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Abstract. Two dynamic models of muscle activation and deactivation based on the concepts of ion transport, reaction rates, and muscle mechanics are proposed. Storage release and uptake of calcium by the sarcoplasmic reticulum, and a two-step chemical reaction of calcium and troponin are included in the first model. This is a concise version of the complex chemical reactions of muscle activation and deactivation in sarcoplasm. The second model is similar to the first, but calcium-troponin reactions are simplified into two nonlinear rates functions. Due to these nonlinear dynamics, the second model can explain the catch-like enhancement of isometric force response. Simulation results which match experimental data are shown. Also, two new phenomena which need further experiment to verify are predicted by the second model.



Introduction Many attempts have been made to understand the processes by which the nervous system generates the proper activation signals to effect controlled movements. Among the factors which determine these control signals are, the intended movement trajectory, the intended sensitivity to perturbations during the movement, and the dynamics and history of the muscles and limb. This paper focuses on nonlinear dynamic features of the generation of muscle force which are relevant to the control of fast movement. The eventual goal is the incorporation of more accurate activation models in studies of human movement such as Hannaford and Stark (1985, 1987); Hannaford et al. (1986); and Hannaford (1990). Many aspects of the control of muscles are dynamically complicated and non-linear. In generation of torques about a joint, the CNS can make use of a muscle through two mechanisms, recruitment of a proportion of the motor units in the muscle, and modulation of the force generated by each motor unit. Within



a given motor unit, the nervous system must regulate the activation of muscle force through pulse rate coding of action potentials delivered to the neuro-muscular junction. The nature of this coding and the constraints it puts on the neural control methods depend in turn on the dynamics of the activation response to action potential sequences. Experimentalists have addressed this problem in several muscles in the cat by artificially stimulating the motor neuron axon to deliver action potentials to the motor unit (Burke et al. 1970; Gurfinkel and Levik 1974). It is assumed that the regenerative, all-or-none properties of the axon (Hodgkin and Huxley 1952) cause the action potentials received by the motor unit to be indistinguishable from those arising naturally from the motoneuron soma itself. Thus the only free variables in this stimulation experiment are the arrival times of the action potentials, in particular, their relative interarrival times. The dependent variable is the isometric force generated by the motor unit. The theory of linear systems enables the analyst to predict the response of a linear, time-invariant, (LTI) system to any series of impulses from the response of the system to a single impulse. Unfortunately for this simple method of analysis, muscle is not a LTI system. In particular, motor units do not obey the principle of superposition - that is that the response to the sum of two input sequences is not equal to the sum of the responses to the inputs separately. The experimental work has focused on a major non-linear property of the response to neural stimulation called the catch-like effect (Burke et al. 1970, 1976). In this effect, very brief stimulation at a high repetition rate (even for only one interval) can cause a substantial and long-lasting enhancement of the isometric tension generated by subsequent action potential inputs. The catch-like effect is physiologically relevant in the control of fast movements because it occurs at the transient very high frequencies observed in the output of motoneurons in response to sudden increases of depolarizing current (Baldissera and Parmiggiani 1975).
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Although extensive modeling has been done of the muscle activation processes related to the phenomena illustrated by these experiments (Lehman 1982; Zahalek 1990) little attention has been given to the catch-like non-linearity. An earlier phasic-excitation-activation (PEXA) model of the complete motor unit (Hannaford 1990), successfully replicated many aspects of catch-like non-linear enhancement of tension development, but the model was phenomenological and did not establish a direct analogy between its state variables and biological structure. This paper will present two new models of the muscle activation process which are more physiologically based than the corresponding portions of the PEXA model. The motor-neuron portion of the overall motor unit dynamics is not addressed here. The two models are based on storage and conduction and reaction rates of the critical ions for muscle activation, Ca 2+ and Troponin. It will be assumed that muscle hypothetical tension (active state) is directly proportional to the amount of troponin which is doubly bound to Ca 2§ . The two new models differ in the level of detail and by the addition of a non-linear decomposition rate function of Ca 2§ Tn. The second model suggests the interpretation that the "enhancement" of tension actually represents a transition between stable equilibrium states in the reaction 2 Ca :§ + Tn *-+ Ca22§ Tn.



Model I description This model of muscle activation and deactivation is based on fundamental physiological concepts and neuromuscular physiological experimental data. The concepts of physiology involved in the model are: 1) electro-physiology, 2) diffusion and active transport, 3) chemical reaction, and 4) biomechanics. Model structure comes from these principles as they relate to release and uptake of Ca 2+ and reaction of Ca 2§ with troponin. The model parameters are estimated from experimental data or, where the data are incomplete, heuristically. Also, some level of approximation is needed in order to simplify the model. ( F o r all definitions of symbols used below, please refer to Table 1). The principles of this model are:



Membrane electricity The sarcolemma and T-tubule are modeled as electrical resistors and capacitors in parallel connection (Fig. la). The motoneuron action potential is approximately simplified to a current impulse which transmits from axon to sarcolemma and T-tubule and deposits charge on their capacitors. The depolarization of T-tubule (V~,) is modeled as a piecewise linear function of the charge with a threshold m,h.



Ca 2+ diffusion and act&e transport Ionic calcium is stored in the sarcoplasmic reticulum (SR) while muscle is resting. The transport of Ca 2+
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Fig. l a - e . Equivalent circuits of first model of muscle activation (model I): a Muscle membrane electricity, b Ca 2+ diffusion and active transport between sarcoplasmic reticulum (SR) and sarcoplasm (SP). e Activation and deactivation. The node voltage is equivalent to ionic or molecular concentration; branch current to ion flow; capacitance to equivalent ionic or molecular distribution volume; conductance to diffusive constance; and dependent current source to active transport, e Two defined symbols, chemical composition reaction and decomposition reaction, are used in e, which are similar to dependent current sources but with dependence on the product of rate constants and the concentration of the reactants (the inputs), d Muscle meachanics. The output tension of the tension generator is modeled as proportional to the output of e



through SR membrane can be decomposed into outflow (from SR to sarcoplasm (SP)) and inflow (from SP to SR) (Fig. lb). The inflow rate only depends on free C a 2+ concentration in the SP. But the outflow rate depends on both free Ca 2+ concentration in the SR and depolarization of T-tubule ( V ' ) . A charge deposited on the T-tubular membrane by a received action potential causes an increase in Ca 2+ outflow conductivity for the time that it is stored by the SR membrane capacitance. Our model uses controlled current sources (indicated by diamonds with arrows) to represent ion transport processes (Fig. lb) and two new elements (Fig. le) to represent chemical composition reactions, whose rate depends on the product of a forward rate constant and the concentration of available reactants, and decomposition reactions, whose rate depends on the product of a backward rate constant and the concentration of compounded reactants.
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Activation and deactivation o f contraction



Ca 2+ in SP is thought to be the regulator of muscle contraction (Ebashi and Endo 1968; Aidley 1971a, b; G o r d o n 1989a, b). Some evidence ( G o r d o n 1989b; Lehman 1982) indicates that there are two calcium ions reacting with one receiver molecule, troponin, as the activator of contraction. This reaction is expressed in chemical equation as: 2 Ca 2+ -4- Tn ~ Ca 2+ Tn.



Ca 2+ + Tn ~ Ca 2+ Tn, Ca 2+ + Ca 2+ Tn ~ Ca 2+ Tn. Of course, both subreactions are reversible, and the equations can be rewritten as: Ca 2+ + Tn k.,~ Ca z + Tn,



V m = (V m --



mth)U(Vm -- mth )



( 1a)



Ca 2+ + Ca 2+ Tn k.2~ Ca2+ T n , kn 2b



where k . l f and k.2 f represent the forward reacting rate constants, and knlb and k.2b, backward reacting rate constants (Fig. lc). M u s c l e mechanics



After the activation (two C a 2+ compound with a troponin), a sequence of events: 1) thin filament activation, 2) cross-bridge attachment, and 3 ) n e t - f o r c e output, occurs. These steps are approximated by a mechanical system which consists of a tension generator, a parallel damper, and a serial elastic element (Fig. ld) as they have been used in many previous models (Huxley 1957; Aidley 1971b; Hannaford 1990).



Model I equations When an axon action potential pulse transmits to the sarcolemma and T-tubule, the membrane potential (or charge, since here the capacitance is assumed to be constant) responds as a first-order low pass filter and an exponential decay results according to the time constant of the membrane resistor and capacitor. This first order differential equation can be written: 1 (1)



One way that we deal with the large number of parameters in this model is to use normalized values for the state variables and many parameters (Table 1). Capacitance is normalized to dimensionless unit value, and resistance to units of time. Thus, each RC time constant is correctly represented in the model. This approach is well suited to represent the dynamic aspects of muscle activation as long as nonlinear elements (below) are carefully scaled to the normalized range. The model thus predicts linear and nonlinear



(2)



in which conductivity increases linearly with potential above a specific threshold (Aidley 1971b). if = k f V m m 1



kn lb



RmCmqm



d d-t Vm "~- it -- kt Vm



The conductivity of outflow Ca z§ through the SR membrane is modeled as voltage-dependent channel regulated by T-tubule potential. The voltage dependence is a piecewise linear relation:



This may be separated into two steps:



d 1 d--~qm=-~mi i



dynamic effects, but looses absolute amplitude information found in earlier models (Hannaford 1990). Absolute amplitude information can be added to the model through identification of capacitance and/or resistance values and rescaling of nonlinear elements. Applying the normalization to (1) by letting Cm = 1, we have:



(3)



where U(Vm -ruth ) is a unit step function of Vm with a threshold (offset) mth. For example, for a short duration after an input pulse, the membrane potential will be greater than the threshold, which turns on the outflow of Ca 2+ and increases the Ca 2+ concentration in the SP. In the opposite direction, the inflow rate of Ca 2+ is: ib = kbm2



(4)



At the same time, there is a net bidirectional reaction of Ca 2+ in the SR between bound condition and ionic condition, is = k~(mo - ml)



(5)



driven by disequilibrium between bound and free states of Ca 2+ in the SR. In the SR troponin compounds with Ca 2+. The forward and backward reaction rates for these steps are: tnlf = knlfm2n 0



(6)



i, lb = k , lbnl



(7)



In2f = k n 2 f m 2 n 1



(8)



in2 b = kn2 b n 2



(9)



Up to this point, each node in the modeling circuit has a first order differential equation, which can be expressed as: dm o



Co d--T = --i~



(10)



dml CI dt - - i ~ - - i f + i b



(11)



dm2 C2 dt - i f - ib - i.lf + inlb -- in2f + in2b



(12)



dno Cn dt = - i ~ l f + t'~lb



(13)
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1 Membrane electricity Name



Type"



Value b



Unit c



Description



ii, Cm Rm



1 or 0 1 0.01



1/s s



qm



I C C SV



vm v~.



sv cv



-



-



mth ki



C C



u n i t impulse, the current o f action p o t e n t i a l sarcolemma and T-tubular capacitance s a r c o l e m m a a n d T - t u b u l a r resistance sarcolemma and T-tubular charge sarcolemma and T-tubular potential C a 2+ c h a n n e l voltage d e p e n d e n c e S R m e m b r a n e t h r e s h o l d for outflow C a 2+ reciprocal o f R,,Cm



0.4 100



1/s



2 Ca 2+ diffusion and active transport mtotaI mo m1 m2 CO



C SV SV SV C



C 1



C



C2



C CV CV CV C C C



is t) lb ks



kf kb



1000 0.9 0.1 1.0 0.5 50 450



-



1/s 1/s 1/s 1/s 1/s 1/s



t o t a l C a 2+ o f S R u n d e r resting b o u n d C a 2+ c o n c e n t r a t i o n in S R free C a 2+ c o n c e n t r a t i o n in S R free C a 2§ c o n c e n t r a t i o n in SP b o u n d C a 2+ e q u i v a l e n t v o l u m e in S R free C a 2+ e q u i v a l e n t v o l u m e in S R free C a 2+ e q u i v a l e n t v o l u m e in SP b o u n d - f r e e t r a n s i e n t rate o f C a 2+ in S R outflow rate o f C a 2+ inflow rate o f C a 2§ i, rate c o n s t a n t t~ rate c o n s t a n t 'b rate c o n s t a n t



3 Activation and deactivation o f contraction ntota I



C



no nI n2



SV SV SV



c. i.ll



c CV



int b in2f



CV CV CV C C C



in: o



k~f knl b k.2f kn2b



5



-



-



-



-



l0



50 100 5 200



C



-



l/s 1/s I/S 1/s 1/s 1/s 1/s 1/s



total Tn Tn concentration C a 2+ Tn c o n c e n t r a t i o n Ca~ + T n c o n c e n t r a t i o n equivalent volume of total troponin f o r w a r d reacting rate o f step 1 b a c k w a r d reacting rate o f step I f o r w a r d reacting rate o f step 2 b a c k w a r d reacting rate o f step 2 i,~f rate c o n s t a n t i,~ b rate c o n s t a n t in2f rate c o n s t a n t in2b rate c o n s t a n t



4 Muscle mechanics k



C



1



-



b



C CV O



0.15



s -



ht x



-



e q u i v a l e n t m u s c l e serial elasticity e q u i v a l e n t muscle parallel d a m p i n g muscle h y p o t h e t i c a l tension muscle d e c r e m e n t a l distance



a The types o f symbols: I, i n p u t variable; SV, state variable; CV, calculating variable; O, o u t p u t variable; C, c o n s t a n t b, c All v a l u e s a n d u n i t s used for m o d e l s i m u l a t i o n are n o r m a l i z e d



dn 1



C. ~



= i~lf - i~lb -- i~2f + i.2b



dn2 C. - - ~ = i.2f - i.2b



(14)



assumed to be proportional to [Ca~ + Tn] with a normalized constant o f 1.



(15)



ht = n2



a n d b y c o n s e r v a t i o n o f t r o p o n i n (13, 14, a n d 15), nz = n t o t a l - no - nl



(16)



A s a result, the d y n a m i c s for m u s c l e m e c h a n i c s is:



(15a)



T h e m u s c l e a c t i v a t i o n ( h y p o t h e s i s t e n s i o n ) is s i m p l y



ht=



\dt l+K(x)



(17)
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We have initially linearized the muscle mechanics by assuming: B(~) = b~



(18a)



K(x) = kx



(18b)
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Fig. 3. Three patterns of pulse trains used as simulation inputs. The main frequency of all three patterns is 12.2 Hz, or pulses per second (pps) (duration 82 ms). Sequence a (symbol x) has a 10 ms doublet in the beginning. Sequence b (symbol*) has a 10ms doublet in the beginning but a 35ms delayed pulse (duration is l l 7 m s ) after the 7th pulse. Sequence c (symbol o) has a 26 ms doublet at the 7th pulse



After that, the output force, kx, is obtained. Simulation results of model I



1 Response to different frequencies of pulse train inputs In the first simulation experiment, model I was driven by input pulse trains of different pulse rates. A similar muscle model simulation has been done by Lehman for extraocular muscle (Fig. 1.18, Lehman 1982). Four different frequency inputs (100, 250, 500, and 600 Hz) were used in that simulation. Because of the high speed of extraocular muscle, these input frequencies are too high for type S muscle fibers of the cat gastrocnemius (on the average), so, we used a lower frequency set of inputs, 8, 14, 20, and 25 Hz (Fig. 2) to compare with Lehman's result. (Originally, the parameters of this model were found to best fit the experimental results of Burke et al. (1970). This will be discussed later. It is obvious that the muscles investigated by Burke were much slower than the extraocular muscle.) When model I was driven by 8, 14, 20, and 25 Hz pulse trains (Fig. 2), the result is very similar to Lehman's allowing for the different time scales. Typically, for each pulse input, the force response first raises up to a maximum and then falls down. If the frequency of input train is low enough, the force will tend to return to zero after it reached a maximum value for each input pulse. If the frequency goes up, the falling time will be shortened, and the amount of falling will be smaller. Thus the force keeps increasing until it



0.5



25Hz



saturates. If the pulse frequency is sufficient to reach saturation, the higher the frequency is, the shorter the saturation time is.



2 Response to three different patterns of pulse train inputs In the second simulation, three trains of input patterns were used (the same as Burke's experiment, 1970). Each includes 22 stimuli at a basic rate of 12.2 pulses per second (pps) (pulses interval, 82 ms). In each train, one or two stimulus intervals were altered (Fig. 3). The force response traces are labeled "a", "b", and "c" separately (Fig. 4), and the corresponding pulse sequences are: "a" Starts with a pulse interval shorter than that in the basic train (10 ms). (The two pulses with a small interval are called a "doublet", and the second pulse only is called the "early pulse".) "b" Starts with a 10 ms interval doublet (as in "a"), and the 8th pulse follows the previous pulse with an interval longer than that in the basic train (117 ms). (called the "delayed pulse") "c" Starts without a doublet, and the 8th pulse follows the seventh pulse with an interval shorter than that in the basic train but longer than that in " a " and "b" doublet (26 ms). Unlike the experimental data, the simulation results (Fig. 4d) do not show any prolonged enhancement. The responses corresponding to three different input patterns all approach to the same level at steady state.
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Some enhancement was observed in the previous model because of the nonlinearity of the model, however, unlike the experimental data (Burke et al. 1970), the enhancement did not last. In retrospect it may be obvious that the first model can not explain the effect of enhancement lasting. In the first model, all rate coefficients are constant, therefore the force response tends to reach the same stable point if the steady state input frequency in each sequence is the same. The stable point is monotonically related to the input rate. Changing the
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a)



30 25



time constants can not solve this problem, but will cause other problems such as slowing down of the increase and decrease of force response, etc. Since in this model there is only one stable response for each steady state input, the enhancement can never be lasting, no matter what transient input sequence is applied. This means that for the enhancement to prolong, there must be more than one stable point for a range of steady state inputs, and the transient input sequence will decide which stable point is approached. Based on this idea, model II involves nonconstant reacting rate coefficients in order to get two stable points.
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Model II, like model I, can be separated into 4 stages. Stage 1 membrane electricity (Fig. 5a), and stage 4, muscle mechanics (Fig. 5d), are exactly the same as model I. Stage 2, Ca 2+ diffusion and active transport (Fig. 5b), is almost the same but ignores the factor of bound Ca 2+ in SR, since this seems not to effect the lasting of enhancement. Bound Ca 2+ in SR seems to play a role in tetanic contraction and Ca 2+ recovery (Almers 1989). It may be considered in further work, but not here. Stage 3, activation and deactivation of contraction (Fig. 5c), is quite different from model I. The two-step reaction of troponin and Ca 2+ is replaced by a simple concentration-equivalent circuit which consists of two dependent current sources. One is the composition rate of Ca22+ Tn, driven by Ca 2+ concentration in SP. The form of this rate dependence is a "square-saturation function" (Fig. 6a, this will be described later). The other is the decomposition rate of Ca22+ Tn, driven by Ca22+ Tn concentration. The form of this rate dependence is approximated by a cubic spline polynomial (Fig. 6b and c) with a local maximum at Pmax (N1, K1) and a local minimum at Pmin (N2, Kz). An equilibrium in Ca22§ Tn will be reached when the average composition rate equals the average decomposition rate. Since the composition rate is assumed to be independent of Ca22+ Tn, it can be visualized as a horizontal line in Fig. 6c at a given rate. Each intersection of this line with the decomposition rate curve (Fig. 6b and c) is an equilibrium point. However, only those intersections where the slope of the decomposition curve is positive are stable since at these points a small change in Ca22+ Tn concentration will be corrected by the resulting change in decomposition rate. Thus, for composition
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Fig. 4a-d. Response of model I for the three different input patterns of Fig. 3: solid line, sequence "a", dashed line, sequence "b"; dotted line, sequence "c". a Ca 2+ concentration, b Ca 2+ Tn concentration, e Ca~ + Tn concentration. The hypothetical tension is proposed to be proportional to [Ca22+ Tn]. d Output force (isometric). All three traces approach the same steady state as long as the frequencies of the main pulse trains are the same. There is no way to get a prolonged enhancement with model I, no matter how the model parameters change
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d) MuscleMechanics Fig. 5a-d. Equivalent circuits of model II: a and d, membrane electricity and muscle mechanics, are exactly the same as model I. b Ca2+ diffusion and active transport is similar to model I but without Co, mo, and ks. c activation and deactivation. The composition rate and decomposition rate are modeled as two nonlinear dependent current sources respectivelywithout considering of the complexityof chemical reaction
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Ca2+2Tn concentration,n Fig. 6. a Composition rate as a function of [Ca2+]. b Decomposition rate as a function of [Ca~ + Tn]. c The detail of decomposition curve



as described in text



rates, K, between K2 and K1, the decomposition rate function has three equilibria: 2 stable ones, SP~ (N4, K) and SP2 (N6, K), and a unstable one, Per, (Ns, K). When a regular impulse train arrives at the Ttubule, if 1), the firing rate is lower than a threshold frequency, the average composition rate of Ca22+ Tn in each pulse duration will be less than the average decomposition rate K~ (Fig. 6c) at [Ca22+ Tn] = N1. Thus the stable point for [Ca~ + Tn] is at the left side of N1. If 2), the firing rate is greater than the threshold, the average composition rate will be greater than the average decomposition rate KI at [Ca~ + Tn] = N3. Thus the stable point for Ca~ + Tn is at the right side of N3. On the other hand, when 3) an impulse train contains a doublet (one impulse duration much shorter than the others) and the main firing rate is just a little lower than the threshold, the average compounding rate K for the main firing rate will be less than the average decomposition rate K~ but greater than K2. Before the doublet, the force response will be all t h e s a m e as in 1), on the left side of N~, at SP1 (N4, K). But at the doublet, it may be pushed across the local maximum Pmax (N1, gl ), further more, across the critical point Pert (3[5, K) (in the view of short-term average). After that, it will reach another stable point SP2 (N6, K), between N2 and N3. This keeps Ca22+ Tn concentration at a new level greater than the one without doublet input.



Furthermore, consider that the input is similar to 3) but after the doublet there is one delayed impulse (duration longer than the others). Before the delayed impulse, the response will be all the same as in 3). And if 4) the delay is not too long, the average composition rate will not decline below K2 and after the delayed impulse the response may still be kept in the right side of Pcr, and gradually comes back to SP2. But if the delay is long enough, after the delayed impulse, it may be pulled back to the left of Pert (in the view of short-term average), and returns to the lower stable level SPI. Model II equations For all definitions of symbols used below, please refer to Table 1 and Table 2. In this model, the differential equation of sarcolemma and T-tubule membrane potential (or charge) is exactly as in model I: d dt I'm = ii - ki I'm



(1 a)
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2. Symbol definitions of model II



1 Membrane electricity (same as model I, but some value of constants are changed as following) Name



Type a



Rm



C C



ki



Valueb 0.00909 110



Uniff



Description



s 1/s



sarcolemma and T-tubular resistance reciprocal of RmCm



2 Ca 2+ diffusion and active transport (similar to model I without mtotal, too, as following) mt Ct C2



kf kb



C C C C C



1000 oo 1 10 90



Co, is, and ks, also, some values of constants are changed 1/S 1/s



Ca 2+ concentration in SR free Ca 2+ equivalent volume in SR free Ca 2+ equivalent volume in SP if rate constant ib rate constant



3 Activation and deactivation of contraction n



SV



C. M



C C CV CV C



i,,f inb k,



-



-



1 500 52



1/s l/s 1/s



Ca~ + Tn concentration equivalent volume of total troponin [Ca2+] 2 at half Ca 2+ Tn-composition-rate Ca 2+ Tn composition rate Ca 2+ Tn decomposition rate F(m2) and G(n) modified ratio



4 Muscle mechanics (same as model I, but constant b is changed as following) b



C



0.04



sec



equivalent muscle parallel damping



a The types of symbols: I, input variable; SV, state variable; CV, calculating variable; O, output variable; C, constant b. r All values and units used for model simulation are normalized



T h e v o l t a g e d e p e n d e n c e o f t h e C a 2+ i n f l o w t h r o u g h S R m e m b r a n e a n d t h e C a 2§ o u t f l o w a r e a l s o t h e s a m e :



Table



X



Y



V ~ = ( V m - m t h ) u ( V m - mth)



(2)



if = k f V ' m m ~



(3)



ib = k b m 2



(4)



0.00 0.10 0.20 0.30 0.40 0.50 0.60 1.00



0.000 0.030 0.043 0.043 0.041 0.042 0.048 1.000



H o w e v e r , t h e c o m p o s i t i o n r a t e o f Ca~ + T n is n o w m o d e l e d as:



inf = k n F ( m 2 )



(19)



3. 8 control points of spline polynomial



x: Normalized Ca 2+ Tn concentration Y: Normalized Ca 2+ Tn decomposition rate



where m2 F ( m 2 ) - m2 + M



where (20)



G(n) Spline(X, Y)(n) =



is t h e n o r m a l i z e d c o m p o s i t i o n r a t e f u n c t i o n . S i m i l a r l y , t h e d e c o m p o s i t i o n r a t e o f C a 2+ Tn:



inb = k n G ( n )



(21)



(22)



a n d " S p l i n e ( X , Y ) ( n ) " is a c u b i c S p l i n e p o l y n o m i a l , d e t e r m i n e d b y a set o f p r e d e t e r m i n e d p o i n t s ( T a b l e 3), w i t h r e s p e c t t o v a r i a b l e n. A s a r e s u l t , t h e d y n a m i c e q u a t i o n s are:
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Fig. 7. Model II output force in response to pulse train inputs of four fixed frequencies. View the repsonse 14 Hz from the direction of the eye's icon to see the change of force increase rate due to added nonlinear element (see text for detail)



b)



0.7



0"6 t I=



C1 dm, d---t--



if + ib



(23)



dm2 C2 - - ~ = ~ - ib



(24)



C. dn = i . f - " dt l"b



(25) oq



0~2 0~4



The muscle mechanics are the same as model I but n2 is replaced by n: ht = n ht=



B(dX ~ + \ d t ] K(x)



(26)



o~a ols



i



s



2



time (second) C)



0.6 O.S



(17)



0.4



or



dx ht = b --~ + k x



0.3



(17a)



Simulation results of model II



1 Response to different frequencies of pulse train inputs Model II was driven by constant frequency pulse trains using the same frequencies as used in model I (Fig. 7). In general, the force responses are very similar to the results of both model I and Lehman's model (1982). But, looking at the data in more detail, there is a difference in the low frequency components of the force response. In model I, the response is like a simple exponential saturation behavior, its rate of increase decreases as force rises; in model II, it isn't so simple, the rate of increase seems to decrease, increase, and decrease again as force rises (especially for frequency= 14Hz). This is also true of Lehman's model (1982) (frequency = 500 Hz).
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1:2 s



time (second) Fig. 8a-e. Response of model II for the three different input patterns: solid line, sequence "a"; dashed line, sequence "b"; dotted line, sequence "c". a Ca 2+ concentration, h Hypothetical tension, c Output force. This result is very similar to the experimental results made by Burke et al. (1970). Prolonged enhancement is obvious



and " b " due to their initial doublets, and no crossing of the force traces. The initial effect of the doublet is greater than the increase caused by the later short interval (of longer duration) in train "c". These features are all consistent with the experimental data (Burke et al. 1970).



2 Responses to three different patterns of pulse train inputs



3 Response to input trains with or without doublet



In contrast to model I, the responses of model II (Fig. 8) to the three pulse trains " a " , "b", and "c" show significant enhancement of tension for trains " a " ,



These simulations (Fig. 9) are similar to the previous ones, but instead of three different patterns, only two pialse trains are used as inputs: one with a 10ms
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a)



0.8



doublet at the beginning and the other without. Several frequencies of the basic train were selected (1, 8, 12, 20 Hz) based on earlier experimental data (Burke et al. 1970). The simulations show significant early enhancement of tension in response to the trains containing the doublet for all frequencies tested. The enhancement is maintained for a duration which varies with the basic pulse train rate; i.e. about 0.8 s at 8Hz, greater than 1.6s at 12Hz, and about 0.4s at 20 Hz.
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As described in "Model II description" section, two phenomena are expected: 1. If originally the force response was around the higher force stable point, and an input pulse interval is increased more than a certain amount, zl, this will result in pulling the force response down to the lower force stable point. 2. If originally the force response was around the lower force stable point, and an input pulse interval is shorter than a certain amount, z2, this will result in pushing the force response up to the higher force stable point. If the interval is shortened, but still longer than z2, the force will temporarily increase but go back to the lower force stable point. Model II was driven by 82 ms pulse trains with a doublet at the beginning resulting in steady state force at the high equilibrium point, each containing an interval delayed by 35, 50, 75, 100, and 200 ms (Fig. 10a), and by pulse trains without a doublet at the beginning resulting in steady state force at the low equilibrium point, each containing an interval reduced to 26, 30, 37, 47, and 67 ms (Fig. 10b). From the high equilibrium point (SP2), intervals delayed by more than 75 ms resulted in changing the system to SPI (Fig. 10a). Thus the value of Zl should be somewhere between 75 ms and 100 ms. From the low equilibrium point (SP~), intervals shorter than 37ms resulted in changing the system to SP2 (Fig. 10b). Thus the estimated value of z2 should be between 30 ms and 37 ms.
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We have presented two new models of muscle activation, expressed as circuit diagrams, mathematical equations, and computer simulations.
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time (second) Fig. 9a-d. Response of model II for doublet experiments:a 1 pps, b 8 pps, c 12 pps, and d 20 pps. These results are also very similar to the experimental results made by Burke et al. (1970)



Model I, although not as detailed as that of Lehman (1982), contains most of the reaction thought to be involved in binding of C a 2+ to troponin for the activation of muscle force generators. These include SR membrane electrical properties, bound and free Ca 2+ in the
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Fig. 10. a Output force for prediction L Input pattern is similar to sequence b in Fig. 3, but with five different delay times. If the pulse is delayed by more than a certain amount (here, 75 ms), the output force will be pulled back to low tension stable region, b Output force for prediction 2. Input pattern is similar to sequence c in Fig. 3, but with five different doublet intervals. If the doublet interval is wider than a certain amount (here, 30 ms), the output force will not be pushed to its high tension stable region



SR, C a 2§ transport across the SR membrane, and the two stage formation of Ca 2+ Tn. Model I was good at reproduction of the development and relaxation of tension (Fig. 2), but although it showed some enhancement of tension, it could not reproduce the qualitative features of the responses to the doublet/gap stimulation paradigms found by Burke et al. (1970)(Fig. 4d). In particular, the enhancement due to the initial doublet (traces "a", "b") was insufficient to prevent a later doublet (trace "c") from causing the force trajectories to cross. Although it might be possible to prove that significant enhancement is possible with the structure of model I due to its significant nonlinearities, we could not find a set of parameter values which could produce this behaviour and such a p r o o f was not obvious. A second model was described which introduced at the same time a simplification and an elaboration of model I. The main simplification was to lump the two-step reaction of the formation of Ca~ § Tn into a single step characterized by composition and decomposition rate functions and to lump the two states of Ca 2+



in the SR into one. The elaboration was the introduction of two nonlinear functions describing Ca22+ Tn composition as a function o f free Ca 2+ concentration in the SP (m2), and Ca22+ Tn decomposition as a function of Ca 2+ Tn concentration (n). The composition rate function for Ca~ + Tn is a second order rational polynomial with saturation indicating a maximum composition rate. This curve (similar to the logistic curve) illustrates a fundamental nonlinear dynamic relationship in which rate of change depends on state, but the state is limited by a maximum extent (such as a "limit to growth" in population systems). The composition rate function used here (20) is similar to the "activation factor" used by Zahalek (1990) to couple Ca 2§ to cross-bridge dynamics. While the composition rate function is in a slightly different place in the reaction, it may produce a qualitatively similar effect. The second non-linear function (described by anchor points and a cubic spline) which describes the rate of decomposition of Ca 2+ Tn, had a region of negative slope which caused the existence of two stable points in Ca22§ Tn concentration for a given steady state input frequency. The existence of two stable points only occurs within a range of Ca22§ Tn concentrations. Within this range, the combined effect of these two curves is to give two possible steady state force responses for a given input rate, a "normal" response at the lower equilibrium point, and an "enhanced" response at the higher point. A single interval, if sufficiently shortened relative to the basic pulse rate, can push the system from the normal to the enhanced response, and a single interval sufficiently lengthened relative to the basic rate can push the system from the enhanced to the normal response. A possible source of the nonlinear composition and decomposition rate functions may be the effect of interaction between Ca 2+ mobility and polarization induced by intercellular proteins (Ling 1992). Simulations In response to the basic pulse train inputs (Fig. 7), model II gave traces of force development which were similar in shape at first glance to those of model I. The saturation level was higher, and it was reached faster for the high frequency inputs. However, an interesting qualitative effect appears when the 14 Hz trace is viewed along its direction, near the plane o f the page. The rate of increase can be seen to oscillate slightly. This is clearly due to the system passing through the nonmonotonicity of Ca22+Tn decomposition curve (Fig. 6b and c) as tension is increased. Although this curve is not explicitly represented in Lehman's model, the oscillations in force development can also be observed in his simulation (Fig. 1.18, Lehman (1982)). He did not perform simulations to demonstrate catch-like enhancement in his model, but this similarity suggests that it should be observed. The doublet/delay experiment (traces "a,", " b " , "c", Fig. 3) was devised by Burke et al. (1970) to



522 elucidate the nonlinear nature of the catch-like property and its decay. The different responses to these three input signals clearly distinguished the two models (Fig. 4 vs. Fig. 8). In particular, the declining level of average force seen in the doublet responses of model II (traces " a " and "b", Fig. 8c) was not observed in the output of model I to the same stimulus. This was due to the lack of a strong double effect in model I. In model II, the initial doublet pushed the system past the "enhanced" stable point, SP2, and the extended interval (trace "b", Fig. 8c) caused force level to temporarily decline, but was not extended by enough extra time to make the system drop to the "normal" stable point, SP1. The nonlinear decomposition rate function was seen to result in two stable operating points, but only if the steady state composition rate was sufficient to generate a Ca~ + Tn composition rate within the interval in which a horizontal line will intersect the decomposition rate curve at three points. This suggests that significant enhancement should only be seen for basic pulse train rates which are intermediate between very low stimulation and very high stimulation. The dual pulse step experiments (Fig. 9 a - d ) were used by Burke et al. (1976) to quantify this behaviour in the living muscle. Burke's results showed enhancement for each of the basic pulse train rates, but the duration of the enhancement was variable. Our simulations using model II (Fig. 9 a - c ) show the same behavior which can be interpreted in terms of the dual stable state hypothesis of model II. For all cases, the initial doublet is sufficient to push the system past critical point Pc~t- However, for the pulse rates below about 12 Hz, the steady state composition rate is below the level at which two stable points exist, K2, the system is forced to a single point, and the traces converge in less than 1 s (Fig. 9a and b). For intermediate intervals (for example 12 Hz, Fig. 9c) the composition rate is between the critical values, K2 and K~, and the enhancement is long lasting. For the highest pulse rate, (20 Hz, Fig. 9d) the basic pulse rate is sufficient to drive the system above K1, and thus there is a single stable point to which both traces converge. This behavior is consistent with the experimental data (Fig. 5, Burke et al. 1976). A significant issue is whether or not the enhancement ever disappears if the input is continued at an appropriate rate. It is interesting to note that the stimulus trains of Burke et al. (1976) lasted for about 1.6 s and that for intermediate frequencies 9 . 8 - 1 5 H z , the traces do not converge. Additional experimentation is needed to determine if there are indeed two permanent stable states, or whether they eventually converge. Our model suggests that the effect is permanent baring effects due to fatigue etc.



Predictions The dual stable point idea of model II prompted us to generalize the abc experimental input stimuli of the Burke experiment to a larger number of doublet inter-



vals and increased gap intervals, and to start the system from both the "enhanced" state (Fig. 10a) and the "normal" state (Fig. 10b). These simulations suggest that further experimental work can determine the stable points SP~ and SP2, and the additional pulse delay (zl) which will cause the transition from SP2 to SP~. Our model, which is tuned to fit the Burke data, suggests that in the slow motor units of cat medial gastrocnemius muscle, this interval should be between 75 and 100 ms if the basic input rate is 12.2 Hz. The other suggested experiment is to identify a reduced interval length which will cause the system to transition from the "normal" (SP~) to the "enhanced" (SP2) stable point. Our prediction is that this interval will be between 37 and 30 ms in this muscle for the 12.2 Hz basic rate.



Limitations and future work Model II developed a satisfactory explanation for the catch-like property of muscle, but at the cost of the substitution of abstract composition and decomposition functions for detailed chemical reaction modeling. Lehman's model (1982) is a quite detailed model which includes additional steps involved in the composition and decomposition of Ca~2+ Tn. Model II contains three state variables and two non-linear composition and decomposition functions. The similarity between the non-uniform force development rate in our model and Lehman's is a suggestion that Lehman's model may contain this phenomenon. A future step will be to test the model in non-isometric experiments. One significant issue will be the extent to which muscle mechanical variables affect activation level. The existence of such a feedback loop, which is not present in our models, has been suggested by Zahalek's tight coupling hypothesis (1990), and can be observed in other systems such as insect flight muscle (Pringle 1949). Whether and how such mechanical feedback loops may effect the stable states of contraction remains to be determined.



References



Aidley DJ (1971a) The organization of muscle cells. In: The physiology of excitable cells, chap 11. Cambridge University Press, Cambridge Aidley DJ (1971b) The dynamics of muscular contraction. In: The physiology of excitable cells, chap 12. Cambridge University Press, Cambridge Almers W (1989) Excitation-contractioncoupling in skeletal muscle. In: Textbook of physiology,vol 1: excitablecells and neurophysiology, chap 7, 21st edn. Seattle, Washington Baldissera F, Parmiggiani F (1975) Relevanceof motoneuronal firing adaptation to tension developmentin the motor unit. Brain Res 91:315-320 Burke RE, Rudomin P, Zajac FE (1970) Catch property in single mammalian motor units. Science 168:122- 1 2 4 Burke RE, Rudomin P, Zajac FE (1976) The effect of activation history on tension production by individual muscle units. Brain Res 109:515-529 Ebashi S, Endo M (1968) Calcium ion and muscle contraction. Prog Biophys Mol Biol 18:123-183



523 Gordon AM (1989a) Molecular basis of contraction. In: Textbook of physiology, vol 1: excitable cells and neurophysiology, chap 8, 21st edn. Seattle, Washington Gordon AM (1989b) Contraction in skeletal muscle. In: Textbook of physiology, vol I: excitable cells and neurophysiology, chap 9, 21st edn. Seattle, Washington Gurfinkel VS, Levik YS (1974) Effects of doublet or omission and their connexion with the dynamics of the active state of human muscles. Problems of information transmission. USSR Academy of Sciences, Moscow Hannaford B (1990) A nonlinear model of the phasic dynamics of muscle activation. IEEE Trans Biomed Eng 37:1067-1075 Hannaford B, Kim WS, Lee SH, Stark L (1986) Neurological control of head movements: inverse modeling and electromyographic evidence. Math Biosci 78:159-178 Hannaford B, Stark L (1985) Roles of the elements of the tri-phasic control signal. Exp Neurol 90:619-634 Hannaford B, Stark L (1987) Late agonist burst (PC) required to optimal head movement: a simulation study. Biol Cybern 57:321-330 Hodgkin AL, Huxley A F (1952) A quantitative description of membrane currents and its application to conduction and excitation



in nerve. J Physiol 117:500-544 Huxley AF (1957) Muscle structure and theories of contraction. Prog Biophys Biophys Chem 7:255-318 Lehman SL (1982) A detailed biophysical model of human extraocular muscle. Dissertation of Doctor of Philosophy in Biophysics of the University of California, Berkeley Ling G (1992) A revolution in the physiology of the living cell: and beyond. Krieger, Melbourne, Florida Pollack GH (1990) Muscles & molecules: uncovering the principles of biological motion, Seattle, Washington Pringle J (1949) The excitation and contraction of the flight muscles of insects. J Physiol 149:29-30 Zahalek G (1990) Modeling muscle mechanics. In: Winters J, Woo S (eds) Multiple muscle systems. Springer, Berlin Heidelberg New York Dr. Blake Hannaford Department of Electrical Engineering FT-10 University of Washington Seattle, WA 98195 USA



























des documents recommandant







[image: alt]





A muscle activation model of variable stimulation ... - Springer Link 

Feb 7, 2000 - Abstract. Muscle fiber response to a train of variable- frequency pulses includes the potentiation and catch-like effect. For better understanding ...










 


[image: alt]





A myocybernetic control model of skeletal muscle - Springer Link 

objective that the two physiological controls motor unit recruitment and ..... output of an electrical second order system, the input ... VNc~(t) arriving at the motor endplate of the fibre. (see, for ...... system (5t) was integrated numerically and










 


[image: alt]





Muscle activation patterns in point-to-point and reversal ... - Research 

Feb 26, 2004 - no difference between the groups in sex or in age (p=0.43). All subjects were right handed. Protocol. All subjects participated in motor control ...










 


[image: alt]





Human skeletal muscle fibre types and force: velocity ... - Springer Link 

Abstract. It has been reported that there is a relation- ship between power output and fibre type distribution in mixed muscle. The strength of this relationship is.










 


[image: alt]





Influence of gastrocnemius muscle length on triceps ... - Springer Link 

on triceps surae torque development and electromyographic activity in man. Received: 6 October 1994 / Accepted: 4 April 1995. Abstract The present study was ...










 


[image: alt]





Journal of NeuroEngineering and Rehabilitation - Springer Link 

Mar 27, 2008 - interpreted as the degree of mutual information between the signals, allowed to recover the common source of the two signals, that is, the ...










 


[image: alt]





Stiffness of Cat Soleus Muscle and Tendon During Activation of 

contracting muscle fibers grows, there would be progressive engagement of more tendon strands so that tendon stiffness would increase ... section beryllium.










 


[image: alt]





A Model Study of Cellular Short-Term Memory ... - Springer Link 

There is evidence that spike-frequency adaptation due to calcium-gated potassium conductances modulates gain in neuronal feedback systems (Lisberger and.










 


[image: alt]





Two Components of Muscle Activation: Scaling 

in time, and â€œinvertedâ€� (or negated to produce a reciprocal pattern). These results .... amounts to calculating PC 1' and PC2' in the following form. PCl' = aPC1 + .... higher levels of coactivation (of all muscles) and prolonged activation after










 


[image: alt]





Voluntary activation level and muscle fiber recruitment of human 

Apr 9, 2004 - and MyHC expression in pure and hybrid fibre types. J Muscle Res Cell ... Westing SH, Cresswell AG, and Thorstensson A. Muscle activation.










 


[image: alt]





Muscle Activation Patterns for Reaching 

experiment subjects were asked to move at their preferred speed. .... The first part of the experiment was designed to examine the ... age at this stage is depicted in Fig. 1) . .... Pectoralis phasic components show a clear gradation of ..... the EM










 


[image: alt]





Validity and Accuracy of Equivalent Circuit Models of ... - Springer Link 

3 Antennes Processâ€”5, rue nationale. 35235 ThorignÃ©-Fouillard, France. Received December 11, 2001. International Journal of Infrared and Millimeter Waves, ...










 


[image: alt]





Electromechanical delay in the vastus lateralis muscle ... - Springer Link 

Summary. Electromechanical delay (EMD) values were obtained using a cross-correlation technique for a series of 14 repetitive submaximal dynamic isometric ...










 


[image: alt]





Muscle activation Database - Nicolas PRONOST 

Jan 6, 2012 - the marker data of the motion capturing best (see [9]). Solving of this .... functions are necessary that are able to create these files automatically.










 


[image: alt]





Wireless AC1200 Dual-Band Unified Access Point - D-Link 

proving the best coverage possible for wireless clients. ... network management, the DWL-6610AP self-configuring cluster allows a small ... mobile devices.










 


[image: alt]





Coral Farming - Springer Link 

There have been significant technical advances in marine aquarium maintenance in the last 20 years. It is now possible to maintain, grow and reproduce in ...










 


[image: alt]





Download - Springer Link 

Leg muscles were dissected out and weighed in- .... A vertebrate striated muscle fiber can contract to short lengths ..... close to the prediction of the simple theory.










 


[image: alt]





Estimating future cyanobacterial occurrence and ... - Springer Link 

Jul 13, 2016 - in lakes: a case study with Planktothrix rubescens in Lake Geneva ..... sample, total phytoplankton biomass of the previous sample) and ...










 


[image: alt]





Pseudoscience and Science Fiction - Springer Link 

Authored by practicing scientists as well as writers of hard science fiction, these ..... strange notion of â€œpredictive programmingâ€�, whereby science fiction itself is.










 


[image: alt]





Oligochaeta, Eudrilidae - Springer Link 

age 17 days after deposition and produced two juveniles on average. Paired individuals fed soil amended with 2% coffee residues grew significantly (P










 


[image: alt]





stimulation methods - Springer Link 

2UniversitÃ© d'Auvergne, Image-Guided Clinical Neuroscience and Connectomics ... Keywords Deep brain stimulation 4 Parkinson's disease 4 Essential tremor 4 ...










 


[image: alt]





Coastal Engineering - Springer Link 

The competent coastal engineer must develop a basic understanding of the characteristics and physical behavior of the coastal environment, as well as be.










 


[image: alt]





Download PDF - Springer Link 

Jul 30, 2014 - motors and/or absolute encoders on both axes. ...... finer control and monitoring of what happens at the system clock level. In any case, people interested .... narrow band filters rather than through integrated (visible) light. ......










 


[image: alt]





Neurosurgical Technique Novel application of ... - Springer Link 

Feb 26, 2007 - Novel application of computer-assisted cisternal endoscopy for the biopsy of pineal region tumors: cadaveric study. A. S. Youssef1, J. T. Keller2 ...










 














×
Report Dual stable point model of muscle activation and ... - Springer Link





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



