mountaineering expeditions (7). The decreases in caloric intakes were larger when expedition members were exposed to high altitudes during sojourns at Altitude Camps or climbing the summit. Whether the decrease in energy intake is related to primary anorexia or to changes of menus and comfort remains to be elucidated. In a well-controlled study, humans were exposed to gradually increasing hypobaric hypoxia in a decompression chamber during 38 days to simulate the ascent of Mt. Everest (8,848 m) (10). Subjects were allowed access to a variety of palatable food, whereas ambient temperature and humidity were maintained comfortable in the hypobaric chamber. Results of this experiment showed that caloric intake decreased as altitude increased suggesting that hypoxia per se substantially contributed to anorexia. The caloric intake during 3 days of exposure at 7,600-8,848 m was 57% of the energy intake recorded during the first week of the experiment. However, the confinement of subjects in a small space, and their isolation cannot be entirely disregarded as potentially contributing to the loss of appetite. In a recent study, subjects were exposed during one month to 5,050 m, in a comfortable setting with free access to a rich choice of palatable food (9). An increase in daily dietary intake was recorded at altitude, mainly responsible for the lack of anthropometric measurement changes and the maintenance of muscle functional performance. Results of this study emphasize the role played by the changes in habits, discomfort, and lack of palatable food in the decrease in food intake observed at altitude. However, though environmental conditions play a major role in hypophagia up to 4,500-5,000 m, it is likely that hypoxia per se contributes to depress the appetite during climbing to altitudes higher than 5,500-6,000 m. The mechanism responsible for this primary anorexia remains unknown. To date, it may be assumed that anorexia could be correlated with disturbed sleep and impairment of neurobehavioral functions resulting from prolonged hypoxic exposure.





Energy Balance


	Many studies of the metabolic responses to altitude have demonstrated a negative energy balance in humans. In addition to a decrease in energy intake, exposure to altitude causes an increase in energy expenditure. Several reports have shown that energy requirements under basal, resting, and moderate exertion increase by 7-10% at high altitude (3). However, evidence exists that the increase in basal energy expenditure is only transient and returns to normal after a delay of acclimatization in accordance with the level of altitude. Measurements of energy expenditure using the doubly labeled method show that the average daily metabolic rate of subjects climbing Mt. Everest in all cases exceeded their energy intake (13.6 ± 1.7, versus 7.5 ± 1.5 MJ.day-1) (12). In this study, the activity level of climbers at high altitude has been regarded as comparable to that observed in highly active athletes engaged in long-distance running at sea level. The estimated oxygen consumption during climbing was 50-60% of the maximal oxygen uptake measured in elite climbers at sea level. Such values are probably near the maximum aerobic power of climbers at these altitudes. These data suggest that if these values of average daily energy expenditure are not matched by a significant rise in energy intake, the negative energy balance may explain the loss of fat and muscle mass (12). This hypothesis has been confirmed by an experiment in which individuals exposed to 21 days at 4,300 m were adequately nourished, energy intake closely balancing energy requirements (3). Results of this study showed that when energy intake was matched to measured energy requirements, weight loss was minimized or even halted.





Body Water Balance


	As it has been specified above, a total body water drop may partly explain a decrease in the fat-free mass. At high altitude, a negative fluid balance may be due to decreased fluid intake, increased urinary water loss, and/or increased respiratory water loss. Water loss calculated from isotope elimination was only slightly higher at high altitude than at sea level (12). An increased ventilatory rate and a decrease in partial water pressure contribute to increase the respiratory water loss. In most cases the water loss was not compensated by water intake, but since average metabolic rates were high at altitude, the production of metabolic water increased and the water balance was restored. However, during climbing at high altitudes (above 6,000 m) and sojourns at Altitude Camps, the scarcity of water and discomfort play an important role in the discrepancy between water intake and water loss.





Macronutrient Malabsorption


	Weight loss at altitude has been attributed to malabsorption of ingested fats and/or carbohydrates. Previous studies demonstrated that malabsorption of both fats and carbohydrates occur at extreme altitudes (above 6,300 m) (2), while their digestibility is unaffected by moderate chronic hypoxia. In a field study in an altitude laboratory, Kayser et al. (9) reported normal protein absorption at least up to an altitude of 5,000 m. Thus, it seems likely that malabsorption of macronutrients did not play a significant role in the weight loss up to 5,000-5,500 m. At extreme altitude, the very low arterial oxygen pressures may alter the absorptive function of the intestinal epithelium (8).





Protein Metabolism


	Muscle tissue wasting occurring at high altitude has been partly attributed to a disruption in the balance between protein synthesis and breakdown. Impaired protein synthesis may be related to a decrease in uptake of essential amino acids by the skeletal muscle. A decrease in the uptake of leucine has been observed as a result of acute altitude exposure. We reported that prolonged-repeated exercises at altitude decreased the plasma concentration of the branched-chain amino acids, suggesting that a reduction in the availability of these essential amino acids occurred in skeletal muscles (1). A decrease in essential amino acids in the free amino acid pool and/or a decrease in their uptake by muscle fibers may affect protein synthesis. On the other hand, an increase in protein breakdown may occur to mobilize essential amino acids from skeletal muscle as a result of insufficient availability of these compounds. The protective effects of a dietary supplementation of essential amino acids such as branched-chain amino acids against muscle loss has been evaluated during a 21-day trek at altitude (reported in 8). Anthropometric measurements demonstrate that lean body mass loss that occurs at high altitude can be prevented with a dietary supplementation of branched-chain amino acids.


	All these data lead us to conclude that nutrition is of prime importance to minimize the weight loss observed during prolonged exposure of lowlanders to high altitude. A marked loss of lean mass has detrimental effects on muscle power. It seems that up to 5,000 m, a rich choice of palatable food in a comfortable setting is susceptible to avoid or at least to limit muscle wasting. In contrast, discomfort, lack of palatable food, harshness of environmental conditions, primary anorexia, and a possible hypoxia-related alteration in protein metabolism irremediably contribute to a reduction of muscle mass at extreme altitude (above 5,500-6,000 m).





Macronutrient Variation Of The Diet At Altitude





	The macronutrient content of the diet may influence physical performance. Previous reports suggested that climbers spontaneously consumed a higher percentage of total calories as carbohydrates at altitude than at sea level (2,7). Carbohydrate intakes increased from 46 to 54% at 6,300 m (2). However, under well-controlled environmental conditions and with availability of a great variety of foods, the carbohydrate preference regularly decreased with ascent to altitude (10). Therefore, a specific effect of hypoxia on food preferences remains controversial. It is more likely that the shift to high-carbohydrate diet recorded at altitude results from a great availability of carbohydrate-containing foods. Most climbers know that carbohydrate intake contributes to the improvement of athletic performance. During the preparation of mountaineering expeditions attention is focused on the availability of a rich variety of candy, chocolate bars, biscuits, and cakes. Consequently, this great availability of carbohydrate foods interferes on the spontaneous preferences and on the food intake analyses during experiments conducted in the field.





Antioxidant Manipulation At Altitude





	Another topic of interest is the possible benefits from antioxidant supplementation during exercise at altitude. During exercise there is an increase in the delivery of oxygen to working muscles, associated with free radical production. These reactive molecules are responsible for damage to polyunsaturated fatty acids in membrane structures and increase in the by-products of lipid peroxidation. There is now a body of evidence showing that oxidative stress reactions increase in exercise-related damaged tissue. In addition to exercise, hypoxia is commonly admitted to enhance free radical production. The role of assumed antioxidant nutrients, including vitamins E, C and A and selenium has been evaluated in reducing oxidative reactions. Vitamin E supplementation (2x200 mg.day-1) showed no beneficial effect on physical performance in mountain climbers at altitude (11). However, mountain climbers given the vitamin E supplementation did not exhibit the altitude-related increase in lipid peroxidation detected in unsupplemented climbers. Additional investigations demonstrated beneficial effects of vitamin E supplementation on the aerobic performance at altitude (cited in 5). Results of these studies demonstrate that vitamin E supplementation (300 mg.day-1) may be helpful in preventing the altitude-induced decrease in the maximal oxygen uptake. On the other hand, subjects who received a daily supplementation of 810 mg vitamin E were able to maintain a greater percentage of the maximal oxygen uptake at altitude than unsupplemented climbers. Although further studies are needed to confirm the beneficial effects of vitamin E supplementation at altitude, protection against both exercise- and altitude-induced muscle damage with antioxidant manipulation appears to be useful.





Polyunsaturated Fatty Acids Supplementation At Altitude





	Maximal aerobic power is determined by numerous factors including capillary blood flow in skeletal muscle and blood viscosity. The red cell deformability depends, among other things, on membrane fluidity. It has been shown that exposure to altitude hypoxia reduces red cell deformability. In order to increase erythrocyte deformability, a daily dietary supplement of fish oil providing a substantial load of polyunsaturated fatty acids has been proposed (6). A daily dose of 6 g of fish oil providing mainly n-3 polyunsaturated fatty acids suppresses the decrease in erythrocyte deformability that occurs when exercise is performed at altitude (3,000 m). The beneficial effect of the fish oil diet on red cell deformability could be related to changes in the fatty acid composition of the erythrocyte membrane with an increase in its n-3 polyunsaturated fatty acid content. The possible benefits from a daily dietary supplement of n-3 polyunsaturated fatty acids to minimize the hypoxia-induced decrease in aerobic performance should be confirmed in further studies.


	In conclusion, nutrition during mountaineering expeditions or trekking at altitude has specific particularities which should be recognized. The main purpose of an adequate diet in terms of quantity and quality is to minimize the weight loss that occurs in lowlanders during sojourns at high altitude. Up to 4,500-5,000 m, a palatable ad libitum diet in a comfortable environment is able to reduce the loss of lean mass. Conversely, several adverse factors contribute to muscle wasting above 5,000 m. The main goal of nutrition at extreme altitude is to reach a muscle mass that achieves a compromise between enhancement of oxygen supply and alteration of muscle power. Nutritional supplementations designed to inhibit deleterious free radical reactions or to prevent the combined effects of exercise and hypoxia on red cell deformability are of potential interest at high altitude.
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TABLE 1. Body weight and body fat changes during mountaineering expeditions.





�
American Medical Research Expedition to Everest, 8,848 m (2)�
French expedition to Mount Pabil, 7,102 m (7)�
�
�
Body weight


(kg)�
Body fat


(%)�
Body weight


(kg)�
Body fat


(%)�
�
Low altitude�
74.6 ± 1.9�
20.2 ± 1.4�
69.1 ± 2.6�
17.0 ± 0.8�
�
Arrival to Base Camp�
�
�
68.5 ± 2.9�
17.7 ± 0.7�
�
1 week in Base Camp�
72.7 ± 2.2 (a)�
18.4 ± 1.1 (c)�
68.4 ± 2.8�
15.6 ± 1.1�
�
After ascent to the summit�
68.7 ± 2.1 (c)�
16.9 ± 1.0 (c)�
65.1 ± 2.1 (c)�
13.7 ± 1.2 (a)�
�
Values are means ± SEM. Significantly different from low altitude values: (a) P<0.05; (b) P<0.01; (c) P<0.001.
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