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Abstract Energy consumption during static contraction of the human triceps surae muscles was studied in 11 healthy subjects. The subjects had to stand intermittently on the left and then right foot at diﬀerent frequencies (for periods of 15 s, 10 s or 5 s), ﬁrst on the whole foot and then on the forefoot. The mean static energy consumption of all subjects was 13.4 (15)W [mean (s.d.)] at a calf muscle moment of 105 Nm. Assuming that static energy consumption (in W) is proportional to static moment (in Nm), a proportionality factor of 0.17 (0.19) s)1 is found. Because of the limited attainable accuracy, no signiﬁcant diﬀerences between endurance athletes and sprinters could be found. Keywords Human Æ Muscle Æ Oxygen consumption Æ Static contraction Æ V_ O2



Introduction Assessment of energy consumption during dynamic muscle action by measurement of oxygen consumption (V_ O2) is a commonplace method in exercise physiology. Physical activity can consist, however, both of dynamic (especially concentric) and static (isometric) muscle actions. Static muscle action is very important in daily activities such as standing and carrying, and in sports such as speed skating and skiing. In spite of this evident practical importance, data on energy consumption in isometric muscle action are C.L. Koerhuis Faculty of Human Movement Sciences, Free University, Amsterdam, The Netherlands F.M. van der Heide Æ A.L. Hof (&) University of Groningen, Institute of Human Movement Sciences, PO Box 196, NL-9700 AD Groningen, The Netherlands E-mail: [email protected] Tel.: +31-50-3632645



extremely scarce (Cerretelli et al. 1976; Lewis et al. 1985). The technical problems are indeed considerable. A ﬁrst problem is the limited accuracy of V_ O2 measurement, which makes it diﬃcult to measure the small amounts of power in excess of resting metabolism that are involved. Second is the problem that muscle blood ﬂow is reduced in isometric actions due to internal pressure generated by the muscle itself (Asmussen and Mazin 1978; Barcroft and Millen 1939; Bernink et al. 1982). Even at force levels of over some 20% of maximum voluntary contraction, blood ﬂow is insuﬃcient to fully supply the muscles with oxygen (Ceretelli et al. 1976). As a result, power production becomes partly anaerobic and lactic acid is accumulated. Karlsson et al. (1975) found an eightfold increase in lactic acid concentration compared with rest after 2 min of static action of the m. quadriceps femoris. The purpose of the present study is to demonstrate a simple method for assessing energy consumption in static muscle action, by using only aerobic V_ O2 measurements. To this end, anaerobic energy production has to be prevented. In this study this was done by using intermittent static contractions. We also attempted to achieve a high speciﬁcity by using a diﬀerence method, to restrict the measured eﬀect to the static action of a single muscle group alone. In the experiments the subjects ﬁrst stood for periods of duration, T, ﬁrst on their left leg and then their right leg, with their foot ﬂat. The resulting V_ O2 was compared with the consumption found in an experiment with the subjects standing on their toes in an otherwise identical situation. A number of muscles will be statically active in both experiments, e.g. hip abductors and back muscles. Only one muscle group, the ankle plantar ﬂexors, has low activity in the ﬁrst situation and high activity in the second experiment. The diﬀerence in power consumed in the two experiments is then compared to the diﬀerence in moment generated by this muscle group, which can be measured mechanically. It is reasonable to assume that, next to the static power P0, in which we are interested, muscles will also
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use a certain amount of energy W in each new contraction, even when it is isometric. One may think of the work that is done to tension the series elastic elements of the muscle. The total power P related to intermittent static contractions will thus also have a component proportional to the frequency f=1/T of the alternations: P ¼ P0 þ f  W



ð1Þ



To discriminate between both components, P was determined at a number of diﬀerent frequencies. It is plausible, and has been conﬁrmed in earlier experiments (Cerretelli et al. 1976), that power production in static muscle contraction is linearly proportional to muscle force. Calf muscle force is most easily measured as the ankle moment, therefore in this paper the relation will be given as: P0 ¼ c M0



ð2Þ



One of the aims of this study was to determine this proportionality factor c.



The static moment with respect to the ankle, both standing with feet ﬂat and on the toes, was measured by a ‘‘torque plate’’ (Hof and vd Berg 1981). The subjects stand on this plate, with their ankle aligned to the midline of the torque plate, and the moment with respect to this midline is measured with strain gauges. The values for standing with feet ﬂat and on the toes were reproducible within 10 Nm in the same subject for repeated measurements, and were the same for the left and right feet.



Data-analysis The Oxycon gas analyser (Mijnhardt, type OX-4) recorded the V_ O2 and RER. Each minute two recordings of V_ O2 and RER were made. Assuming a RER of 1.0 and 0.7 and a caloric equivalent of 21.0 J/ml O2 and 19.3 J/ml O2 for carbohydrate and fat respectively (Stegemann 1977), the energy consumption in Watt (W) was calculated according to: P ¼ ð255:5 þ 94:5  RERÞ  V_O2



ð3Þ



with V_ O2 in l/min and P in W (Garby and Astrup 1987). P is the total energy consumption during the intermittent activity including the energy consumption necessary to change from the right to the left foot as described in the Introduction. The total energy consumption P was calculated over the last 3 min of each period of 5 min.



Methods Subjects Eleven subjects, nine male, two female, age 22.4 (1.6) years, height 185 (5.5) cm, mass 76.9 (9.1) kg [mean (SD)], participated as subjects in this study. The group consisted of ﬁve sprinters (speedskaters and bobsleighers) and six endurance athletes (cyclists, longdistance skaters and triathletes). Informed consent was obtained from all of them in accordance with the policy statement of the American College of Sports Medicine.



Experimental protocol The measurements started after a period of 15 min of complete rest. The protocol consisted of intermittent static contractions. The subject was ﬁrst asked to stand on both feet for 2 min. Then, for three periods of 5 min each, to stand with feet ﬂat ﬁrst on the left foot and then the right foot for periods of 15, 10 and 5 s respectively. The frequencies were thus 1/15, 1/10 and 1/5 s)1. The same protocol was repeated, but this time with the subjects standing on their toes, with their forefoot on the edge of a wooden block (Fig. 1b). In this posture the calf muscles are more active than when standing with feet ﬂat. The subjects stood in their socks and kept balance by holding a set of handlebars. Expired air was collected and analysed by a gas analyser for measurement of V_ O2 and respiratory exchange ratio (RER).



Fig. 1 a The subject standing with the entire foot on the block. b The subject standing with only the forefoot on the block



Calculation of P0 P is calculated for both intermittent standing on the entire foot, Pfoot, and intermittent standing on the forefoot, Ptoe, at the different frequencies. The diﬀerence between Ptoe and Pfoot represents the energy consumption of the calf muscles at that frequency. Linear regression to the point where the frequency is zero is used to determine the static energy consumption P0 and the work per alternation W. From the static moment and the static energy consumption of the calf muscles P0, the velocity constant c can be calculated from Eq.2 as: c ¼ P0 =ðMtoe  Mfoot Þ



ð4Þ



Results Table 1 gives the energy consumption of the subjects while standing on the forefoot Ptoe and on the entire foot Pfoot at the three frequencies. The mean values of Ptoe and Pfoot (±s.e.m) of all subjects at the diﬀerent frequencies are shown in Fig. 2. It can be clearly seen that contraction of the calf muscles requires an additional energy consumption above the values needed to stand on ﬂat feet. The s.d. of the individual measured values of V_ O2, average of six readings over 30s each, was between 4.2 and 14.1W (Table1). Figure 3 gives (Ptoe)6Pfoot) as a function of contraction frequency. Linear regression of the average values resulted in P0=13.4 (15)W and W=100 (64)J [mean (standard deviation)]. For our subjects, the ankle moment when standing on the toes was, on average, 105 (13) Nm and when standing on ﬂat feet it was 27 (11) Nm (Table1). According to Eq.4 this resulted in c=0.17 (0.19) s)1.



590 Table 1 Energy consumption standing on both feet (Prest), while standing on the forefoot (Ptoe), on the entire foot (Pfoot) and the diﬀerence (Pdiﬀ) at the three frequencies (intervals of 15, 10 and 5 s). Standard deviation of measured values Ptoe and Pfoot (s.d. in Subject Prest (W)



Frequency



All



1/15



1* 2* 3* 4* 5* 6* 7 8 9 10 11 Mean s.d.



129.2 110.6 130.1 151.3 120.5 156.8 129.7 122.0 170.5



a



134.2 135.5 18.4



Pdiﬀ is a factor 2 higher). Right: static moment in the ankle standing on the entire foot Mfoot is the static moment standing onthe forefoot Mtoe, and M0=Mtoe–Mfoot



1/10



Mfoot (Nm)



Mtoe (Nm)



M0 (Nm)



20 20 15 20 20 25 25 35 30 55 30 27 11



90 80 110 100 100 100 115 120 110 125 110 105 13



70 60 95 80 80 75 90 85 80 70 80 79 10



1/5



Ptoe (W)



Pfoot (W)



Pdiﬀ (W)



Ptoe (W)



Pfoot (W)



Pdiﬀ (W)



Ptoe (W)



Pfoot (W)



Pdiﬀ (W)



s.d. (W)



149.1 143.8 180.1 198.6 192.2 164.8 205.1 144.1 186.6 185.4 163.7 174.0 22.0



135.5 122.9 167.5 160.0 156.9 150.2 165.9 139.6 158.8 187.4 161.8 155.1 17.6



13.6 20.8 12.6 38.5 35.3 14.6 39.2 4.4 27.8 -2.0 1.9 18.8 14.7



148.0 142.4 195.4 191.3 203.8 177.7 212.2 137.1 186.2 190.0 157.8 176.5 26.0



136.6 119.3 164.0 151.8 168.9 143.2 172.0 122.2 167.6 163.1 149.8 150.8 18.6



11.4 23.2 31.4 39.5 34.9 34.6 40.2 15.0 18.6 26.9 8.0 25.8 11.3



160.8 158.6 213.6 204.3 214.2 188.6 244.0 167.2 209.5 201.9 194.7 196.1 26.0



156.5 129.0 176.5 160.2 180.2 150.1 179.4 137.6 178.9 180.7 158.1 162.5 18.3



4.3 29.6 37.1 44.1 33.9 38.5 64.6 29.6 30.6 21.2 36.5 33.6 14.7



4.2 5.4 8.4 5.9 9.0 7.2 9.9 4.9 14.1 11.3 10.1 8.2



*Endurance athletes Invalid measurement due to technical error



a



Discussion The average data clearly show the eﬀect of static muscle action (Fig.2): energy consumption increases with frequency, and standing on the toes with the calf muscles contracted requires a higher energy consumption than standing on ﬂat feet. When presenting the increase in energy consumption due to the calf muscle contraction as a function of frequency (Fig.3) it is seen that there is indeed an intercept with the f=0 axis, indicating an amount of energy consumption related to static contraction of the calf muscles. Accuracy



accuracy of the results. In our measurements we found in our subjects standard deviations of Ptoe and Pfoot ranging from 4.2 up to 14.1 W , with an average of 8.2 W (Table1). These values were calculated from the s.d. of the six 30-s readings of our oxygen measurement system. In themselves they are typical for submaximal V_ O2 measurements. Determining the static energy consumption by our method, however, ﬁrst requires calculating the diﬀerence between Ptoe and Pfoot and then computing a linear regression of these diﬀerences. Both processes greatly amplify the inaccuracy, resulting in errors of the order of 100%. This is why only average results are presented. Comparisons between subjects or groups of subjects do not seem feasible. In our group of subjects, for example, no signiﬁcant diﬀerence between endurance athletes and sprinters could be demonstrated.



A considerable problem in measuring energy consumption due to static muscle contraction is the limited



Fig. 2 Energy consumption while standing on the forefoot Ptoe (squares) and while standing on the entire foot Pfoot (triangles); data of all subjects. The resting energy consumption Prest is also indicated (diamond)



Fig. 3 Pdiﬀ=Ptoe ) Pfoot as a function of the frequency of left– right alternation. Mean values for all subjects (s.e.m.). Linear regression through Pdiﬀ (dashed line). The slope of the regression line is W=100J, the intercept at frequency 0 is P0=13.4J; see Eq.1
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It might be suggested that part of the increase in V_ O2 in static contractions is due to increased consumption by the heart and the respiratory system. The diﬀerence method circumvents this problem. Respiration rate in standing was indeed slightly higher than in rest, but the diﬀerences when standing on the foot and on the toes were negligible, less than 1.6 l/min. Earlier results Previous results on energy consumption in static exercise were obtained by Cerretelli et al. (1976). In part of their experiments continuous static contractions of the ankle plantarﬂexors were made until exhaustion. The energy consumption then was partly anaerobic. This was accounted for by measuring blood lactate and converting lactate levels to equivalent V_ O2. Their results gave a power consumption of 88 W above rest at a calf muscle moment of 75 Nm (in both legs). In our terminology this would be expressed as c=88/ (2·75)=0.6 s)1. This is more than three times as much as our ﬁndings. It is possible that in their experiments, in which the contraction was sustained for a long time, other muscles next to the calf muscles were active. In our experiments we have tried to circumvent this problem by a diﬀerence method, comparing V_ O2 in two contractions, one with high and one with low calf muscle activity. In Cerretelli et al. (1976), intermittent contractions were done as well. It was conﬁrmed that, even at the highest force levels, no signiﬁcant lactate is formed as long as periods of contractions are alternated with resting periods of equal duration. The possibility that internal muscle oxygen stores were used during the contractions cannot be completely excluded, however. In vitro muscle energy production can be measured by determining heat and work. In his famous paper (Hill 1938), Hill could discern two parts of heat production in frog muscle. One part, the ‘‘activation heat’’, the subject of this paper, was constant, but proportional to isometric force. The other part increased with muscle shortening: ‘‘shortening heat’’. If the mechanical power produced is added to these two, energy production can be expressed in angular units as: P ðheat þ workÞ ¼ nM0 b þ nM0 u_ þ M u_



ð5Þ



in which M0 is the isometric muscle moment, M the actual muscle moment, usually lower than isometric, u_ the shortening speed expressed as angular velocity, and n and b constants. Total power production is about twice this amount, because the production of ATP from fat and carbohydrates has an eﬃciency of about 50%. In frog muscle the constant of proportionality between activation heat and isometric force was equal to the product of two parameters b and n of the (mechanical) force–velocity relation. This relation has never been



generally conﬁrmed, however. The ﬁrst term of Eq.5 can be compared to Eq.2 and including the 50% eﬃciency yields: P0 ¼ c M0 ﬃ 2 n bM0



ð6Þ



For the human calf muscle mechanical data on n and b are available (Zandwijk et al. 1998). For four subjects they give b between 1.37 and 2.97 s)1 and n from 0.13 to 0.3. This results in quite a wide range of estimates for c=2nb: between 0.36 and 1.8 s)1. Earlier data (Hof and vd Berg 1981) gave b=1.2 and n=0.12, so c=0.29 s)1. The present result for c [0.17 (0.19) s)1] is just below the range of these earlier predictions. From recent data on calf muscle series elasticity (Hof 1998) the amount of elastic energy at Mtoe=105 Nm (average of Table1) can be estimated at 18 J, and at Mfoot=28 Nm at 1 J. According to Hill’s theory, this has to be added to a ‘‘shortening heat’’ of 13 and 3 J, respectively, and the 50% eﬃciency of ATP production should be accounted for. This suggests that the W in Eq.1 should have the value of 2Æ[(18)1)+(13–3)]=54 J. This is to be compared with the 100 (64) J from our results. Conclusion Static contraction of the calf muscles gives a measurable increase of aerobic energy consumption. On the average, energy consumption P0 was equal to 0.17 (0.19) s)1 times the isometric moment M0. Because of the relatively low oxygen uptake during the experiment, the accuracy of oxygen measurement becomes a limiting factor. The present experiments might therefore best be considered as a demonstration by simple means that static muscle action indeed requires an amount of energy consumption, and that this amount is very modest.
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