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BERGSTROM, M., ANDE. HULTMAN.Energycost during intermittent



electrical stimulation



~ndfatigue of human skeletal mus-



cle.J. Appl. Physiol. 65(4): 1500-1505,1988.-Force generation and ATP utilization under anaerobic conditions were studied in the quadricepsfemoris muscle of six volunteers. Electrical stimulation (20 Hz) was usedto produce contractions with a duration of 0.8 s in one leg and contractions with a duration of 3.2 s in the other leg.The two procedureswere designedto give the same total contraction time of 51 s and used the same number of stimulation pulses.Muscle biopsieswere taken at rest and after 22 and 51 s of work and analyzed for ATP, phosphocreatine,and glucolytic intermediates.The resultswere comparedwith previous studieson continuousand intermittent stimulation. Fatigue developed significantly faster with contractions of short duration, and the energy cost was higher. Sinceforce at the end of stimulation had a negative correlation to ATP utilization, there is no indication that the energy resourceslimit force generation. By comparisonof stimulations producing the same amount of isometric work but with a different number of contractions, we estimate that the energy cost for activation and relaxation of a l-s contraction is -37% of the total ATP consumption. adenosinetriphosphate utilization; contraction force; metabolites; glucolysis IN A CONTRACTING MUSCLE, energy is consumed



by several chemical processes. The most obvious one is the ATP hydrolysis by actomyosin adenosinetriphosphatase (ATPase), resulting in shortening of the muscle. Very sign&ant amounts of energy are also used by mechanisms that control contraction and maintain the intracellular environment, e.g., Ca2+ pumping and the Na+K+-ATPase. The contributions to total energy consumption by these various processes have been much studied by thermodynamic methods. Terms such as activation, maintenance, and relaxation heat are used to describe the heat production during a contraction, and it is probable that heat production reflects the ATP utilization (21) In previous papers we have studied, by chemical methods, force production and ATP utilization during electrically stimulated, isometric contractions of the human quadriceps muscle (5, 19, 26). We have found significantly higher energy utilization and faster decline in force during intermittent work compared with a continuous contraction. Since the important difference between intermittent and continuous work is the association of 1500
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intermittent work with a number of activations and relaxations, we have concluded that these two processes correspond to a large part of the total ATP utilization. This conclusion is in line with results from thermodynamic studies, which give values for energy consumption by the Ca2+ pumping ranging from 20 to 35 or even 50% of the energy utilized by a maintained tetanus (for reviews, see 17 and 18). The causes of muscle fatigue and the determinants of force at a given time during work with constant stimulation are controversial topics. Effects of substrate depletion and metabolite accumulation on excitation, Ca2+ release, and filament interaction have been discussed (8, 12,lQ). In a recent paper (5) we suggested that the faster decline in force during intermittent compared with continuous contractions could be caused by the higher energy consumption with resulting changes in the intracellular environment. This implies that the concentration of one or several metabolites affects force production at some level from excitation of the motor end plate to cross-bridge activity. The aim of this study was to investigate the ATP utilization during intermittent work with contractions of different duration but with the same total contraction time. The purpose of this design was to calculate, if possible, the contributions of activation and relaxation to total energy consumption. Furthermore we wished to study the development of fatigue during these different work models. METHODS Subjects. Eight healthy volunteers (5 males, 3 females) took part in this study. Their mean age, height, and weightwere 28(20-37) yr, 178(168-196) cm,and 72(5788) kg, respectively. The subjects were physically active but not exceptionally well trained. Two of the male subjects participated only in experiments with electrical stimulation; on the other six subjects, electrical stimulation with biopsies were performed. The subjects were informed of possible risks involved before their voluntary consent was obtained. This study is part of a larger project approved by the Ethical Committee at the Karolinska Institute, Stockholm. Experimental design. The experiments were performed as previously described (5) with the subjects supine and the lower legs flexed over the end of the bed. One leg was attached to a strain gauge by a strap around the ankle.
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FIG. 1. Contraction force during electrical stimulation at 20 Hz. Stimulation procedures are continuous (o), 3.2 s intermittent (0), 1.6 s intermittent (m), and 0.8 s intermittent (0). Values are means k SD (vertical bars). Values for continuous and 1.6-s intermittent stimulation are from Ref. 5.



Isometric force was measured and recorded on ultraviolet-sensitive paper by use of the Medelec system (Medelec, Old Woking, Surrey, UK). The Medelec recorder was also connected to a 6502based microcomputer, which calculated the force-time integral of the contractions. A pneumatic cuff was placed proximally on the thigh, and two aluminum foil electrodes, -15 cm apart, were placed distal to the cuff. The subject then performed three maximal voluntary contractions (MVC), and the highest value was used as an estimate of MVC force. The mean value for MVC in this study was 563 (338-853) N. The electrical stimulation consisted of square-wave pulses with a duration of 0.5 ms and a frequency of 20 Hz. The voltage was increased until stimulation produced a force of ~25% MVC. The stimulation mainly activates the vastus lateralis, and this procedure ensures that biopsies can be obtained from the contracting part of the muscle. Two different stimulation models were used; both were intermittent and had a work-to-rest ratio of 1:l. The 0.8s stimulation consisted of 64 contractions with a duration of 0.8 s separated by rest periods of equal length. The total contraction time was 51.2 s, and there were 16 stimulation pulses per contraction, giving a total of 1,024 pulses over the entire work period. The 3. 2-s stimulation consisted of 16 contraction s, each with a duration of 3.2 s, giving the same total contraction time and number of stimulation pulses as in the 0.8-s model . Four subjects started with the 0.8-s model on one leg and continued with 3.2 s on the other leg after a rest period of at least 15 min. The other subjects started with the 3.2-s stimulation. Thirty seconds before stimulation the pneumatic cuff was inflated and kept at -300 mmHg for the duration of the experiment; this was to ensure that the muscle was ischemic and, after a few seconds of work, also anaerobic, since myoglobin -bound 02 would be rapidly depleted (15). Two subjects participated only in the electrical stimulation, but on the remaining six subjects muscle biopsies (1) were taken after 22.4 and 51.2 s of contraction. A resting biopsy was also obtained before stimulation. The muscle samples were frozen immediately in liquid Na, freeze-dried, and stored at -80°C until further treatment.
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Analytical methods. The freeze-dried samples were fat extracted, dissected to remove all visible blood and connective tissue, and then pulverized. ATP, phosphocreatine (PCr), creatine (Cr), glucose lphosphate (G-l-P), glucose 6-phosphate (G-6-P), fructose 6-phosphate (F-6-P), and lactate (La) were analyzed in perchloric acid extracts of freeze-dried muscle with the enzymatic methods described previously by Harris et al. (16). ADP, AMP, and inosine 5’.monophosphate (IMP) were analyzed by high-performance liquid chromatography (20). Results are reported as milhmoles per kilogram of dry muscle. Calculations. The force produced by the knee extensors during stimulation was measured on paper recordings. The force-time integral was calculated for each contraction by the computer and related to MVC, giving a measure of isometric work where one unit corresponds to the work of holding an MVC for 1 s. This unit, which is specific for the experimental conditions used here, will be called an arbitrary unit (AU) (5). The net ATP utilization rate was calculated from the changes in metabolite concentrations, assuming that the circulatory occlusion had provided a closed system and anaerobic metabolism ATP utilization



= 1.5 A[La]



+ A[PCr]



+ 2 A[ATP]



(mmol/kg



dry muscle)



Changes in other metabolites, such as ADP, which contribute only marginally to the result, were disregarded. The value was divided by the contraction time between biopsies to give the ATP utilization rate (mmol . kg dry muscle-‘. s-l). The intracellular phosphate (Pi) concentration during stimulation was calculated from the changes in ATP, ADP, PCr, and hexose monophosphates (HMP) by use of the formula



PIi



= resting value + 2A[ATP]



+ A[PCr] - A[ADP]



- A[HMP]



The metabolite concentrations were divided by 3.0, assuming 3 liters of intracellular water per kilogram dry muscle to give values in millimoles Pi per liter. A resting value of 2.9 was used (4, 7). HgPOL concentration was estimated from the calculated values for H+ and Pi concentration. H+ concentration was calculated from La concentration according to Spriet et al. (27). The resting value is from the same reference. Statistics. Standard statistical methods were used (25). Student’s t test was used for comparisons of analytic values during the two different stimulation models in this study, whereas one-way analysis of variance was used when comparing effects of several stimulation patterns on various metabolites. Regression analysis and correlation were also used. Results are usually reported as means t SD. In a few cases the range of observed values has replaced the SD. A probability of 0.05 was used to indicate significance.
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1. ATP utilization rate, isometric work, and ATP utilization per unit work during electrical stimulation Intermittent



Electrical



Stimulation



0.8 + 0.8 ATP utilization rate, mmol . kg-’ Isometric work, AU Isometric work rate, AU/s ATP utilization/unit work, mmol



l



s-’



ATP



Values are means =f=SD. AU, arbitrary values during 0.8-s and 3.2-s stimulation.



. kg-’ units



l



(see METHODS);



n = 6, except



s



22-51



6.6kl.9 4.41kO.55 0.20t0.02 33.6k10.6



AU-’



3.2



s



o-22



22-51



s, where



8



o-22



4.321.1 3.69k0.52 0.13k0.02 33.1A8.5



+ 3.2



n = 5. * Significant



8



22-51



5.5k1.5 5.1oz!zo.57* 0.23kO.03” 24.7zkB.O



3.9*1.0 5.55*0,67* 0.19zk0.02” 20.4k4.5”



difference



between



corresponding



TABLE 2. Muscle content of adenine nucleotides, IMP, PCr, and Cr at rest and during electrical stimulation Intermittent Rest



3.2 + 3.2



22 8



+ IMP



PCr Cr PCr + Cr



26.7kl.l 2.5zkO.6 O.l*O.O o.o*o.o 29.3k1.2 84.4zk5.6 45.6k9.0 129.8zk12.7



Values are means =f: SD in mmol/kg dry muscle; IMP, inosine 5’.monophosphate; Cr, creatine.



Stimulation



0.8 + 0.8



OS ATP ADP AMP IMP TAN



Electrical



25.6k1.5 2.9k0.6 O.ltO.l 1.3rto.9 29.8k1.6 21.7zk10.0 106.2k13.5 127.7k12.2



n = 6, except



22 8



51 s



18.lzk2.5 3.9zkl.l 0.2zko. 1 7.8k1.9 29.9k3.2 5.5k3.5 120.2zk14.0 125.8k13.8 at 51 s, where



RESULTS



In this study two intermittent stimulation models were used: 0.8 s of contraction with 0.8 s of rest and 3.2 s of contraction with 3.2 s of rest. The stimulation voltage was set to produce ~25% MVC. Initial force was 134 t 35 and 137 & 40 N in the legs stimulated by the 0.8 and 3.2-s protocols, respectively; these absolute values correspond to relative forces of 25 t 4 and 24 t 3% MVC. The changes in relative force during the total of ~50 s of contraction are illustrated in Fig. 1, which also includes values on 1.6-s intermittent and continuous stimulations from Chasiotis et al. (5). It is evident from Fig. 1 that force declines more rapidly with shorter duration of the contractions. The differences at 50 s are significant in that force generation at 0.8 < 1.6 < 3.2 C continuous stimulation (P < 0.05). It should be noted that in all four models the muscles have been stimulated by the same pulses and the total stimu.total . number .. . of r. stimulation lation time is the .same. Isometric work (see METHODS) was 8.1 t 1.0 and 10.7 t 1.0 AU in the 0.8-s and 3.2-s models, respectively (P < 0.05). Values for work per unit time are listed in Table 1 where the contraction time periods O-22 and 22-51 are separated. The 3.2-s stimulation model produced more work during both periods of the experiment. Metabolites were determined in biopsies taken at rest and at 22 and 51 s. The results are presented in Tables 2 and 3. Because of dropouts the number of biopsies at 51 s is 5, whereas there are 6 biopsies at rest and at 22 s. The stimulation resulted in decreased ATP concentrations and the PCr was almost completely utilized. Simultaneously, ADP increased and there was a marked accumulation of IMP (Table 2). The sum of adenine



51s



25.6kO.6 3.020.4 0.1ro.o 0.7zko.4 29.3*1.0 27.9k14.7 100.3t19.3 128.2k13.4



n = 5. TAN,



total



adenine



21.1k3.0 3.2zkO.7 O.lzkO*l 5.lzk2.2 29.4*1.7 8.5zk3.6 122.Ozk5.3 130.4k3.5



nucleotides



(ATP



+ ADP



+ AMP);



TABLE 3. Muscle content of g&co&tic intermediates at rest and during electrical stimulation: calculated values for [PJ and [H+J Intermittent



Rest OS Glucose



G-1-P G-6-P F 6-P HMP La H+ Pi (total) HzPO;



Electrical



Stimulation



0.8 + 0.8 22 s



1.2kO.2 2.3AO.7 O.lkO. 1 0.6kO.2 1.5kO.4 9.1k3.1 0.3kO.l 1.7*0.7 1.9kO.4 11.4k3.9 3.OkO.7 57.6k22.3 loo 179k38 2.9 21.3k2.9 12.Ok2.4



3.2+3.2 51s



4.6kl.l 0.6kO.2 9.6k2.5 2.OkO.6 12.2k3.3 125.6zk19.3 327k55 30.7k3.0 21.5k3.0



22 s 2.3zkO.3 0.6kO.2 8.3k3.1 1.6k0.7 10.4k4.0 45.9k14.2 159*19 19.5k3.6 10.5k2.4



51s 3.8*1.1 0.5kO.2 8.0zt1.9 lkkO.5 lO.OA2.5 lOl.Ok21.6



263&l 29.6k2.8 19.4&2,9



Values are means of: SD in mmol/kg dry muscle, except [H+] (nmol/ 1 muscle water) and [Pi] (mmol/l intracellular water); n = 6, except at 51 s, where n = 5. G, glucose; F, fructose; La, lactate; HMP, hexose monophosphates (G-l-P + G-6-P + F-6-P). For calculation of [H+], [Pi], and [H2POI’], see METHODS.



nucleotides and IMP at the different biopsy times is constant. From the metabolite values in Table 2 the glucolytic rate (rate of metabolite accumulation after phosphofructokinase) can be calculated. Glucolytic rates were not significantly different during the two stimulation procedures: 1.22 t 0.48 mmol glucosyl units. kg dry muscle’l. s-l (O-22.4 s) and 1.12 -t 0.30 (22.4~51,2 s) during the 0.8-s stimulation procedure compared with 0.96 & 0.31 and 0.95 t 0.25 during the 3.2-s stimulation. It is possible to speculate that the concentration of some metabolite determines force; in Tables 4 and 5 correlations between individual force values at 50 s and
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4. Statistical analysis of effects of different stimulation models on metabolite concentrations after 50 s of contraction: correlation between force at 50 s and metabotites TABLE



Stimulation Model



Continuous 3.2 s intermittent 1.6 s intermittent 0.8 s intermittent P(ANOVA)



ATP, mmol/kg dry muscle 19.6zk1.4 21.1k3.0 16.4t2.3 l&.l$2.5



PCr, mmol/kg dry muscle



La, mmol/kg dry muscle



Force at 50 s, % of initial 9023.5 72k8.4 54-t-8.8 35k7.3



NS



&1.7z!z12.7 lOl.Ok21.6 113.lk19.9 125.6k19.3 co.05



0.345



-0.688



6.9k1.8 8.5k3.6 3.4k1.7 5.5k3.5



0.412



co.05 NS NS Values are means k SD. La, lactate. P(ANOVA) determined by lway analysis of variance. Correlation coefficients (r, force/metabolite; n = 18) are tested to detect any significant deviation from r = 0. Data on continuous and 1.6-s intermittent stimulations are from Ref. 5. b



5. Statistical analysis of effects of different stimulation models on total ATP utilization and calculated H+ and Pi concentrations after 50 s of contraction: correlations between force at 50 s and metabolites



TABLE



Stimulation Model



Continuous 3.2 s intermittent 1.6 s intermittent 0.8 s intermittent P(ANOVA) I;,



ATP Utilization, mmol . kg dry muscle’l . 50 s-l



W+l, nmol/l muscle water



mmol’l intracellular water



19&*21 236k41



221k24 263*51



22.4k0.6



254k35 eo.05



297*52 327,t55 co.05



27.7kl.7 30.7k3.0 co.05



-0.681 eo.05



-0.683 co.05



-0.631 co.05



279&36



Pi19



9Ok3.5 72k8.4 54k8.8 35k7.3



Values are means * SD. P(ANOVA) determined by l-way analysis of variance. Correlation coefficients (r, force/metabolite; n = 18) are tested to detect any significant deviation from r = 0. Data on continuous and 1.6-s intermittent stimulations are from Ref. 5.



TABLE 6. Energy cost during four different of electrical stimulation Electrical Stimulation Model



models



Stimulation



O-20 s



CRC/s Energy cost



4



20-50



n



Energy cost
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some quantities are given. La concentration, total ATP utilization, and H+ and Pi concentrations are correlated to force; the correlations are weak, with ~50% ( r2) of the variation in force attributable to variations in the respective metabolite. H+ and Pi accumulations both affect calculated H2P04 values (Table 3); these values also correlate to force at 50 s (r = -0.691). The analytic values were used to calculate net ATP utilization (see METHODS). The total ATP utilization was 279 t 36 mmol ATP. kg dry muscle in the 0.8-s model and 236 t 41 in the 3.2-s model. The ATP utilization rates are listed in Table 1. The ATP utilizations are not significantly different, possibly because of the rather large variations and the fact that no pairing has been performed. (As can be seen in Table 5, however, in l-way analysis of variance there is a difference between all 4 stimulation models in total ATP utilization.) Table 3 also lists ATP utilization per unit of isometrfc work (mmol ATP . kg dry muscle-‘. AU-l), which 1s a measure of the energy cost for contraction. These values are higher during 0.8 s of stimulation, a difference that is significant during the time period 22-51 s, i.e., 33.1 and 20.4 mmol ATP kg dry muscle-l. AU-l, respectively. The calculated energy cost for the two stimulation models in this study and the results from Chasiotis et al. (5) are listed in Table 6. The total contraction time of ~50 s has been performed by, respectively, 1, 16,32, and 64 contractions in these four models. This means that each second of contraction includes ~0, 0.31, 0.63, and 1.25 contraction/relaxation cycles. Activation of contraction and relaxation should cause an increase in energy cost that is related to the number of contraction/relaxation cycles. With the exception of the value for 20-50 s of 1.6-s intermittent stimulation, the values in Table 6 give a good linear plot. Linear regression performed on the individual values gives a highly significant regression coefficient (P C 0.005). In this regression the increase in energy cost (of an intermittent work compared with a continuous pattern, A in Table 6) has been calculated as a function of the number of contraction/relaxation cycles per second of work (CRC/s in Table 6). An estimate of the increase in energy cost (compared with a continuous contraction) for l-s contractions yields a value of 11.3 mmol ATP +kg dry muscle-‘.AU1 with a 95% confidence interval of 7.8-14.7. Since a continuous contraction consumes -19 mm01 ATP. kg dry muscle-’ *AU-l, an estimate of the energy cost for activation and relaxation in a l-s contraction is 37% [11.3/(19 + 11.3)]. An approximation of a 95% confidence interval would be 29-M%, disregarding the relatively small variation in the estimate of energy cost for a continuous contraction. l



Force at 50 s, % of initial



29.6t2.8



OF SKELETAL



s c\



n



Continuous 0 20.8 0 4 17.4 0 4 3.2 s intermittent 0.31 24.7 4.1 6 20.4 3.0 5 1.6 s intermittent 0.63 27.6 6.8 4 35.1 17.7 4 0.8 s intermittent 1.25 33.6 13.0 6 33.1 15.7 5 Values are means. Data on continuous and 1.6-s intermittent stimulations are from Ref. 5; data on 3.2- and 0.8-s intermittent stimulations are from the present study. CRC/s, contraction/relaxation cycles per second of contraction; energy cost, ATP utilization per unit work (mmol ATP . kg”. AU-‘); A, increase in energy cost compared with continuous stimulation; n, no. of observations. Time periods O-20 and 20-50 s are approximate; for exact times, see METHODS and Ref. 5.



DISCUSSION



In this study, which is a continuation of previous work (5), intermittent electrical stimulation of the human quadriceps muscle was used to estimate ATP utilization and force development. The stimulation protocols gave total contraction times equal to those used previously and a work-to-rest ratio of l:l, but the durations of
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individual contractions were 0.8 and 3.2 s in this study. tration tends to be high in fatigued muscle and the H” formed could inhibit force production at different levels, The 0.8-s contraction time was chosen to give a high e.g., by interfering with Ca2+ binding, with Ca2+ release energy cost and more pronounced fatigue. Preliminary from the sarcoplasmic reticulum (2, 22), or with the studies with a contraction time of 0.4 s had to be abandoned, since a work-to-rest ratio of 1:l resulted in an contractile proteins (9, 13) In our experiments with extreme prolongation of the relaxation time and an ele- electrical stimulation, there is an effect of the stimulation vated base line. No such tendency was seen with 0.8-s model on H’ concentrations with a significant correla(Table 5); a contractions. Contraction periods of 3.2-s duration were tion between force and H+ concentration used, since they were expected to give a force decline and correlation to force was also obtained for Pi (and H2P04) concentration. Previous research has demonan ATP utilization intermediary to those previously strated that Pi, or HzP04, might reduce force generation found during 1.6 s of intermittent and continuous work. in fatigue (6,23). Naturally, accumulations of La, Pi, and Generally the subjects experienced more extreme fatigue and discomfort during this study than during the pre- H+, as well as the observed correlation between ATP utilization and force, reflect the same basic metabolic vious one. This may be one reason for the comparatively large variations in this study; many subjects found the processes during work, and it is not possible to decide extreme ischemic fatigue quite unpleasant and had probfrom our experiments which, if any, of these relations are significant in the reduction of force. lems avoiding voluntary contraction during the stimulation. During repeated excitation of a muscle, the fatigue may be associated with alterations in Ca2+ transport. It The main results of this study are 1) a relationship between the development of fatigue and the number of has been shown that in fatigue, there may be a slowing of Ca2’ transport and progressively smaller Ca2+ trancontraction periods during equal total stimulation time and 2) an increased ATP utilization with increased numsients, possibly because of reduced Ca2+ reuptake by the ber of contractions and -40% of the energy cost of a l-s sarcoplasmic reticulum and/or increased binding to Ca2+binding proteins (3,22). Repeated excitations could thus tetanus attributable to activation and relaxation. The results on fatigue development show that the same cause a decline in the resulting force production. Since number of stimulation pulses can give very different in our study there is no indication of a lack of energy force, e.g., 90% of initial after 50 s of continuous stimu(equal ATP and PCr, equal and high ATP utilization lation compared with 35% after 50 s of 0.8-s intermittent and glucolysis) the energy needed for excitation/contracstimulation. This means that the number of stimulation tion coupling seems to be available. Of course, intracelpulses does not determine force, but the duration of lular differences in energy availability are possible and contraction and/or rest is more important. Similar re- might affect activity of the Ca2+-transport ATPase or sults have been obtained by Duchateau and Hainaut (10) the “second messenger” inositol triphosphate (28). on ischemic adductor pollicis muscles, whereas the same In this study we have also tried to estimate the energy group, when stimulating with open circulation to the cost for intermittent work. Tables 1 and 6 give some data muscle, saw no difference between l-s intermittent and on this, and it can be seen that the 0.8-s stimulation continuous stimulation (11). produces a lower isometric work rate and a lower total We have previously discussed the possibility that the isometric work. Since the ATP utilization is higher (alhigher energy cost for contraction during intermittent though not significantly so) the result is a significantly contraction could result in an intracellular environment higher energy cost during the last period (22-51 s) of 0.8. high in ADP, H+, and Pi and that these metabolites s stimulation. Table 6 summarizes the results from the combine to give the earlier fatigue (5). Tables 4 and 5 present study and from our previous work. The energy give some data on various metabolites after 50 s of cost for four different stimulation models have been contraction. From Tables 4 and 5 it is evident that the listed, as well as the difference between continuous contotal ATP concentration in muscle is unrelated to force, traction and the three intermittent models. It has been a finding that is in agreement with previous research assumed here that values from 0 to 20 and 20 to 50 s can (14). The concentrations of PCr at the end of work are be pooled, i.e., we have disregarded any differences in extremely low in all four stimulation models, but at very efficiency over the time period studied. It should be noted different force levels. It has been suggested (24) that a that the values in Table 6 are means and that the low PCr could limit the capacity to regenerate ATP and variations in individual values are large. The value for thus decrease force production. Such a mechanism does the 20- to 50-s period of 1.6-s stimulation is unexpectedly not seem to be active in these experiments, since we have high, whereas O-20 s of 1.6 s of stimulation gives a good equal ATP and PCr values in all four models but a high linear relation. We can only explain this value as an ATP utilization associated with the stimulation model overestimation, since it seems improbable that 1.6 s giving the lowest force. The negative correlation between should differ qualitatively from the other intermittent ATP utilization and force indicates that the capability stimulations. to resynthesize ATP has not reached its limit during Performing a linear regression analysis (see RESULTS) stimulation with contractions of longer duration and, gives, in spite of the large variations in individual values, an estimate of the part of energy cost that is attributable therefore, that energy availability does not generally to activation and relaxation. This estimate compares limit force generation. Table 4 indicates a correlation between force and favorably with the values for Ca2+ pumping given by Homsher and Kean (18), which have been obtained by lactate concentration. It is well known that La concen-
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