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ABSTRACT
The major risk for frostbites is the decreasing perfusion of the extremities. Centralization of the human organism as well as increasing viscosity of the blood are the most common reasons for aggravated peripheral perfusion. Beside the cold environment the organism is exposed to a considerable hypoxic stress at high altitude and the well-known polyglobulie is an effective strategy to sustain oxygen delivery to the tissue at reduced saturation of hemoglobin. In general, an increasing erythrogenesis is thought to be the reason although this increase of red blood count can be observed after a short time of altitude exposure and the parameters are expressed as water-depending concentrations. Therefore, the influence of water distribution on hemoglobin (Hb) and hematocrit (Hct) values during a long-term exposure at high altitude was investigated. Measurements were performed in 12 mountaineers before, during and either 7/8 or 11/ 12 days after a Himalaya expedition (26-29 days at 4850 to 7600 m altitude).
Arriving at 4850 m an initial increase of Hb and Hct was followed by a short decrease during the 1st week and a continuous increase during the further stay. In maximum 131,3% (Hb) and 117,4% (Hct) of the starting point were reached during the 4th week at altitude after the attempt to reach the summit of Broad Peak (8047 m). Parallel a dehydration in the beginning turned to a hyperhydration at the end of the stay (D2O-method). Erythropoietin rose only temporarily at altitude (max. +11 +1 mU/ml serum).  After return Hb and Hct normalized within a few days whereas, hemoglobin mass (initially 881+ 44g, CO-Hb method) was still increased by 13% (p< 0.01).

In conclusion, a hemoconcentration effect (dehydration) is the reason of the initial peak of Hb and Hct. The further increase can only partially be explained by an absolute increase of Hb and Hct caused by stimulated erythrogenesis. A shift of intravasal fluid to the interstitial space is the other main reason of the observed changes in red blood count.
Key words: altitude training, blood volume, erythropoietin, body water, high altitude, polyglobulie.
1.0 INTRODUCTION
The major risk for frostbites is the decreasing perfusion of the extremities. Centralization of the human organism as well as increasing viscosity of the blood are the most common reasons for aggravated peripheral perfusion. Beside the cold environment the organism is exposed to a considerable hypoxic stress at high altitude and the well-known polyglobulie is an effective strategy to sustain oxygen delivery to the tissue at reduced saturation of hemoglobin. Already in 1878 Paul Bert wrote in his famous book that the acclimatization process leads probably to an increase in red blood cells and hemoglobin to improve oxygen transportation capacity. In general, an erythropoietin-depending increasing erythrogenesis is thought to be the reason although this increase of red blood count can be observed after a short time of altitude exposure and the parameters are expressed as water-depending concentrations. On the other hand exposure to altitude and exercise changes water metabolism [4, 7-9, 25] which then may influence viscosity of the blood and perfusion of the extremities. Therefore, the influence of water distribution on hemoglobin (Hb) and hematocrit (Hct) values during a long-term exposure at high altitude was investigated.  

2.0 MATERIAL and METHODS
The presented study is a based on the results of Böning et al. [1], Fusch et al. [5] and Tannheimer et al. [22]. Measurements were performed in 12 mountaineers (age 30.2 + 5.4 years, body weight: 73.5 + 10.3, length: 178.9 + 10.4 cm body mass index: 22.9 + 1.6 kg/m2) before, during and either 7/8 or 11/ 12 days after a Himalaya expedition (26-29 days at 4850 to 7600m altitude (Fig.1). After the flight Frankfurt-Islamabad (days 1 and 2) and a three-day stay (days 4 – 6) in Abbottabad (1250m), the village of Chongo (2700m) was reached by five-day jeep drive (days 7 – 11). During the days 12 – 20, the distance from Chongo to base camp (situated at the Condordia Place of Baltoro Glacier, 4850m) was conquered by trekking (daily trekking time between 4 and 7 hours) with one resting day on day 15 (Paiju, 3600m) The base camp stay was from day 21 to 51. During this stay, three camps were installed (camp 1 at 5750m, camp 2 at 6400m, and camp 3 at 7100m of altitude) and - thereafter - one attempt was made to reach the summit of the Broad Peak (8047m). However, due to bad weather during the small “time window” of the summit period, maximum altitude reached was at 7600m. One part of the expedition team (Group A, n = 6) left the base camp on day 46 and walked down until Paiju (3600 m) during two days (day 46 and 47) from where they were taken to Abottabad by helicopter. The second part of the group (n = 5) stayed in the base camp until day 51 and walked down during the days 51 to 54 until Skardu (2300m) from where they were taken to Abbottabad by car. The flight back to Frankfurt was on day 62. The expedition profile is depicted in Fig. 1. One subject returned already on day 38 due to personal reasons. 





Figure 1:
Altitude profile of the expedition to Broad Peak and the return back in 2 groups

2.1 Measurement of body weight and body water

Using standard balance (Digital 100, Söhnle, Germany, precision of 100g), body weight (BW) was measured in light underwear at the beginning (morning of day 0) of the tour and at each time body water was measured. Total body water (TBW) was measured using the technique of deuterium dilution [10, 17]. After oral tracer application, water space is calculated from the tracer enrichment before and after equilibration in body water [17]. Three days before the departure from Germany, aliquots of deuterium oxide (Merck, Darmstadt, Germany, Prod - No: 13366) were individually prepared for each subject by weighing (0.36 g 99.8% D2O/kg body weight). The aliquots were stored in small plastic containers until use. To measure TBW, the subjects drank the tracer then rinsing the container twice with 50 ml of water which was then also ingested to minimize tracer losses. Interval between last food intake and tracer administration was at least 150 minutes. Tracer enrichment for the calculation of body water was measured in two saliva samples. A pre-dose sample was obtained before tracer application and the post-dose sample was usually obtained 3 hours later. As the absolute water content of the air is low due to low pressure and temperature, we did not correct for water influx by inspired air. Tracer enrichment was measured using FT-IR spectroscopy which has been previously described with a coefficient of variation below 1.0 % [6]. After correcting tracer concentrations by a factor of 1.04 [2, 26] for isotope sequestration, body water and water turnover were calculated using known formulas correcting for the influence of changing body water pools [10, 13]. Isotope fractionation of insensible water loss was corrected by a factor of 0.987 assuming a fraction of 15 and 5% of total water turnover for breath vapor and cutaneous water efflux respectively (fractionation factors of 0.941 and 0.924, respectively [3]. The body was considered to consist of two compartments: total body water (TBW) and the compartment of the water-free solids (CS). CS was calculated as the difference from actual body weight and TBW.

2.2 Timing of body water (TBW) measurements
To obtain data of body composition before the expedition already at sea level, all subjects underwent a test period at home (TBW0 on day -23). The Karakoram expedition consisted of two periods during which body water was measured seven times:
Period 1 (21 day): flight from Germany to Pakistan and ascent to base camp, three determinations of TBW (TBW1 - TBW3). TBW1 (baseline or reference TBW) was measured on day 1 at the International Airport of Frankfurt, Germany, before the flight to Pakistan, TBW2 was measured on day 12 at the evening of the first trekking day (after the ascent Chongo-Ascole, 2700 - 3048m), TBW3 was measured in the first morning of the base camp stay (day 21). Workload and time points were identical for all subjects during this period.
Period 2 (25 - 30 days): base camp and ascents to the Broad Peak with four determinations of TBW (TBW4 to TBW7). The subjects were divided into two groups which were exposed to distinct workloads during the ascents to the camps. Except for TBW4, all measurements were performed in the base camp before starting to or after returning from the ascents after a relaxing interval of more than 48 hours to allow complete rehydration. Therefore TBW4 and BW4 are not presented because they were measured within 24 hours after return from the ascent.
2.3 Measurement of blood values

The expedition members were thoroughly investigated in the University Department of Sports Medicine at Ulm, Germany, im​mediately before departure and on days 7/8 (expedition day 55/56, group l) and 11/12 (expedition day 63/64, group 2), re​spectively, after descent from altitude of more than 3300m. The tests included a clinical check-up and beside other investigations [1] the measurements of total hemoglobin (Hb), blood com​position and erythrocytic aspartate aminotransferase (AST, EC 2.6.1.1) activity that served as relative indicator of cell age [18, 19]. During the expedition ([Hb], Miniphotometer Dr. Lange) and hematocrit values (Hct, Bayer microhematocrit centrifuge) were measured and serum was stored in dry ice for erythropoietin (EPO) determination at Ulm. Last samples in the mountains were obtained in the base camp on days 45-48 after return from the excursion up to 7600m.
Total hemoglobin mass of the body was determined from the % increase in CO-Hb (Radiometer OSM 3) in venous blood after inhaling 50-75 ml carbon monoxide added to an oxygen filled small closed-circuit spirometer system. Uptake and mixing in the lung is complete within 5-10 min making the test short and thus CO loss to tissues negligible. Reliability and reproducibility have been checked by ourselves as well as by Thornsen et al. [23] who compared their results to the 99mTc-labelling method. Erythrocyte, plasma and blood volumes were calcu​lated from total Hb using Hct and MCHC; Hct correction factors were 0.98 for trapped plasma and 0.91 for body hematocrit.
Serum [EPO] was determined with a sandwich ELISA (detection limit 1.2-2.0mu/ml) [14].
2.4 Statistics
Statistical analysis was performed using standard methods. Descriptive statistics, mean and standard deviation; analysis of variance (ANOVA) and t-test for calculations or significance levels, intraindividual differences: paired Wilcoxon test, level of significance: p < 0.05.

3.0 RESULTS
3.1 Body weight and body composition
Changes occurring during ascent and during base camp stay are related to the measurements performed at the beginning of the expedition (BW1, TBW1, CS1 ( Baseline (BL)). 
Body weight was slightly, but not significantly lower during the test period at sea level (BW0: 72.7 ± 10.3 kg) when compared to the beginning of the expedition (BW1: 73.2 ± 9.8 kg, baseline value). During the ascent, BW decreased significantly (BW3: 71.7 ± 9.7 kg, p < 0.05 when compared to BW1) and continued to decrease significantly until the end of the base camp stay (BW7: 66.7 ± 7.2 kg, p < 0.001 compared to BW1).

Body water (TBW) measured in the test period at sea level (TBW0: 43.1 ± 7.3 1) was not different when compared to the beginning of the expedition (TBW1: 43.1 ± 7.3 1, baseline value). During the ascent, TBW decreased significantly (TBW2: 41.0 ± 7.7 1, TBW3: 41.2 ± 6.91, p < 0.05 and p < 0.01 when compared to TBW0 and TBW1, respectively). Until the end of the base camp stay, TBW slightly increased (TBW6: 41.8 ± 6.9 1, p < 0.05 when compared to the beginning of the base camp stay TBW3), then significantly falling down (TBW7: 40 6 ± 5.2 l).

Water content of the body (TBW/BW) remained unchanged between the test period and the beginning of the expedition (59.2 ± 4.5 vs 58.6 ±3.4 %). During the ascent, it decreased significantly (55.8 ± 4.4 %, p < 0.01), the again approached to the baseline level (TBW3/BW3: 57.4 ± 4.0 %, TBW5/BW5: 58.3 ± 5 1 %). Water content of the body increased significantly (p < 0.05, when compared to TBW2/BW2 and TBW3/BW3) during the second part of the base camp stay (TBW6/BW6: 60.6 ± 3.4, TBW7/BW7: 60.9 ± 4.3 %) when compared to the beginning of the expedition.

Figure 2: 
Total body water (TBW) and Compartment of the water-free solids (CS) during the expedition. During the ascent to base camp (2) the loss of TBW is responsible for the decreasing body weight. But during the attempt to reach the summit (6) this loss in body weight is over-proportional achieved by loss in CS because TBW is increasing.
The solids were slightly, but not significantly smaller during the test period at sea level (CS0: 29.6 ± 5.0 kg) when compared to the beginning of the expedition (CS1: 30.2 ± 3.4 kg, baseline value). CS increased significantly (p < 0.05 and p < 0.01 when compared to CS0 and CS1, respectively) during the first part of the ascent CS2: 32.2 + 4.9) and approached to the baseline level when arriving the base camp (CS3: 30.5 ± 4.7 kg). Until the end of the base camp stay, CS fell down significantly (CS6: 26.9 ± 2.6 kg, CS7: 26.1 ± 4.0 kg) Fig 2.

3.2 Changes of the red blood count

Hemoglobin increased from 15.9 + 0.95 g/dl at the beginning to 21.0 + 1.12 g/dl (32%) at the end of the expedition as well as the hematocrit increased from 46.1 + 1,75% to 54.7 + 3,2% (19%). But total hemoglobin mass increased only by +14%, p < 0.05 7-8 days after return respectively +13%, p < 0.05 10-11 days after return compared to initial values. The large increase of Hct at altitude (p < 0.01), however, disappeared completely upon return. The absolute values of [Hb] and Hct dropped one week after return below the initial values (Hb: 15,0 g/dl; Hct: 43%). The time course of Δ [Hb] (not shown) paralleled that of Δ Hct; consequently MCHC (initial values 33.0 +0.4g/dl) did not change significantly ex​cept on day 41 (+ 3.2 ±0.7 g/dl; p < 0.01).

[EPO] was significantly elevated only during the march to the base camp (p < 0.001) and after the ascent  to 7600m (p < 0.002) showing no clear relation to Hct changes.

Figure 3: 
Water content of the body (total body water (TBW) divided by body weight (BW)) and hematocrit (Hct) during the expedition. The initial fast increase of Hct is caused by dehydration. The ascent to base camp was exhaustive. After rehydration within the 1st week of the base camp stay Hct decreases consecutively. After that it increases further parallel to the increasing amount of total body water.
4.0 DISCUSSION

4.1 Changes of body weight, body water and water-free solids
Our data indicate that body composition was stable during the 3-weeks interval which preceded the expedition. During this period, the subjects were in a constant milieu with regular physical training to maintain the physical fitness required for the expedition. During the expedition, body composition changed dramatically. However, each of the components, TBW and CS, changed at distinct rates: body weight had decreased for the first time when the subjects arrived at the base camp and it decreased further during the whole base camp stay. Body water decreased immediately after the ascent had begun; it remained at this low level and decreased slightly further during the second part of the base camp stay. The water free-solids, however, slightly increased during the first part of the ascent. When arriving at the base camp, the amount of CS was still the same as compared to the beginning of the expedition. However, during the base camp stay the subjects lost considerable amounts of CS. This finding indicates that the initial weight loss during the ascent and during the first part of the base camp stay was mainly due to a 5-7% loss of body water. This initial dehydration is also represented by the decreasing ratio of TBW/BW. During the base camp stay, the subjects recovered from the dehydration and the fact that body weight decreased faster than body water indicates that the subjects now began to lose solids. The increasing ratio of TBW/BW suggests either that this weight loss is due to a loss of fat (low water content as compared to muscle tissue).

The initial loss of body water may be explained by the changed climatic conditions and by the exposure to altitude. The initial gain of the water-free solids (CS1-CS2) may be explained by the fact that physical activity was low during this period (flight Frankfurt-Islamabad (days 1 and 2), three-day stay (days 4 - 6) in Abbottabad (1250m), five-day jeep drive (days 7-11) until Chongo at 2700m). The loss of water-free solids during the second half of the base camp stay may be explained by the high physical activity which was reported to be somewhat exhaustive at the end of the expedition. Another reason may be that some of the subjects had complained about reduced appetite due to either altitude anorexia or to the monotonous menu plan.
4.2 Red cell turnover
According to Pugh [15] one may expect an increase of red cell volume by less than 20% after 18 weeks at 4000 to 5800m above sea level whereas approximately 30% have been found in residents at 3100m [24]. Also in our subjects the increase of total hemoglobin measured after descent was modest. We do not know the magnitude of this quantity immediately before the end of the altitude stay but it cannot have changed much until the measurement in Germany: erythrocyte forma​tion was not fully suppressed in the meanwhile, as shown by the reticulocyte count and [EPO], and the destruction rate in the more resistent young cell population probably was re​duced. Thus one might suggest an only moderately increased production of red cells at altitude if the change in hemoglobin mass is considered on its own. This seems to correspond to the rather low plasma erythropoietin concentrations measured in our subjects and during other expeditions (e.g. Mairbaur et al.[11], Milledge et al. [12]). How​ever, the high AST activities after return suggest that the aver​age erythrocytic age had been markedly reduced at altitude - a fact already demonstrated by cell density measurements after 5 weeks at 5,050m [16]. Mean AST activity before ascent was slightly higher than normal. After descent the markedly in​creased AST activity in group 1 indicated a large proportion of young red cells; it was already less high in group 2 and reached initial values one month later. This is only explainable if at the same time production and destruction rates were increased.
Such effects, namely stimulated hemolysis and (to a larger ex​tent) erythropoiesis resulting in an increased red cell mass with a high proportion of young erythrocytes, are typical for physical training [21]. In our subjects they may have resulted from strenuous mountain hikes in addition to altitude in​fluence. But also after physical exercise no marked increase of [EPO] has been found, neither under normoxic nor hypoxic conditions [20]. Other causes like activation of the somatotropin-insulin-like growth factor I axis and testosterone are therefore under consideration.
From total hemoglobin mass, hemoglobin concentration and hematocrit value red cell, plasma and blood volumes before and after the expedition can be calculated (Table 1). The initial volumes were already large corresponding to the well-trained state of the subjects. If total Hb has not changed during descent, as suggested above, also end altitude values can be estimated. The reliability of this calculation is additionally restricted, be​cause the number of [Hb] measurements immediately before leaving the base camp was reduced; constant MCHC between days 45 and 64 were assumed for the lacking values. But there is little doubt that, concomitant with the increase in red cell volume, a marked reduction of plasma volume (approx. 1 l) oc​curred during the last days before descent because of dehydra​tion (2.5 l water loss measured by D20 dilution [5]). Pugh [15] has described a similar change in plasma volume at altitude (-27%). Upon return, however, rehydration increased plasma volume more than red cell volume thus reaching the initial he​matocrit value within 12 days. The blood volume at this time was nearly 1l greater than before departure. One might specu​late that a hematocrit or blood oxygen content regulating mechanism overrides volume regulation under this condition. The plasma volume loss should be a factor contributing to the reduction of performance capacity in the mountains. If a blood volume increase upon return also occurs after altitude training, as in our experiments, this might be one factor for the assumed performance improvement by this measure.

Table 1: 
Calculated red cell, plasma and blood volumes (ml) of the expedition members (means ± SE, n= 11). Initial values and means of individual changes (Δ) at the end of the altitude stay and upon return. Values obtained after return on days 55/56 and 63/64 are pooled. Alti​tude values (days 45 - 48) are estimated as described in the text. Levels of significance for differences to initial values: *p < 0.02; * *p < 0.01 [1].

	
	Before

	Altitude
  Δ                                
	 After 
  Δ

	Erythrocytes

	2610 
±115

	+ 330** 
±80

	+ 430** 
±90


	Plasma

	4020 
±180

	-1030** 
±150

	+ 520* 
±160


	Blood

	6630 
±290

	-700** 
±200

	+ 950** 
±250



4.3 Conclusion

In conclusion the main reason for the observed rapid, massive increase of hemoglobin and hematocrit at altitude is an intravascular hemoconcentration effect provoked by a permeability induced shift of fluid to the interstitium. 
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