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well-trained cyclists.J. Appl. Physiol. 64(6): 2622-2630,1988.Fourteen competitive cyclists who possesseda similar maximum 02 consumption (VO 2max;range, 4.6-5.0 l/min) were compared regarding blood lactate responses,glycogen usage,and enduranceduring submaximalexercise.Seven subjectsreached their blood lactate threshold (LT) during exerciseof a relatively low intensity (group L) (i.e., 65.8 t 1.7% 7jozrnax), whereas exerciseof a relatively high intensity was required to elicit LT in the other seven men (group H) (i.e., 81.5 k 1.8% TOM,,; P < 0.001). Time to fatigue during exerciseat 88% of VOLT, was more than twofold longer in group H comparedwith group L (60.8 k 3.1 vs. 29.1 k 5.0 min; P < 0.001). Over 92% of the variance in performance wasrelated to the %VO~ mmat LT and musclecapillary density. The vastus lateralis muscleof group L was stressedmore than that of group H during submaximal cycling (i.e., 79% V0 2mm),as reflected by more than a twofold greater (P c 0.001) rate of glycogenutilization and blood lactate concentration. The quality of the vastus lateralis in groups H and L was similar regarding mitochondrial enyzme activity, whereasgroup H possessed a greaterpercentageof type I muscle fibers (66.7 & 5.2 vs. 46.9 t 3.8; P < 0.01). The differing metabolic responsesto submaximalexercise observedbetween the two groups appearedto be specific to the leg extension phaseof cycling, since the blood lactate responsesof the two groups were comparable during uphill running. These data indicate that endurance can vary greatly among individuals with an equal VOW,,, The factors associatedwith a high %VO~ mmat LT were years of cycling experience (r = 0.75; P c 0.01) and percent type I musclefibers (r = 0.55; P c 0.05). It appearsthat intense cycle training performed for ~5 yr compared with 2-3 yr promotescontinued adaptations that reduce muscleglycogenolysisspecifically when cycling. lactate threshold; capillary density; human performance; mitochondria; cycling; neuromuscularrecruitment; training specificity



(13,16, 19) as well as others (25-27, 34) that athletic performance velocity during endurance exercise (i.e., lasting from -10 min to several hours) is determined by the highest steady-state rate of 02 consumption (VO,) that can be tolerated and the biomechanical economy of movement, defined as the velocity achieved for a given rate of I-702. The To2 maintained during competition is related to the VOWat which lactate begins to accumulate in blood [i.e., lactate threshold (LTVOg)] (13, 16, 19), which we interpret to be reflective of muscle glycogenolysis and lactate production (21, 23). Within this framework, differences in endurance performance observed between individuals and improveIT IS OUR CONCEPT
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ments with training can largely be explained in terms of LT-VOW and economy. Maximal VO~ (Vozmax) has long been recognized as an important determinant of endurance performance (2), generally because it sets the upper limit for steady-state VOW and LT-VOW (13). Although VOW,, is a good predictor of performance in heterogeneous groups of athletes (11, 16), it has frequently been recognized that individuals with a similar VOzrnax can differ in performance velocity (27). In many cases, these performance differences can largely be explained by differences in biomechanical economy rather than by LTTjo, or the percent of VOW,,, that can be maintained during competition (8, 19). Along these same lines, successful endurance athletes have been observed to achieve a high Vozrnru after their initial few years of intense training (29,3O), and therefore other adaptations are likely to contribute to their continued performance improvements. Surprisingly little direct data are available, however, regarding the factors responsible for continued performance improvements in already well-trained endurance athletes. Daniels et al. (14) found that running economy and VOWmar did not change during a period of increased training volume that improved 2mile run time. This indicates improvements in the % VOW . mm maintained in competition and possibly the LTvo i’ popular theory is that differences in performance velocity and LT-VOW, which cannot be explained by Vozrnax or economy, may be related to differences in the quality of the trained skeletal musculature. There is much evidence to indicate that training-induced increases in respiratory capacity of the muscle fibers result in slower utilization of muscle glycogen and less lactate production and that these adaptations play an important role in improving performance (21). Indeed, muscle respiratory capacity is highly related to LT-VOW when crosssectional observations are made of men in varied states of physical training (24) as well as when endurance athletes stop training and thus display large reductions in mitochondrial enzyme activity (12). However, it is not clear if increased mitochondrial enzyme activity is responsible for increases in LT-VOW and performance in already well-trained individuals (6, 17, 32, 33). In the present study we examined fourteen cyclists, all of whom had been training intensely for 3-12 yr and who possessed similarly high values for I702 mm (i.e., -4.8 l/ min). They differed considerably, however, in the duration they could cycle at 88% VozrnmmWe sought to determine 1) whether performance is related to the blood
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lactate responses and glycogen utilization during submaximal exercise, 2) the extent to which glycogen utilization and time to fatigue during exercise *at a given %VO, maxcan vary in athletes with the same Vo2 max, and 3) whether or not muscle mitochondrial enzyme activity, capillary density, fiber type, or cycling skill are associated with differences in glycogen utilization, 1.actate production, and endurance performance among cyclists with a similar V02 m8X. METHODS



Subjects and training. Fourteen male endurance athletes were studied after giving their written informed consent. This study was approved by the Human Studies Committee of the University of Texas. The physical characteristics of these men are presented in Table 1. they were competitive These men were selected because . cyclists who could reach vo 2max during cycling and because they were homogeneous regarding VO, maX(l/min). The total number of years that these athletes had been performing endurance training, which included cycling, -running and swimming, ranged from 3 to 12 yr. To familiarize these subjects with high-intensity stationary cycle ergometry, they all performed the following interval training program 3 days/wk during the 2-mo period before study. This . consisted of six 5min exercise bouts of 90-100% of Vo 2max with 3 min of rest between bouts. w Measurement of VO 2mQxand blood lactate threshold. vo 2 max was measured during continuous exercise tests



lasting between 8 and 10 min. Testing was performed during both treadmill running (at constant speed with 1. Characteristics of subjects who reached lactate threshold at a high (group H) and a low (group L) percent of VOZ,,



TABLE



Training Subj



Age,



No.



Yr



Group 1 2 3 4 5 6 7



Means *SE



Time VO



Cycling, Yr



Total, v



2y’ l/mm



VO



Plnax,



ml.kg-l.



min”



9-2,



at LT, %



H



Means &SE Group 8 9 10 11 12 13 14



Wt, kg



25 20



68.0 75.7



8 3



8 5



4.90 5.02



25 32 24 22 25



73.0 75.1 65.3 72.0 72.0



7 7 3 6 2



7 12 5 6 10



24.7 k1.4



71.1 5.1 t1.4 *0.9*



28 26 22 24 24 25 27



65.3 72.0 74.2 73.9 71.0 78.4 70.0



7.6 k1.0



72.1



85.5



4.72 4.98 4.75 4.85 4.87



66.3 64.7 66.3 72.7 67.4 70.8



81.0 86.0 84.7 81.0 80.4 72.0



4.87 t0.04"



68.6 t1.2



81.5 k1.87



4.81 4.81 4.81 4.60 4.79 4.73 4.67



73.8 66.8 64.8 62.2 67.5 60.3 66.7



68.0 63.0 70.0 71.2 68.0 61.5 59.1



L



3 2 2 7 2



8 8 8 7 3



1



9



2



6



25.1 72.1 2.7 7.0 4.75 66.0 65.8 AA.2 t1.7 kO.8 k1.5 20.7 kO.8 to.03 iTo2max, maximum O2 consumption; LT, lactate threshold. Group H is significantly greater than group L using Student’s t test: * P < 0.05; fP < 0.001.



ENDURANCE



2623



the grade increasing 2% every 2 min) and during cycle ergometry (York rate increasing every 2 min). Running and cycling VO grnaxwere within 0.1 l/min in all 14 subjects. This indicates that incremental cycling elicited true . vo 2 max9 as opposed to peak VO,, in these subjects who were tested on several occasions. A clear leveling off of VO, occurred in all subjects. The subjects breathed through a Daniels valve; expired gases were continuously sampled from a mixing chamber and analyzed for O2 (Applied Electrochemistry S3A) and CO2 (Beckman LB2). Inspired air volumes were measured using a dry gas meter (Parkinson-Cowan CD4). These instruments were interfaced with an Apple II-plus computer, which calculated \jo2 every 30 s. Blood lactate threshold (LT) was determined as previously described (Ref. 13; i.e., 1-mM increase in blood lactate concentration above base line) by graphing an individuals’ venous blood lactate concentration measured after 10 min of cycling at five intensities ranging between 50 and 90% of iT02 max. The bouts were performed during two testing sessions during the week before the performance evaluation. During cycle testing, a Quinton cycle ergometer (model 845) equipped with toe clips was used. This ergometer provides a constant power output independent of pedal frequency. However, the subjects were required to maintain a pedal frequency of 75-85 rpm during all the testing. Venous blood samples were obtained from a catheter in an antecubital vein before and immediately after exercise and assayed for lactate concentration (18). 30, was averaged during the last 4 min of this steady-state testing. The subjects were fan cooled during all exercise tests. The blood lactate thresholds of 11 subjects were also determined while running at various speeds on a treadmill set at a 10% grade, which elicited 60-90% of VO, maxa This test was incorporated to provide an additional comparison of the subjects during an activity other than cycling, which stresses the quadricep muscles (10). The influence of cycling with and without toe clips and shoe cleats was also determined. During the week of the performance evaluation the subjects’ training and diet were standardized. On Monday the subjects exercised for 20 min at intensities slightly above LT after which Vo2,,, during cycling was verified. On Wednesday endurance performance was evaluated and on Friday glycogen utilization was determined as described below. All subjects consumed a highcarbohydrate diet (500 g/day) and exercised moderately for 30 min on Tuesday and Thursday. All testing was done in the morning after an overnight fast. Evaluations during treadmill running were generally performed during the next week. Endurance performance. Endurance performance was defined as the length of time that cycling could be maintained at an intensity requiring -88% of iT02,,* Tjo2 was monitored periodically to ensure that the work rate remained between 87 and 91% of VOW mm. The subjects were not aware of elapsed time or of the other subjects’ performances. The test was terminated when the subject was unable to maintain the required work rate. At exhaustion they all complained of local fatigue in their leg musculature. A venous blood sample was drawn imme-
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diately postexercise for lactate determination. Glycogen utilization. Glycogen utilization was determined in a separate test during which the subjects cycled for 30 min at -80% of vo2max. This intensity, which was lower than the performance bout, was selected to ensure that all subjects could complete the 30.min period. Biopsy samples of the vastus lateralis muscle were obtained before and within 5 min after exercise. One portion of each of these biopsies was frozen in liquid NB, stored at -7O”C, and later analyzed for glycogen concentration by hydrolyzing pieces (lo-20 mg) in 2 N HCl (100°C for 2 h) and assaying for glucose after neutralization (28). Another portion was also frozen and stored for later analysis of mitochondrial enzyme activity. A third portion for histochemical analysis was oriented, mounted in an embedding matrix (OCT), and frozen in isopentane cooled to its freezing point with liquid NP. The following measurements were made during the 7to lo-, 17- to 2!-, and 27- to 30-min periods of exercise and averaged: Vozt respiratory exchange ratio (R), expired ventilation (VE), blood lactate concentration, perceived exertion (PE) (4), and heart rate. Total carbohydrate oxidation was calculated from 60~ and R (9). Enzyme analysis, fiber typing, fiber area, and capillarization. The muscle samples for enzyme analysis were



weighed and homogenized in buffer (pH 7.4) containing 50% glycerol, 20 mM sodium phosphate, 5 mM EDTA, and 0.02% bovine serum albumin. The activities of citrate synthase and P-hydroxyacyl-CoA dehydrogenase (pOAC) were measured as described by Srere (35) and Bass et al. (3), respectively. The enzymatic assays were conducted at 30°C. The muscle samples prepared for histochemical analysis were sectioned transversely (10 pm) at -20°C using a Cryostat microtome. The distribution of type I and type II fibers was determined from sections stained for adenosinetriphosphatase at pH 4.3 (5). Other sections were fixed, treated with a 1% amylase solution, and stained with periodic acid Schiff’s reagent to visualize capillaries (1). These stained sections were analyzed by magnifying (x296) and projecting at least six artifactfree areas (0.25 mm2) within each section. The number of fibers and capillaries within the known area were determined as was the average number of capillaries around the whole fibers. Statistical comparisons were made for mean differences using Student’s t test for unpaired observations. The product moment formula was used to calculate correlation coefficients. Forward multiple regression was used to predict time to fatigue. RESULTS vozmax and blood lactate threshold. Our selection of subjects provided a group of athletes who all possessed a vo 2max that was within 0.21 l/min of the mean value of 4.81 t 0.03 l/m in with a coefficient of variation of only 2.3% (Table 1). Due to this homogeneity, the average difference of 0.12 l/min in V02max between group H and group L was statistically significant (P < 0.05). Accordingly, group H exercised at a proportionally higher absolute work rate during submaximal exercise to elicit a given %VOzrnax (Table 2). These men were also fairly
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2. Performance capability of subjects with a high (group H) and a low (group L) lactate threshold



TABLE



Subj No.



Group 1 2 3 4 5 6 7



Means &SE



Time to Fatigue, min



LA Immediately Postexercise, mM



%Voz,,



l/min



88.2 86.8 87.2 91.0 88.2 89.2 88.7



4.32 4.35 4.10 4.50 4.19 4.33 4.32



75.0 67.6 61.8 58.1 56.2 55.9 51.1



6.1 6.7 5.9 7.5 11.3 8.0 6.1



88.5 zko.5



4.30 kO.05’



60.8 *3.1t



7.4 *0.7t



88.6 88.1 86.9 87.7 87.2 88.3 89.3



4.26 4.24 4.18 4.03 4.19 4.20 4.17



49.8 36.2 34.5 33.9 21.5 16.1 12.0



12.6 12.8 11.0 14.9 15.2 18.1 18.2



4.18 to.02



29.1 k5.0



*1.0



H



Means *SE Group 6 9 10 11 12 13 14



VO, During Performance



L



88.0 kO.3



14.7



VO 2 man maximum O2 consumption; LA, lactic acid. Group significantly different from group L: * P = 0.05; t P < 0.001.



H



is



similar in age, body weight, and VOzrnax when expressed as ml kg-‘. min? The individual blood lactate responses varied greatly during cycling at intensities in the range of 50-90% . vo zrnax.These differences in blood lactate concentration can be expressed in numerous yays (i.e., lactate concentration at a given %V02max, %VO2 mall eliciting a lactate concentration in the range of 1.5-4.0 mM, or as we have selected the %\io 2 mm at LT). The conclusions of this study are similar using any of these analyses of the blood lactate response to submaximal cycling. The fourteen subjects were divided into two equal groups based on their %VO~,,, at LT while cycling. The seven subjects with the highest %VOarnax at LT (range 72.0~86.0%, 81.5 t 1.8% (SE) 902 maxat LT) are denoted as group H, whereas the other seven subjects with the lowest %VO zrntllrat LT (range 59.1-71.2%; 65.8 t 1.7% VOW max at LT) are denoted as group L (Table 1). Both groups had been engaged in endurance-type training (i.e., combinations of cycling, running, and swimming) for an average of 7 yr or more, yet the subjects in group H had previously devoted more training time to cycling (i.e., 5.1 k 0.9 vs. 2.7 t 0.7; P < 0.05 for groups H and L, respectively; Table 1). Endurance performance. When cycling at 88% Vo2 max, group H was exercising at a work rate only slightly above (8%) their LT intensity, whereas group L was exercising at a work rate that was 34% above their LT. As shown in Table 2, time to fatigue during exercise at 88% 00, mm ranged from 12 to 75 min and was related (r = 0.90, P < 0.001) t0 %VO2max at LT (Fig. 1). The subjects are identified numerically according to their performance time ranking. The average time to fatigue in group H (60.8 t 3.1 min) was more than twofold longer (P c 0.001) than in group L (29.1 t 5.0 min). At fatigue, the l
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mM, 0.01, and 3 l/min, respectively, during the lo- to 30.min period of exercise. Group L displayed a significantly (P < 0.001) higher R than group H (0.94 vs. 0.85), and therefore the calculated amount of carbohydrate oxidation was 69% greater (P C 0.001) in group L than in group H (605 vs. 358 mmol). The differences between groups in glycogen utilization per kilogram of muscle and blood lactate concentration were even greater. Group L used 134% (P < 0.001) more glycogen per kilogram from the vastus lateralis (65.4 vs. 27.9 mmol glucosyl units/ kg) than group H and had a blood lactate concentration that was 125% (P < 0.001) greater than group H (6.3 vs. 2.8 mM). As shown in Fig. 2, which compares all 14 subjects, glycogen utilization was inversely related to %v02max at LT (r = -0.91; PC 0.001). Other comparisons during submaximal cycling. Additionally, cycling at 79% Vo2 m8xwas perceived as being harder (i.e., PE of 15.2 vs. 13.1; P < O.OOl), and it elicited a higher VE in group L compared with group H, respectively (Table 3). The two groups had an identical maximal heart rate (i.e., 185 beats/min, yet interestingly exercise at 79% VO 2mm elicited a greater percent of maximal heart rate in group L compared with group H (i.e., 89.8 vs. 84.6%; P C 0.001; Table 3).
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FIG. 1. Relationship between time to fatigue during exercise at 88% maximum O2 consumption ( %VO, ,,,) and the %Vop maXat blood lactate threshold (LT). Time to fatigue (min) = %Vozmer at LT (1.88) - 93.3 (r = 0.90; P < 0.001; n = 14).



blood lactate concentration averaged 7.4 t 0.7 mM in group H, whereas it was approximately twice that (i.e., 14.7 t 1.0 mM; P < 0.001; Table 2) in group L at fatigue.



Muscle fiber type and mitochondrial enzyme activity.



Muscle glycogen utilization and carbohydrate oxidation.



The characteristics of both groups’ vastus lateralis are shown in Table 4. The average percentage of type I fibers in group H was higher than in group L (66.7 k 5.2 vs. 46.9 t 3.8%; P < 0.01). However, activity of the mitochondrial enzyme citrate synthase and @OAC were similar in groups L and H (Table 4). Muscle fiber area and capillarization. As shown in



Table 3 compares the group responses during 30 min of cycling at 79% VO2 max. This exercise intensity and duration was selected because it would stimulate substantial carbohydrate oxidation in all subjects, yet it was of low enough intensity so as to ensure that the subjects in group L could complete the bout without fatiguing. Mean values for blood lactate, R, and VE did not vary by >0.5



TABLE 3. Muscle glycogen utilization and carbohydrate oxidation during 30 min of exercise in subjects with a high (group H) and a low (group L) lactate threshold



Subj No.



VE,



Total Carbohydrate Oxidized, mm01



%HR,,-



l/min



R



79.9 78.9



86.5 85.0 82.1 82.3 83.6 88.9 84.1



81.7 77.0 77.9 74.5 67.0 75.7 81.6



0.86 0.84



0.86 0.84 0.84 0.81 0.88



13 12 12 12 13 14 15



76.5 *1.9t



0.85 t0.01”



13.1 t0.4”



2.8 *0.3*



358 t24’



0.94 0.94 0.95 0.93



16 15 15 14 15 16 16



5.3 6.4 5.5 5.5 5.3 7.6 8.3



620 589 632 563 538 700 596



Group H 1 2 3 4 5 6 7



77.3 79.2 80.1 81.6 78.7



Means *SE



kO.5



84.6 kO.9’



Group L 8 9 10 11 12 13 14



79.7



89.4



91.0



77.8 78.2 79.8 79.8 80.5 79.4



87.0 90.8 88.3 91.2 89.8 92.1



91.1 82.7 88.5 68.2 98.0 93.0



Means &SE



LA, mM



%Voz,



79.4



0.91 0.97 0.94



PE



2.3 2.6 2.9 2.3 2.6 2.5 4.7



396



363 378 337 341 245 449



Glycogen Used, mmol/kg



20.2 30.5 34.0 30.1 34.9 17.4 27.9



&3.0*



82.6 48.1 62.6 70.4 63.4



79.3 89.8 87.5 0.94 15.2 6.2 605 65.4 *0.4 kO.8 k3.7 20.01 to.3 zko.5 220 k5.6 Measurements include percent of maximal heart rate (%H&,), expired ventilation (VE), respiratory exchange ratio (R), perceived exertion (PE), blood lactic acid concentration (LA), the amount of carbohydrate oxidized calculated from O2 consumption and R (total carbohydrate oxidized). VO, pulX,maximum O2 consumption. Group H is significantly different from group L: * P < 0.001; 7 P < 0.05.
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identical responses to running and cycling. In group L, LT occurred at 66.1 t 1.6% vo2 maxwhile cycling and 82.3 t 2.7% TO 2maxwhile running (P < 0.01). Therefore the subjects in group L possesseda relatively low LT while cycling compared with their response while running and compared with the response of group H, whose subjects possesseda relatively high LT while both running and cycling. Responseswhile cycling with and without toe clips and shoe cleats. The blood lactate, heart rate, perceived exertion, and ventilatory responses to three cycling intensities ranging between 60 and 90% of V02max were not different when pedaling with toe clips and shoe cleats as opposed to when cycling with a standard rubber pedal while wearing general athletic shoes.60, maxwas also not different under the two conditions. All 14 subjects were evaluated. Interrelationships of key physiological responses with muscle morphology and training variables. Table 5 presents a correlation matrix. The best single predictor of performance time to fatigue when cycling was the %i702 max at LT (r = 0.90; P c 0.001). The morphological variable that provided the highest correlation with time to fatigue was muscle capillary density expressed in capillaries per square millimeter (r = 0.74; P < 0.002; Fig. 4A). A foward selection multiple regression with these two variables (i.e., capillaries per square millimeter and %i702 maxat LT) yielded a correlation of 0.96 (P c 0.001) with performance that accounted for >92% of the variance in time to fatigue. The regression equation of [time to fatigue (min) at 88% VOzmax = %VOzrnax at LT (1.467) + capillaries per square millimeter (0.091) 96.411 yielded a 4.04-min standard error of estimate. Figure 4B indicates that an individuals’ time to fatigue
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glycogen usage from the vastus later79% vozrnar and the %VO~,, at the used (mmol/kg) = (%VO~ mru at LT) 0.001; n = 11). See Fig. 1 legend for



Table 4, the mean muscle fiber area in group H was 15% smaller (P = 0.065) than in group L. This was the primary factor accounting for the 24% greater number of capillaries per square millimeter in group H compared with group L (i.e., 405 t 20 vs. 327 t 36; P = 0.08). Blood lactate responses while running. Figure 3 compares the blood lactate responses of group L (n = 5) and group H (n = 6) while cycling as opposed to running up a 10% grade. Group H demonstrated a generally similar blood lactate response while running and cycling at a given intensity, with the LT occurring at only a slightly higher intensity while running (i.e., 85.1 t 0.3 vs. 81.7 t 2.1% VO2 maxi NS). Subjects 1, 2, 3, and 4 had virtually TABLE
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4. Muscle characteristics of subjects with a high (group H) and a low (group L) lactate threshold



Subj



No.



Group H 1 2 3 4 5 6 7



Type I, %



Type II, %



Mean Fiber Area, Crm2



Enzyme Activity, pm01 . min-’ . g-’



Capillarization Capillaries/ fiber



Capillaries around



Capillaries/ mm2



Citrate synthase



78.2 59.1 70.0 73.6 55.2 46.2 84.8



21.8 40.9 30.0 26.4 44.8 53.8 15.2



8,751 5,923 6,807 6,797 6,285 8,065 5,884



3.31 2.86 2.50 2.90 2.36 2.67 2.66



7.31 7.23 6.09 6.61 5.40 6.34 6.60



385 484 370 427 381 333 458



39.4 37.5 44.2 45.6 35.7



Means &SE



66.7 t5.2'



33.3 k5.2"



6,930 k412t



2.75 to.12



6.51 to.25



405 *20t



40.5 t1.9



Group L 8 9 10 11 12 13 14



43.2 55.2 34.8 43.5 59.5 33.7 48.7



46.8 44.8 65.2 56.5 40.5 66.3 51.4



6,339 7,953 7,286 8,238 8,906 9,863 8,345



3.16 2.72 2.68 2.56 2.58 2.16 2.02



7.74 6.60 6.83 5.55 5.83 5.18 5.00



504 343 368 321 291 221 241



23.3 28.1 43.8 37.5 48.6 41.2 49.6



Means HE



46.9 t3.8



53.1 t3.8



8,132 k426



2.55 kO.14



6.10 to.37



327 k36



Activity of the enzymes citrate synthase and @-hydroxyacyl-CoA different from group L: * P C 0.01; t P 5 0.08.



dehydrogenase



(@-OAC)



was determined



/3-OAC



16.8 18.7 18.5 14.5



17.1 H.0



11.8 24.9 15.8 20.3



38.9 18.2 t3.8 k2.8 at 3OOC. Group H is significantly
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variance observed in glycogen usage and R during submaximal cycling as they did for %VO~ maxat LT. DISCUSSION



The purpose of the present study was to identify the physiological factors that distinguish performance among well-trained cyclists. VOWmaxis an important determinant of endurance performance, and as discussed it sets the upper limit for steady-state vo2 and LT-vo2 (13,27). We controlled for the influence of I702 mm in the RUNNING present study by examining competitive cyclists who had been training intensely for 3-12 yr and who possessed equally high values for $702max. It should also be recognized that endurance performance is compared in terms of physiological ability for aerobic exercise and it is defined as the length of time that the cyclists can maintain 88% VO 2max during stationary ergometry. Another step in translating these findings into actual competitive road cycling performance (e.g., time trial) would be to I I Ll \ determine the actual bicycling road velocity that can be 60 70 a0 90 achieved by these men at 88% VOzrnax (i.e., bicycling % V02max economy). a D HIGH LT We have observed that groups of individuals (i.e., WHEN CYCLING groups L and H) with a similar VOW,, can display an approximately twofold difference in blood lactate concentration, glycogen utilization, and time to fatigue durCYCLING ing exercise at similar absolute work rates and percentW ages Of V02maxaThese findings suggest that endurance Ia during submaximal exercise is closely related to the RUNNING Ifactors that control muscle glycogenolysis and blood O 4 a lactate concentration. Previous studies have also rea ported high correlations between the blood lactate reP sponse during submaximal exercise and endurance per0 0 2 formance (16,19,26,31), yet none of these studies clearly established that the differences in endurance could not ;;5 be attributed to differences in Vo2 mm* The present finding that performance is related to the Vo2 at LT, independent of V02max, agrees with our previous findings in 90 a0 60 70 some trained ischemic heart disease (IHD) subjects (13). % 002max Despite having an impaired V02max, the IHD patients reached LT at the same running speed and VO, (ml. FIG. 3. Blood lactate responses to cycling and running up a 10% kg-’ l rein-‘) as normal men and were similar to normal grade in subjects with a low blood lactate threshold (LT) when cycling men in endurance performance ability. Therefore we (i.e., group L) compared with subjects with a high LT when cycling have shown in the IHD patients that performance can (i.e., groupH). * Blood lactate responses and LT of group L while cycling is significantly different (P < 0.001) from their responses while be similar when VO 2 mm varies greatly, and in the present running and also significantly different (P < 0.001) from responses of study performance varied greatly although Vopmax was group H while cycling or running. %Vozmax, percent maximum O2 similar. In both instances, however, performance was consumption. highly related to the Vo2 at LT. These data indicate that it is more accurate to express an individual’s metabolic relative to %VOzmax at LT generally tended to cluster about one of two lines. Subjects I, 2, 7, and 8 formed one capability for endurance exercise by reporting iT02 at LT line that predicted an -12.min-longer cycling time to than it is to report VOW,. These data also indicate that glycogen utilization durfatigue for a given %Vo2,,, at LT (in the range of 70ing exercise at 79% of VO 2 mm can vary more than twofold 85%). Interestingly, these subjects possessed the first, second, third and fifth highest number of capillaries per when comparing groups of subjects who reach LT at widely differing percentages of VOWmm (Table 3). square millimeter (Table 4). Table 5 also provides insight regarding the morphologThere was a close relationship between glycogen utilizaical and training variables that accounted for a large tion from the vastus lateralis and both %VO~,, at LT portion of the observed variance in %VO~,, at (r = -0.91; P < 0.001; Fig. 2) and blood lactate concenLT, glycogen usage, and R. The two variables that were tration (r = 0.89; P < 0.001). The closeness of the most related to %VO 2 mm at LT were cycling years (r = association between blood lactate concentration and glycogen utilization might be aided by the similar mitochon0.75) and percent type I muscle fibers (r = 0.55). These two variables accounted for a similar portion of the drial activity in the two groups of subjects because it is
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5. Correlation matrix that includes the key physiological responsesto exercise (items l-4), muscle morphology (items 5-l 0), and training variables (items 11 and 12) TABLE



1



2



3



0.90 -0.84 -0.79 0.62 -0.58 0.70 0.65 0.74 -0.29 0.62 0.16



-0.91 -0.87 0.55 -0.42 0.48 0.36 0.49 0.08 0.75 0.07



4



5



6



7



8



9



10



11



1) Time to fatigue



2) 3)



%vo2Glycogen



at LT used



4) R 5) 6) 7) 8) 9) 10)



11) 12)



%TypeI Mean fiber area Capillaries/fiber Capillaries around Capillaries/mm2 Citrate synthase Cycling years Total years



For units of measure when r < 0.771.



and further



explanation



0.90 -0.49 -0.54 0.48 0.44 -0.54 -0.30 -0.49 -0.21 -0.63 -0.42 -0.12 -0.13 -0.74 -0.56 -0.04 0.09 of items 1-12, see Tables
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%cO, FIG. 4. A: relationship VO, mm and muscle capillary
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1



90



max at LT



between cycling time to fatigue at 88% density (cap/mm’) (r = 0.74; P < 0.003; n = 14). B: relationship between cycling time to fatigue at 88% i702and %7j02,, at LT in subjects with 5 highest capillary densities (subjects 8, 2, 7, 4, and 1, respectively) compared with remaining subjects. See Fig. 1 legend for definitions of other abbreviations.



-0.43 0.46 -0.30 0.38 -0.47 0.92 0.52 -0.86 0.72 0.81 0.06 0.34 -0.46 -0.51 -0.53 0.38 -0.02 0.44 0.20 0.18 0.09 0.27 -0.13 0.26 0.27 0.25 -0.12 0.72 l-4. P < 0.05 when r 1 0.514; P < 0.01 when r > 0.641; P < 0.001



likely that they also had comparable abilities to oxidize pyruvate formed from glycolysis during submaximal exercise (cf. Ref. 21). It is interesting to discuss the possible factors that contribute to the widely differing rates of glycogen utilization, lactate production, and exercise time to fatigue in these athletes when cycling. These men were training equally during the 2 mo before this study, which undoubtedly contributed to their similarity regarding VOW mm and skeletal muscle mitochondrial activity. Therefore differences in skeletal muscle mitochondrial activity can be eliminated, in this case, as a factor that contributed to the differing responses of group L and H during submaximal cycling. This is not to say that mitochondrial activity is not a potentially important regulator of muscle glycogenolysis and lactate production, as previously discussed (12, 21, 24, 32). It only indicates that when mitochondrial enzyme activity is comparable, muscle glycogenolysis and lactate production can still differ when cycling, possibly due to variations in cycling experience and skill, as discussed below. Previous comparisons of nationally ranked cyclists with average competitors (6) as well as runners of differing ability (17) support our present finding of general homogeneity in mitochondrial activity among individuals who engage in prolonged and intense endurance cycling yet differ in performance ability. We hypothesized that the subjects in group H may be better able to exert force during the knee-flexion phase of cycling based on the observation of Davis and Hull (15) that competitive cyclists appear to slightly pull the pedal up when cycling. This would reduce the amount of work performed by the knee extensors (i.e., vastus lateralis) of the opposite leg, thus lowering glycogenolytic stimuli. We were surprised to find, however, that the metabolic responses to submaximal cycling with and without toe clips and cleats were not appreciably different. These observations indicate that the reduced glycogenolysis observed in the vastus lateralis of group H compared with group L was not due to differences in the skilled use of toe clips and shoe cleats. Differences in the LT appear to be related to factors that reduce the stress on the muscle fibers recruited during leg extension when cycling. To determine whether the differences in %VO~,, at
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LT observed in groups L and H while cycling were due to general metabolic adaptations as opposed to specific skills that are manifested during cycling, we also evaluated many of the subjects while running up a 10% grade. This has been shown previously to promote significant glycogenolysis in the vastus lateralis (10). The blood lactate response of group H to exercise of a given intensity (both absolute and relative) was similar when running and cycling (Fig. 3). The LT of group L while running was also relatively high (81.3% Vo2,,) and similar to that of group H. This agrees with our observation of a similar mitochondrial enzyme activity and oxidative ability within the two groups. The fact that cycling promoted larger increases in blood lactate and glycogenolysis in the vastus lateralis of the subjects in group L compared with group H, and compared with their own blood lactate responses while running, suggests that group L was less skilled at reducing stress on the leg extensor muscles while cycling. Group L had fewer years of cycling experience and lower percent type I muscle fibers compared with group H, both of which were significantly related to glycogen use and %V02max at LT when cycling. Additional insight regarding differences between groups during the leg-extension phase of cycling is gained from the observation that although group L oxidized 69% more carbohydrate than group H during submaximal cycling, their reduction in vastus lateralis glycogen concentration was 134% greater than in group H (Table 3). A greater reduction in glycogen from the vastus lateralis relative to total carbohydrate oxidation can have several interpretations. One possibility is that the vastus lateralis of group L was doing a greater share of the work involved in leg extension compared with group H. Additionally, it is possible that group H reduced muscular stress by spreading the work of leg extension over a greater amount of muscle, thus reducing the work rate of the individual muscle fibers that were recruited. It is important to recognize that alterations in recruitment patterns can theoretically have a large effect on reducing muscle glycogenolysis by reducing work rate per unit of muscle. It is possible that individuals with a greater amount of leg-extensor musculature would be better able to distribute work and reduce muscular stress. It is unfortunate that we did not obtain any data in the present subjects regarding relative mass of the leg musculature. However, it is unlikely that differences in leg muscle mass alone played a significant role in these subjects because the best performer was one of the lightest subjects with legs that appeared relatively small, whereas the next-to-last performer (i.e., subject 13) was the heaviest man who appeared to possess one of the greatest amounts of leg musculature; yet he had the least cycling experience (Table 1). The training variables and aspects of muscle morphology that accounted for a large portion of the observed at LT and glycogen usage while variance in %V02max cycling were years engaged in cycle training and percent type I muscle fibers (Table 5). These variables were also significantly higher in group H compared with group L. It is not possible to ascertain from these data whether this indicates that with a few more years of intense cycle
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training the subjects in group H developed the ability to reduce muscular stress during cycling or whether this ability was innate. Along the same lines, it is not possible to determine whether the additional years of cycling promoted a conversion of type II to type I muscle fibers, as recently suggested (37). Type I fibers from endurancetrained men have lower glycolytic enzyme activity than type II fibers and therefore may be less sensitive to glycogenolytic stimuli and less prone to lactate production even though citrate synthase activity in the two fiber types is often comparable (7). Support for the idea that a predominance of type I muscle fibers may alter recruitment patterns, and possibly glycogenolysis, is provided by the observation that trained cyclists and individuals with a high percentage of type I muscle fibers display lower peak forces and more uniform force application patterns during leg extension when cycling at a given work rate (36). Regardless of whether training influences muscle fiber type, the difference in response between groups H and L may have been accentuated by the significantly higher percent type I fibers in group H. It should be noted, however, that three subjects in group H (subjects 2, 5, and 6) possessed a proportion of type I fibers that was in the range of that observed in group L and that within the entire population, percent type I fibers accounted for only 30% of the variance in %VO, max at LT. These data also provide insight regarding the possible functional significance of muscle capillary density (i.e., capillaries per square millimeter) for influencing time to fatigue during intense submaximal exercise. It should first be pointed out that capillary density was not significantly related (r = 0.49) to the %vOz max at LT. AS shown in Fig. 4, it appears that increases in muscle capillary density allow the cyclist to exercise longer at at LT. 88% VO2max than predicted from the %Vo2, This agrees with the concept that increases in capillary density promote a more rapid removal of lactic acid from within the exercising muscle fibers (38) and thus delay fatigue relative to the rate of lactate production. The combination of %OO zrnaXat LT and capillary density (capillaries per square millimeter) accounted for >93% of the variance in performance, and it proved to be a quite accurate predictor of time to fatigue (i.e., SEE of 4 min) when cycling at 88% VOW max. In conclusion, the present results indicate that individuals with a similar VO 2 mm can vary greatly in glycogen utilization and time to fatigue *when cycling at the same work rate and percentage of V02maxa These differences in performance ability during high-intensity submaximal cycling are highly related (r = 0.96; P c 0.001) to a combination of lactate production (i.e., %VO~ maxat LT) and muscle capillary density (e.g., lactic acid removal). Muscle mitochondrial activity, which can be a primary determinant of lactate production (12, Zl), was not different in groups L and H, nor was their blood lactate responses when running uphill. The factors associated with a high %VO grnaxat LT when cycling and performance ability were years of cycling experience and percent type I muscle fibers. It appears that intense cycle training performed for -5 yr compared with 2-3 yr promotes continued neurological and/or muscular adaptations that
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