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Physiological responses to prolonged exercise in ultramarathon athletes C. T. M. DAVIES AND M. W. THOMPSON MRC Muscle Group, Department of Physiology and Pharmacology, Queen’s Medical Centre, Nottingham NG7 ZUH, United Kingdom



DAVIES, C. T. M., AND M. W. THOMPSON. Physiological responses to prolonged exercise in ultramarathon athletes. J. Appl. Physiol. 61(2): 611-617, 1986.-The physiological responses of 10 ultramarathon athletes to prolonged exercise at the highest intensity level they could sustain for 4 h have been examined. Energy expenditure for the 4 h of exercise was 14,146 t 1,789 kJ, of which 63% was provided by the oxidation of fat. Plasma free fatty acids rose, but the changes in blood lactate concentration (A0.2 mmol/l) and exchange ratio (AO.05) were small, and the postexercise glycogen content (130 -t 42 pmol/ g) of the vastus lateralis muscles was estimated to be 3753% of normal resting values. During exercise O2 intake (VO,) increased with time from the 50th to 240th min, the rise becoming significant (P < 0.01) after 110 min of work. The change in Vo2 was equivalent to a rise in relative intensity of speed of 1.49 km/h. A rise ( %VO:! max ) of -t-9.1% and a change in cardiac frequency compensated for a fall in stroke volume (SV), so that cardiac output was maintained, and the increases in rectal temperature (T,,) (AO.63”C) and sweat loss (3.49 * 0.50 kg, equivalent to 5.5% of body wt) and the decreased mean skin temperature (Tsk) (-1.22”C) were within tolerable limits during exercise. Following exercise there was a loss (-25%) of ability to generate voluntary force of the quadriceps femoris, though electrically evoked mechanical properties of the muscle remained unchanged. The results suggest that neither thermal nor cardiovascular factors are limiting to prolonged (4 h) exercise, although the ability to utilize fat as a fuel may be important in ultradistance athletes. The AVoz may be a consequence of voluntary muscle weakness and reflect an increased fiber recruitment.
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PHYSIOLOGY OF LONG-DISTANCE running has been studied extensively (see Ref. 23), though observations in the laboratory have usually been limited to exercise of lto 2-h duration and in the field to the marathon event. There have been few systematic observations of athletes who regularly perform competitively at distances demanding in excess of 4 h continuous effort. It is well known that as exercise intensity increases, the duration of effort declines (3). We have recently reported and defined mathematically the relationship between these two variables in distance runners (9). However, from our study (9) it is not clear why the duration of performance is limited for a given relative intensity ( %VO, max), or alternatively, what sets the upper limit of performance for a given duration in endurance athletes. Fuel supply, THE
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particularly with regard to the available stores of carbohydrate (5), the efficacy of the central circulation, muscle blood flow (see Ref. 26 for general review), temperature regulation, and fluid loss (I), have all been implicated as limiting factors in prolonged performance of 1- to 2-h duration, but little is known of the relative importance of these physiological variables when work time is extended to cover ultramarathon distances. This paper examines the metabolic, cardiovascular, thermal, and muscle function adjustments to 4 h of continuous running on a motor-driven treadmill in 10 ultra-long-distance athletes at the highest level of sustainable %Voz max. MATERIALS



AND METHODS



The physical characteristics of the IO ultramarathon athletes were as follows: age, 35.8 t 7.9 yr; weight, 63.89 + 5.76 kg; height, 170.7 t 7 cm; and estimated lean body mass (using skinfold thickness measurements) 56.8 t 5.5 kg. Their mean maximal aerobic power (To2 max)was 4.27 t 0.51 l/min. The athletes were all in regular training (100-200 km/wk) during their period of measurement in the laboratory. During preliminary visits to the laboratory the O2 cost (VOW) of running on the treadmill at various speeds was determined and measurements were made of each athlete’s f702,,,. The athletes were then required to exercise continuously at the highest level of work they could tolerate for 4 h on the treadmill. A number of factors were taken into account for selecting this level of work. First, we felt that the intensity for a given duration should be such as to stress the aspects of physiological regulation to be investigated. A period of 4 h of exercise at the maximum load that could be tolerated was considered potentially capable of severely taxing energy reserves, producing large fluid lossesand placing the cardiovascular and thermoregulatory systems under extreme stress. Since intersubject differences in endurance capacity are minimized when duration is expressed as a function of work load (9), the athletes were exercised at the same upper limit of relative ( %)Vo2 maxthat could be sustained for 4 h. This was estimated as between 65 and 70% VO 2maxfrom our previous studies (7-9) of the relationship between sustainable %Vo2 maxand exercise duration in athletes. For each athlete this was determined on the basis of his K&to-speed relationship and his measured Voz max.
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Before exercise commenced, tests of quadriceps muscle function were made using electrically evoked and voluntary contractions after the method of Edwards et al. (14). During the muscle function tests the athlete was seated and secured in an adjustable straight-backed (Tornvall) chair with knee flexed at 90”. An inextensible taut strap passed around the ankle under the chair to a steel bar transducer, on which were bonded two strain gauges to form one half of a Wheatstone bridge. Force produced by contraction of the quadriceps was transmitted to the bar and recorded (after amplification) using a storage oscilloscope and ultraviolet recorder. Contraction of the quadriceps was evoked percutaneously using two large pad electrodes placed proximally and distally to the anterolateral thigh. Two tests of electrically evoked muscle function were used. The first test measured the evoked tetanic tension of the right quadriceps at frequencies of 10, 20, 50, and 100 Hz, using a submaximal voltage 8-s stimulus train (2 s at each frequency) and a pulse width of 50-ps duration. The forces produced were expressed as a percentage of the maximal force recorded. In the second test the left quadriceps was stimulated continuously for 18 s at a frequency of 30 Hz, and the percentage decline of force was recorded. After appropriate rest periods the subjects performed three maximal voluntary contractions (MVCs) with each leg, the highest recorded force being used for subsequent analysis, and sustained 30% of their right leg MVC until the required force could no longer be maintained. The time taken was recorded and used as an indication of the voluntary isometric endurance of the quadriceps muscle. The subjects were weighed nude and clothed and then had a resealable Butterfly needle placed in the antecubital vein for blood sampling and a thermistor probe inserted into the rectum for the measurement of core temperature. During the 4 h of exercise the treadmill speed was held constant and O2 intake (Vo2) and cardiac output (Q) were measured at the 20th min and then every 30 min throughout the work period. For the measurement of TO., a low-resistance open-circuit technique was used, and Q was determined by the indirect (CO,) Fick procedure. This involved the measurement of oxygenated mixed venous PCO~ using a rebreathing method (19) in which the athlete was given the appropriate volume and concentration of CO2 in 0, to rebreathe for 12-15 s. The end-tidal PCO~ was recorded continuously to identify the plateau representing equilibrium between mixed venous Pco~, alveolar Pco~, and the rebreathing plateau. If a perfect plateau (i.e., one that appeared within 3-4 s and broke with recirculation at 10 s) was not obtained, the extrapolation procedure as described by Denison et al. (10) was applied. Blood samples were obtained on six subjects at rest and during and immediately following exercise. During exercise the samples were taken while the athlete was running at the following times: 15, 30, 45, 60, 105, 135, 160, 225, and occasionally 240 min. The blood sample was usually 10 ml. The plasma was analyzed for concentrations of free fatty acids (FFA), glycerol, glucose, lactate, and proteins, and the hematocrit ratio was noted. Plasma FFA concentration was determined by the
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method described by Duncombe (12), and plasma glycerol, glucose, and lactate were determined enzymatically, using material kits obtained from Boehringer-Mannheim. Rectal temperature (T,,) was measured every 2 min from the thermistor probe, which was inserted 8 cm above the anal sphincter. Skin temperatures were measured every 15 min using a thermocouple placed on the skin at 13 sites: hand, upper and lower arm, forehead, chest, sternum, abdomen, scapula and lumbar regions of the back, and anterior and posterior regions of the thigh and calf. The recordings were weighted, and the average value of the 13 sites was taken as the mean skin temperature (Tsk, see Ref. 8). At the end of each 30 min, exercise was stopped momentarily (~30 s) to enable the athletes to be weighed. Fluid in the form of water was available to the athletes on demand during the experiments, and intake was recorded. The ambient temperature of the exercise room was maintained at a constant level [dry-bulb temperature (T& = 2l”C, wet-bulb temperature (Twb) = 17°C relative humidity (rh) = 48%], and convective airflow (2.54.0 m/s) was always sufficient to allow for the evaporation of sweat. From the raw (thermal) data calculation of the metabolic heat production (2M), heat storage (S), evaporative sweat loss (I&,), and body heat conductance (K) were calculated using conventional equations. Immediately on the cessation of exercise the muscle function tests were repeated, and 1 h postexercise a muscle biopsy sample was taken from the vastus lateralis. The muscle fibers of the biopsy sample were classified as type I or type II on the basis of their histochemical reaction to myosin adenosinetriphosphatase after preincubation at pH 9.4 (11). The “lesser fiber diameter” (see Ref. 11) of 100 fibers of each type was measured by using an eyepiece micrometer. It was assumed that each fiber had a circular cross section of diameter equal to the lesser fiber diameter, and the mean fiber cross-sectional area was c&ulated for each type. Muscle glycogen was analyzea:8: acid hydrolysis, followed by subsequent enzymatic alysis of the glucose residues (20). RESULTS



The morphological characteristics of the vastus lateralis determined from the postexercise muscle biopsy samples showed that the 10 athletes had a mean of 80 & 10% type I and 20 t 10% type II fibers, and respective mean fiber areas of 3,178 t 763 and 2,041 t 322 pm2. The relationship between speed (V) and Vo2 during running was given by the equation V (km/h) = 2.103 + 0.244 vo2 (ml kg-’ min-l); r = 0.94 l
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During the 4 h of exercise the mean 00, was 2.91 t 0.09 l/min, but with respect to time the VO, increased gradually, the rise becoming significant (P c 0.01) after 110 min of exercise. However, during the last 3 h of exercise the rise in vo2 (6.1 ml kg-’ min-I) was effectively linear l
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= 42.73 + 0.031 t (min); r = 0.98, n = 80
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and increased the relative work load from 67.0 to 76.1% (+9.1%). A rise of Tjo2 of 6.1 mlokg-lomin-l over the period of 3 h is equivalent to an increase of speed of 1.49 I km/h. The rise in Vop was associated with an increased minute ventilation (VE) mainly due to a rise in respiratory frequency, tidal volume remained fairly constant during the exercise period. The changes in respiratory exchange ratio (R) were small, R increased from 0.8 at rest to 0.84 at the 30th min, and then declined. After 3 h of exercise R was 0.79 -t- 0.05, and at the 225th min of exercise it was 0.80 t 0.05. Blood lactic acid concentration (LA) remained relatively unchanged during the 4 h of exercise and close to resting values. After 45 min of exercise LA was 0.6 t 0.2 mmol/l compared with 0.7 t 0.2 mmol/l at the 165th min and 0.9 t 0.3 mmol/l at the end of the exercise period (Fig. 1). Similarly, blood glucose concentration varied little during exercise, with only a marginal (P > 0.1) decrease from 5.6 t 1.1 to 5.2 t 1.1 mmol/l being observed from the 45th to the 225th min. Plasma glycerol was significantly (P < 0.05) raised after 15 min of exercise and continued to rise during the work and the immediate postexercise period. The FFA concentration tended to decline initially, and it was not until the 105th min of exercise that the mean FFA level was significantly (P < 0.05) elevated above resting levels. However, beyond this time FFA increased continuously during work and showed a marked rise during the recovery period. The increased FFA concentration during work and the immediate postexercise period was (negatively) associated with R (r = -0.94 and -0.97, respectively). Estimates of the metabolic mixture from the R data- suggested that 70% of the energy demands during the final 2 h of exercise were supplied by the oxidation of fat. The mean postexercise muscle glycogen content determined from vastus lateralis needle-biopsy samples was 129.8 t 42.2 pmol/g dry wt. Cardiac frequency (fn) rose as a linear function of time from the 80th to* the 240th min fn (beats/min)



= 143 + 0.124 t (min);



r = 0.99



but Q remained essentially constant during exercise. After 20 min of running Q was 18.9 t 1.5 l/min compared with 18.4 t 2.2 and 18.6 t 2.5 l/min at the 140th and 240th min, respectively, (P > 0.1). Thus the rise in fn 52



r



was a reciprocal function of stroke volume (SV), which decreased (P < 0.001) from 130 t 23 ml at the 10th min to 107 t 16 ml at the 240th min of exercise. The rise in fn during the final 100 min of exercise was also associated with T,, (r = 0.99). During exercise T,, rose from 38.43 -I- 0.31”C at the end of the 1st h to 39.09 -+ O.SO”C at the 4th h. During the same period Tsk fell from 28.60 t 1.43 to 27.38 t 1.42”C. The rise in T,, was associated with an increase in 2M and the resulting change in %Tjo, max. The gradient between core and skin temperatures increased markedly after 90 min of work and continued to rise throughout the remaining exercise period. Thus, despite the increase in M, K remained effectively constant during the latter part of work. After the 1st h of exercise msW remained constant until the end of work. The cumulative sweat loss of the subjects was a linear function of time A sweat
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At the conclusion of the 4 h of exercise mean sweat loss accounted for 5.5 t 0.8% of the subjects’ body weight, the total weight loss in absolute terms being 3.49 t 0.50 kg There was a considerable variability in the volume of water ingested during the exercise period, ranging from 0 to 1.49 liters (mean 864 t 454 ml). Although the one subject (LH) who chose not to drink during exercise demonstrated the largest increase in T,,, there was no correlation between the volume of water consumed and the 240th min T,, for the group, nor was individual water intake related to sweat loss. Despite the progressive hypohydration, there was no evidence of hemoconcentration; the pre- and postexercise hematocrit (Hct) and plasma protein concentration values were similar. The respective values before and after 4 h of exercise were 43.3 t 2.0 and 43.6 * 1.8, and 7.4 t 1.6 and 7.9 t 1.4 g/ 100 ml. The similarity of pre- and postexercise Hct and plasma protein concentration suggests a stable plasma volume (PV). Finally, the results of the muscle function tests taken immediately before and after the cessation of exercise are summarized in Table 1. None of the electrically evoked contractile and force-generating properties of the quadriceps are significantly (P > 0.1) different pre- and The only difference in muscle function postexercise. observed was during voluntary contractions: the force of MVC was reduced (P < 0.001) by -25% in each leg, and the endurance time of a sustained isometric contraction at 30% MVC was decreased (P < 0.001) from 198 t 78 to 82 t 46 s, a decrement of 60 t 6.5%.
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lac tate (LA) , and running.



The group of ultramarathon athletes studied was active in competition and may be regarded as representative of those who regularly compete in long-distance events in the United Kingdom. Their age, weight, stature and O2 cost of running at given speeds are similar to a group of endurance runners previously studied in the laboratory (9), though their mean Vozmax is lower. In addition, the present athletes are characterized by having
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TABLE 1. Electrically evoked and voluntary quadriceps muscle function before and after 4 h continuous exercise Force, % ( TetanuszO/TetanusBO)



Preexercise Postexercise Normal values (see Ref. 14) Values of tetanus



82.3k6.7 81.7~~8.2 76.9t6.5



Relaxation SF,,



68.1t2.3 64.8t2.3 60.4t4.2



Times,



ms SF,,



119.4k5.6 112.1t3.1 104.729.4



MVC, Right



leg



410t64 314t71* 475+47”r



N Left



leg



400t42 297t60”



of normal values. Ratio of tetanic forces at 20 and 50 Hz, relaxation times at the cessation are means k §D. See Ref. 13 for description as described by Edwards et al. (l3), and maximal voluntary contraction (MVC). * I’ < 0.001. t Predicted from body weight.



a relatively high (80 t 10%) proportion of type I muscle fibers, a reduced mean fiber area of type II fibers, and low body fat content. They were all capable of running the traditional marathon distance in under 2.75 h, which is well within the first class standard for athletic members of the Road Runners Club of Great Britain. At the end of the 4 h of exercise all the subjects were complain. ing of fatigue, and we had the greatest difficulty persuading the athletes to contin ue running during tlE last 30 min of work. On a rated (Borg) perceived exertion scale the athletes indicated a score of 19 (maximum 20) during the final stages of the exercise, and they had to be assisted from the treadmill at the end of the work period. By any subjective criteria they were distressed and manifestly exhausted at the conclusion of the experiment, and yet, despite th .e comprehensive nature of our physiological measurements, the etiology of their fatigue still remains unclear. The results provide no clear evidence of metabolic, cardiovascular, thermoregulatory, or electrically evoked muscle function impairment during (or following) 4 h of continuous exercise performed at the upper limit of their sustainable %VO~,,,. During exercise the mean total energy expenditure of the athletes was 14,146 kJ, of which 63% (8,912 kJ) of the metabolic mixture as indicated by the R data was fat and 37% (5,234 kJ) carbohydrate. At 10 min carbohydrate and fat contributed equally to energy needs, but by 170 min to the end of exercise fats were the main fuel supplying 70% of the metabolic requi .rements. It is interesting to note that despite the high relative exercise intensity (67-73% VO 2miX) fats contributed at least half of the energy requirements during the early stages of the 4-h run, at a time when carbohydrate (in the form of glycogen) was readily available to the working muscles. The ability to mobilize and utilize a large fraction of fuel needs in the form of fats is well known to characterize endurance athletes (15). Endurance training increases the oxidative capacity of the exercising muscles through increased mitochondrial content (21) and aerobic enzymatic activity (18) and promotes a glycogen sparing effect through the enhanced use of fat as an oxidative substrate (24). Our observations would support the view that the enhanced ability to utilize fat as fuel is an important factor governing performance in prolonged running. The ratio of carb0hydrat.e to fat (30:70) remained virtually unaltered during the final 2.5 h of the treadmill run, suggesting that the fuel flux was constant and adequately maintained. At least without a further shift



in R during the final stages of exercise it can be assumed that carbohydrate oxidation, although quantitatively small, was being maintained from available (but diminishing) carbohydrate stores. We found no evidence of hypoglycemia; blood glucose concentration was well maintained during exercise and muscle glycogen stores were not exhausted, despite the increased aerobic requirements of the exercise from 50 to 240 min (Fig. 1). The measured mean glycogen content of postexercise biopsy samples taken from the vastus lateralis muscle of six of the athletes was 130 pmol/g dry wt muscle. This value represents an estimated 47-63% reduction over normal resting values (see Ref. 13, 17), suggesting that glycogen depletion per se was not a factor leading to the state of exhaustion observed at the end of exercise in the athletes studied. However, such a conclusion must be tentative, since other muscles known to be active in running (e.g., gastrocnemius and soleus) were not sampled, preexercise biopsies were not taken, nor was glycogen content determined with respect to specific fiber types. Costill et al. (6) have shown that selective glycogen depletion of type I fibers is an important factor in prolonged running, and thus our glycogen content determination may not accurately reflect the specific state of the active fibers involved in the exercise. Further studies would be required before definitive conclusions can be made. The increased plasma FFA concentration was accompanied by a rise in plasma glycerol concentration, suggesting that the rate of release from adipose tissue exceeded the rate of FFA uptake by the skeletal muscle. Theoretically, the ratio of glycerol (resulting from the splitting of triglycerides) and FFA should be 1:3, but the increase in glycerol was more pronounced. Since glycerol is not utilized by the muscles, the difference in this ratio suggests a rapid utilization of FFA. If the rise in plasma glycerol is attributed to the mobilization of fats, then it is difficult not to avoid the conclusion that during the 1st h of exercise FFA is being utilized at an increased rate relative to the resting condition. This may be due to a disparity existing between the initial uptake by the exercising muscles and the onset of lipolysis and release of FFA from adipose tissue. Although triglycerides were not determined in the present investigation, studies during exercise (16) have shown that intramuscular and plasma triglycerides are reduced in response to sustained effort, though this source of fuel is quantitatively less important than FFA. Why fat oxidation cannot be used exclusively for the support of energy needs of the muscle
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during prolonged severe exercise is not clear. Rose and Goresky (25) have indicated that the barrier in the endothelial cells of the capillaries limit the translocation of FFA from the blood into the active muscle, suggesting that the FFA utilization is not limited by the processes of oxidation but by the rate of transport from the plasma into the muscle. Observed plasma lactate concentration in the present study remained virtually unchanged during the 4 h of exercise and close to resting levels. This is in agreement with a number of studies (e.g., Ref. 2) that indicate that plasma lactate accumulation is not a limiting factor in prolonged exercise. Indeed, plasma and muscle lactate may be used as fuel during prolonged exercise in the presence of low glycogen levels (16), and this may account for the low values of lactate we have observed. Thus from the data we have obtained it is difficult to ascribe the degree of exhaustion observed at the end of 4 h of continuous exercise to metabolic factors. Muscle glycogen was present in the postexercise muscle biopsies of vastus lateralis, R remained virtually unchanged for the final 2.5 h of exercise, plasma glucose concentration was well maintained, and there was no appreciable accumulation of plasma lactic acid. During the 4 h of exercise a gradual rise in aerobic metabolism and cardiac frequency was observed. Similar observations have been previously reported by several authors during prolonged exercise (e.g., Ref. 28). The rise in fn was associated with Vo2, though & was maintained at a constant level throughout exercise. Thus SV decreased and the arterial-mixed venous O2 difference increased gradually during the 4 h of exercise. The mean rise in fn from 10 to 240 min of exercise was 25 beats/ min, which represents an increase of 17%, the final value of fn at the cessation of work being 93% of the maximal fn of the athletes. Thus, alth.ough these observations provide evidence of severe cardiac stress, it is unlikely that the central circulation was impaired; fn and Q remained within the expected physiological range and were well maintained during the 4-h period of exercise. The mean increase of arterial mixed venous O2 difference from 107 ml/l at 10 min to 158 ml/l at 240 min appeared sufficient for local tissue requirements, the plasma lactate concentration remained relatively unchanged during the duration of the exercise and did not exceed 1 mmol/ 1.Thus tissue perfusion and oxygenation were adequately served by Q. The mean rise in absolute VO, from 50 to 240 min of exercise was 239 & 118 ml/min and effectively increased the relative workload by 5.5% (66.5-72% VOWmax),despite a constant treadmill speed and a significantly (P < 0.001) reduced body weight. The body weight loss primarily due to sweating accentuated the rise in Voz when expressed in terms of milliliters per kilogram per *minute, the increase being 6.1 ml kg-’ min-’ (-t-9.1% Voz max)between 50 and 240 min of exercise. A loss of body weight would be expected to reduce the workload if the weight loss was not integral to the metabolic needs of the exercise. A rise in VO, of 6.1 ml kg-’ min-’ is equivalent to an increase in running speed of 1.49 km/h (0.47 km/h for each hour of work), which undoubtedly contributed to the state of l
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exhaustion of the athletes during the concluding stages of the treadmill exercise. However, the underlying mechanisms are not altogether clear. It is well known that in healthy normal subjects as exercise progresses R declines and the metabolic mixture gradually switches from carbohydrate to fat. The utilization of fat as a substrate is known to increase (-7%) the O2 requirement of exercise. However, in the present study R is effectively constant (Fig. 1) during the final 3 h of work, the period in which the major change of Vo2 is observed. It is possible that the changes in Vo2 may have arisen through increased work of the respiratory muscles and the rise in body temperature during the course of the exercise, but if so they would be small and unlikely to affect the VOW significantly. In the present experiments the change in respiratory frequency, VE, and T,, between the 1st and 4th h were 8 breaths/min, 16.1 l/min, and 0.63”C, respectively. Our own view is that the loss of apparent mechanical efficiency must be sought at the level of the exercising muscles. Bink (4) demonstrated a decrease in mechanical efficiency with exercise extending from 5 to 200 min and explained this in terms of the need to use auxiliary muscle groups to maintain performance. The occurrence of increased shoulder rotation, head movements, and loss of mechanical coordination will undoubtedly give rise to an increased requirement for O2 during exercise. However, our subjects were able to maintain their natural stride frequency (mean, 86 strides/min), pattern, and running form during the major part (3.5 h) of the work period., It was only during the last 15-30 min of work that some of our athletes became noticeably less coordinated and to use more arm, shoulder, and torso movement in their running action. This may have contributed to the rise in Vo2 during the latter stages of the exercise but would not explain the changes in VO, prior to the final hour of running. A more plausible explanation, therefore, may be related to a decline in muscle function per se rather than a loss of muscular coordination. A gradual decrease in muscle strength will place an increased load on the force-generating capability of the muscle and may necessitate an increased recruitment of fibers for force maintenance if speed is to be sustained. Petrofsky (22) has shown that the number of fibers active in a muscle is proportional to Vo2 during exercise. Subjects in the present study were unable to reproduce static muscle contractile forces following the 4-h exercise period compared with preexercise values. The force of MVC of the leg extensors was reduced by 25%. If in overcoming this impairment of muscle function more fibers are recruited for the generation of a given force, then one would expect physiological efficiency to fall and Voz to rise gradually during exercise. However, if this is so, our electrically evoked contraction data (Table 1) would suggest that impairment of voluntary force generation is not due to a failure of the contractile machinery per se, since the mechanical properties of the tetanus remain unchanged following the exercise. The stimulation results clearly implicate the central nervous system and suggests that the loss of force may be due to involuntary inhibition resulting in a decreased. central neural drive to the ex-
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ercising muscles. Clearly this is an important area for future research. The raised vo2 and apparent loss of mechanical efficiency increased the amount of metabolic heat to be dissipated for thermal balance to be maintained. In a previous study of marathon runners (7) it was shown that performance at marathon speeds was dependent on the maintenance of a cool skin and minimizing peripheral blood flow. During exercise there was evidence of peripheral vasoconstriction, and the convective transfer of heat from core to skin was enhanced by a rise in deep body temperature. The data from the ultramarathon athletes, who ran the equivalent of 30-40 miles during 4 h on the motor-driven treadmill in the present investigation, would suggest that they adopt a similar thermal strategy to the one described (9) for endurance athletes running shorter distances but at higher relative workloads. Beyond 80 min of exercise in the ultramarathon athletes Tsk decreases as an approximate linear function of time and T,, rises. However, in contrast to previous experiments (9) on marathon runners, the. increase in T,, is proportional to the rise in A4 and Q/OVO~~~~;there is no evidence of a spiraling increase in T,, and loss of thermal control during the latter part of exercise. During running at 66-73% vozrnax for 4 h T,, remains with the normal physiological range for exercise and at no point exceeds 393”C, a value of core temperature usually taken to represent the upper limit of physiological thermal regulation in humans (see Ref. 8). Sweat rate increases cumulatively as a linear function of time, and there is no evidence of saturation of the sweating mechanism. The athletes tolerated sweat lossesequivalent to -5.5% body wt without apparent discomfort. Despite this level of dehydration, the athletes ingested very little water (which was freely available) during the 4 h of exercise (mean 864 t 454 ml) and plasma protein and Hct remained fairly constant during the work period. By using the method of Van Beaumont et al. (29), which is based on Hct, the maximum calculated decrease in PV is ~3%. Thus despite the large sweat losses PV appears to be well maintained during exercise, a finding in agreement with earlier studies (27). Finally, the gradual increase in aerobic metabolism from 50 to 240 min of exercise found in this study has important implications for performance in ultramarathon running. Examination of the records of the British Road Runners Club would suggest that a typical race profile for ultramarathon events is one of declining speed following the first 15 miles of the race. The decrease in speed accords with the increase in VO, we have found during 4 h of running on a treadmill. To offset the increased aerobic requirements of continuous prolonged running we would have found it necessary to reduce the speed of the treadmill bed by 0.47 km/h each hour after the first 1 h of exercise. This would have effectively maintained Vo2 at a constant level and negated the rise in relative workload. The possibility arises, therefore, that the experienced ultramarathon athlete during competition is able to judge pace to such an extent as to maximize the use of his available aerobic power and effectively sustain an iso relative energy expenditure level throughout the whole period of the race.



EXERCISE The experiments were carried out at the London School of Hygiene and Tropical Medicine in 1978/g. We are indebted to M. J. White and J. Few for technical help and to Prof. R. H. T. Edwards and his staff at the Dept. of Human Metabolism, University College Hospital Medical School, London, for their assistance with the muscle function studies. Present address of M. W. Thompson: 2 Keys Court, Traralgon, Victoria 3844, Australia. Address for reprint requests: C. T. M. Davies, Dept. of Physical Education and Sports Science, The University of Birmingham, P.O. Box 363, Birmingham B15 ZTT, UK. Received



8 July



1985; accepted



in final



form



12 March



1986.



REFERENCES A. J. FRY, AND I. C. MACDONALD. 1. ADAMS, W. C., R. H. Fox, Thermoregulation during marathon running in cool, moderate, and hot environments. J. Appl. Physiol. 38: 1030-1037, 1975. 2. ASTRAND, P.-O., I. HALLBACK, R. HEDMAN, AND B. SALTIN. Blood lactates after prolonged severe exercise. J. Appl. Physiol. 18: 619-



$22,1963.



7.



ASTRAND, P.-O., AND K. RODAHL. Textbook of Work Physiology. New York: McGraw-Hill, 1970. BINK, B. Physical working capacity in relation to working time and age. Ergonomics 5: 25-28, 1964. CHRISTENSEN, E. H., AND 0. HANSEN. Arbeitsfahigkeit und Ernahrung. Skand. Arch. Physiol. 81: 160-171, 1939. COSTILL, D. L., P. D. GOLLNICK, E. D. JANSSON, B. SALTIN, AND E. M. STEIN. Glycogen depletion pattern in human muscle fibers during distance running. Actu Physiol. Stand. 89: 374-383, 1973. DAVIES, C. T. M. Influence of skin temperature on sweating and aerobic performance during severe work. J. AppZ. Physiol. 47: 770-



777,1979. 8. DAVIES, C. T. M., J. R. BROTHERHOOD, 9.



10.



11.



12. 13. 14. 15.



AND E. ZEIDIFARD. Temperature regulation during severe exercise with some observations on effects of skin wetting. J. AppZ. Physiol. 41: 772-776, 1976. DAVIES, C. T. M., AND M. W. THOMPSON. Aerobic performance of female marathon and male ultramarathon athletes. Eur. J. AppZ. Physiol. Occup. Physiol. 41: 233-245, 1979. DENISON, D., R. H. T. EDWARDS, G. JONES, AND H. POPE. Direct and rebreathing estimates of the O2 and COZ pressures in mixed venous blood. Respir. Physiol. 7: 326-334, 1969. DUBOWITZ, V., AND M. H. BROOKE. In: Muscle Biopsy: A Modern Approach. London: Saunders, 1973, p. 99. DUNCOMBE, W. G. The calorimetric micro-determination of nonesterified fatty acids in plasma. CZin. Chim. Acta 9: 122-125, 1964. EDWARDS, R. H. T., D. K. HILL, D. A. JONES, AND P. A. MERTON. Fatigue of long duration in human skeletal muscle after exercise. J. Physiol. Lond. 272: 759-778, 1977. EDWARDS, R. H. T., C. MAUNDER, D. A. JONES, AND G. J. BATRA. Needle biopsy for muscle chemistry. Luncet 1: 736-740, 1975. GOLLNICK, P. D., R. B. ARMSTRONG, W. L. SEMBROWICH, R. E. SHEPHERD, AND B. SALTIN. Glycogen depletion pattern in human skeletal muscle fibers after heavy exercise. J. AppZ. Physiol. 34:



615-618,1973. 16. GOLLNICK, P. D., B. PERNOW, B. ESSEN, E. JANSSON, AND B. SALTIN. Availability of glycogen and plasma FFA for substrate utilisation in leg muscle of man during exercise (Abstract). CZin. Physiol. 1: 27, 1981. 17. HARRIS, R. C., E. HULTMAN, AND L.-O. NORDESJO. Glycogen, glycolytic intermediates and high-energy phosphates determined in biopsy samples of musculus quadriceps femoris of man at rest. Methods and variance of values. Scund. J. CZin. Lab. Invest. 33: 109-120,1974. J., AND J. S. REITMAN. Quantitative measures of 18. HENRIKSSON, enzyme activities in type I and type II muscle fibres of man after training. Actu Physiol. Scund. 97: 392-397, 1976. G. J. R. MCHARDY, B. E. 19. JONES, N. L., E. J. M. CAMPBELL, HIGGS, AND M. CLODE. The estimation of carbon dioxide pressure of mixed venous blood during exercise. CZin. Sci. 32: 311-327,1967. 20. LOwRy, 0. H., AND J. V. PASSONNEAU. A FZexibZe System of Enzymatic Analysis. New York: Academic, 1973. 21. MORGAN, T. E., L. A. COBB, F. A. SHORT, R. Ross, AND D. R. GUNN. Effects of long-term exercise on human muscle mitochondria. In: MuscZe MetuboZism During Exercise. New York: Plenum, 1971, vol. 11, p. 87.



PROLONGED 22.



EXERCISE



PETROFSKY, J. S. Frequency



and amplitude analysis of the EMG exercise on the bicycle ergometer. Eur. J. Appl. Physiol. Physiol. 41: l-15, 1979. 23. POLLOCK, M. L. Submaximal and maximal working capacity of elite distance runners. I. Cardiorespiratory aspects. Ann. NY Acad. Sci. 301: 310-322,1977. 24. RENNIE, M. J., AND J. 0. HOLLOSZY. Inhibition of glucose uptake and glycogenolysis by availability of oleate in well-oxygenated perfused skeletal muscle. Biochem. J. 168: 161-170, 1977. 25. ROSE, C. P., AND C. A. GORESKY. Constraints on the uptake of labeled palmitate by the heart. The barriers at the capillary and during occup.



26. 27. 28. 29.



617



sarcolemmal surfaces and the control of intracellular sequestration. Circ. Res. 41: 534-545, 1977. ROWELL, L. B. Human cardiovascular adjustments .;o exercise and thermal stress. Physiol. Rev. 54: 75-159, 1974. SALTIN, B. Aerobic work capacity and circulation at exercise in man. With special reference to the effect of prolonged exercise and/or heat exposure. Acta Physiol. Stand. Suppl. 230: l-52,1964. SALTIN, B., AND J. STENBERG. Circulatory response to prolonged severe exercise. J. AppZ. Physiol. 19: 833-838, 1964. VAN BEAUMONT, W.J.E. GREENLEAF,AND L. JUHOS. Disproportional changes in hematocrit, plasma volume, and proteins during exercise and bed rest. J. Appl. Physiol. 33: 55-61, 1972.



























des documents recommandant













Behavioral and physiological responses to male handicap in 

Sep 2, 2011 - In 2008, males were painted on the neck with picric acid, whereas females ..... ever, as kittiwake males, rock sparrow Petronia petronia males.










 








Early physiological responses of Arabidopsis thaliana cells to fusaric 

Jun 23, 2005 - The cells were removed and the methanol was evaporated under vacuum. The aqueous residue was extracted with two 50-Âµl aliquots of.










 








Responses to cued signals in Parkinson's disease 

Amantadine. 0. 20. 1.5. 100. 2. M ... Amantadine. Bromocriptine ...... synthesis of studies of age-related changes in event-related potentials. Frith CD, Done DJ.










 








Human automatic postural responses: responses to ... - Research 

1988). Does the organization of postural responses follow the same rules in ..... amplitude. 1.0. 190 m. E. 160 o ~ g m 130 a. 100. 70. A. 220. 190. E. 160 o ~.










 








Responses to cued signals in Parkinson's disease 

preceding P200 to form a sharp peak, whereas this is not the. In contrast to ...... Electroencephalogr Clin Neurophysiol 1991; 79: 488â€“502. the basal ganglia.










 








Demographic responses to a mild winter in enclosed ... - Springer Link 

Jan 29, 2009 - Abstract Mild winter weather causing snow to melt and ..... overall survival from November to April of those indi- viduals known to be alive in ...










 








Measuring community responses to large-scale disturbance in 

aggregates information about richness, relative abundance and/or taxonomic ... (Washington, 2003). In this context, accounting for more ecological difference.










 








prolonged release hydrophilic matrix 

DMPK ISSUES IN DRUG DEVELOPMENT ... Drug-drug interactions. 1. 10. 100. 1000 .... Solubility. - Stability p Chemical compatibility drug substance/excipients.










 








The limit to exercise tolerance in humans: mind over muscle? 

Feb 21, 2010 - with disability, risk of cardiovascular disease, and mortality in the general .... RPE at isotime (the highest common exercise duration achieved by all .... 2008, 2009) based on motivational intensity theory (Brehm and Self 1989 ...










 








ecological responses to environment stresses dbid apz8 












 








Endothelium-dependent blunted membrane potential responses to 

was assayed in aortae by RNase protection assay. .... of endothelium removal in ''endothelium-free'' aortae. .... digest unbound label and unprotected mRNA.










 








Protectionist Responses to the Crisis: Global 

Nov 15, 2008 - second-best macroeconomic policy management at a time when monetary and ... foundations of economic growth theory remain fully valid. .... tariffs fell over the period 1990-2006 both in major advanced economies (the ..... http://ec.eur










 








Evolutionary responses to habitat fragmentation adaptive plasticity 

1. Definitions. 2. Measurements and comparisons. 3. ..... Example: human micro-biome project. Sampling of ... of biodiversity. Credit: Brent Mishler/UC Berkeley ...Missing:










 








Species-specific responses to landscape fragmentation 

implications for management strategies. Simon Blanchet,1,2,* ... question is essential for ecological managers as it allows ... response to fragmentation was highly species-specific, with the smallest fish species (P. .... Material and methods.










 








oxycodone prolonged use of omeprazole 

oxycodone 10 mg breastfeeding positions oxycodone hcl water solubility in toluene ... drug category of oxycodone oxycodone vs vicodin high oxycodone 10 mg ...










 








Community responses to extreme climatic conditions 

Mar 1, 2011 - affected (e.g. McKinney, 1997), we restricted our ap- proach to contemporary ..... sions are retained and summed for the 10 points of a square as a ..... Rouault G, Candau JN, Lieutier F, Nageleisen L-M, Martin J-C et al., 2006.










 








Human responses to an expressive robot 

comparing subjects' responses to robotic emotional ..... In order to test the presence of a resonance effect, we ..... development of cultural intelligence: why.










 








Energetic and Motor Responses to Increasing 

(1989), force was measured in units of 0.613 x 10"2 N (0.625 g). The computer was ... The food delivery mechanism consisted of a 10 mL glass syringe mounted in a ... were corrected for the prevailing temperature and barometric pressure. (STP). ..... 










 








Evolutionary responses to habitat fragmentation adaptive plasticity 

... detects frequent and large-scale dispersal in water voles. Molecular Ecology 12:1939-1949. ... Page 11 ... 2. Extinctions occur independently in different patches and local dynamics ... Am Nat 152:530-542. ... Alberts SC, Altmann J, 1995.










 








Reaction time responses in parkinsonian and 

ease (PD) in the early-middle stage (I,II,III Hoehn. & Yahr) (13) participated in ... ing an Apple IIe personal computer, interfaced with a response-board (60 X 60 ...










 








Physiological Adjustments of Sand Gazelles (Gazella subgutturosa) to 

May 19, 2006 - then ground twice in an electric grinder, placed in a plastic container, and stored ..... Raptor Management Techniques Manual. Yale University.










 








Understanding Physiological and Degenerative 

Jun 23, 2009 - Journal of Computational Physics 169: 463â€“502. 80. Jiang T, Tomasi C .... Arkachar P, Wagh MD (2007) Criticality of lateral inhibition for edge.










 








Reflex and Intended Responses in Motor Cortex 

this experiment were the same as those de- scribed in the previous report (31). The only information that needs to be added concerning methods pertains to the ...










 








Automatic postural responses in the cat - Research 

related to the displacement of the center of mass and ..... mass shifted tailward with respect to the feet. ..... ing EMG responses represent a more accurate pic-.










 














×
Report Physiological responses to prolonged exercise in ultramarathon





Your name




Email




Reason
-Select Reason-
Pornographic
Defamatory
Illegal/Unlawful
Spam
Other Terms Of Service Violation
File a copyright complaint





Description















Close
Save changes















×
Signe






Email




Mot de passe







 Se souvenir de moi

Vous avez oublié votre mot de passe?




Signe




 Connexion avec Facebook












 

Information

	A propos de nous
	Règles de confidentialité
	TERMES ET CONDITIONS
	AIDE
	DROIT D'AUTEUR
	CONTACT
	Cookie Policy





Droit d'auteur © 2024 P.PDFHALL.COM. Tous droits réservés.








MON COMPTE



	
Ajouter le document

	
de gestion des documents

	
Ajouter le document

	
Signe









BULLETIN



















Follow us

	

Facebook


	

Twitter



















Our partners will collect data and use cookies for ad personalization and measurement. Learn how we and our ad partner Google, collect and use data. Agree & Close



