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ABSTRACT A parameter identification scheme was applied to the study of the dynamic properties of resting (nonstimulated) striated muscle. This method makes it possible to study muscle dynamics by performing simple experiments and provides an analytical method for evaluating nonlinearities. This approach revealed the presence of a “tension feedback” component in resting muscle. In addition, certain dynamic characteristics of striated muscles were correlated with their structure.



INTRODUCTION



The dynamic characteristics of a muscle were studied by constructing a mathematical model and applying the parameter identification (PI) approach to analyze input-output relationships. Frog sartorius and gastrocnemius muscles (Rana pipiens) were used. The muscles were analyzed both in their passive “open-loop” mode and in their reflexive “closed-loop” mode. This study revealed that muscles with structural differences possess different dynamic characteristics. These characteristics can be related to parameters representing structural differences. The parameters in both modes were analyzed, and their numerical values were determined. The * Present
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PI scheme was demonstrated to be a useful analytical tool since it does not require the performance of separate physiological experiments to evaluate many of the muscle’s parameters and can evaluate linear as well as nonlinear characteristics.



THE PREPARATION



The frog was selected as an experimental animal mainly for the reason that frog muscles spindles do not have a separate gamma system, which is a complicating factor present in studies of mammalian muscles. In addition, it is known that the higher brain centers in mammals exert a greater influence on spinal cord mechanisms than in amphibians. This manifests itself in a very short time course for spinal shock. Thus, pithing the frog induces smaller changes in actual muscle performance than in preparations utilizing a cat, and better-defined and more relevant data can be generated.



METHODS



Small and medium-size Rana pipiens frogs were used. After pithing of the frog, it was secured to the experimental board by means of pins driven through the pubic and tibia1 bones. The muscle, sartorius or gastrocnemius, was exposed, and its tendon secured to a tension transducer. The tendon was cut after the muscle length, at rest, was measured. The muscle was carefully separated from its neighboring muscles, with its nerve and blood supply intact. The muscle was then pulled by a servocontrolled pen motor. The tension and length were measured simultanedriving the ously and recorded on a tape. The muscle was stretched, motor pen with various wave forms and amplitudes at frequencies ranging from 0.1 cps to 10 cps. The trapezoid-type wave form, with varying rise time during stretches of up to 15 % of rest length, was considered to cover the physiological range of frequencies and amplitudes. The first part of each experiment consisted of applying the various stretches to the muscle in the reflexive closed-loop mode, that is, with spinal cord and dorsal and ventral roots intact. After sufficient data were collected and while the muscle was stretched, the sciatic nerve was cut, and the second part of the experiment began. Similar data were generated for the open-loop passive mode. A short transient period of a few seconds was allowed between the two modes to allow the muscle to establish its new equilibrium state. The collected data were then prepared for computer analysis by card punching the digitized information. Mathematical
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PARAMETER



IDENTIFICATION



SCHEME



The parameter identification (PI) approach may be looked upon as a practical approach to the modeling of dynamic systems. The general modeling problem addresses itself to the mathematical characterization of input/output relationships of a black box. A satisfactory answer to this general problem is extremely difficult to obtain. In practice, however, some a priori knowledge of the system, such as the general system structure, is either known or can be postulated. Then the problem becomes one of estimating a set of parameters that best describes the dynamics of the black box having this structure. This is the essence of PI approach and only in this sense does the PI yield unique results. For a given system structure, changing the structure of the system will yield a new model with new PI results. When using the PI scheme for biological studies, the foregoing nonuniqueness problem can be overcome if the parameters of the models are correlated with the physiological and structural properties of the system under investigation and are not being selected merely to achieve “best fit.” Many PI schemes are currently in use; some apply to on-line problems where the identification is being performed in real time; and some are off-line, which is the method used here. These methods differ also in their approach to nonlinear problems. The method used in this study was selected for its simplicity and flexibility in the selection of the nonlinear portion of the model. The method, due to T. C. Hsia [I], is based on the least-squares fit of the sampled input-output data to the discretized system differential equation. The advantage of this method is that the data can be conveniently handled and processed digitally, and the nonlinear portion of the model can take a variety of forms without any restriction on their location in the model.



THE



MUSCLE



MODEL



The structural and functional characteristics of striated muscle have been extensively studied. The general topology of the muscle was found to be the same in all vertebrate striated muscles, including human muscles. In the past, the properties of muscles were mainly studied by performing experiments whereby all variables were kept constant except for two. In this way a partial relationship was established, and a model was built from these separate experiments. This is a very efficient method in eliciting some of the properties that are hard to distinguish when studying the entire complex system. However, this method suffers from inaccuracies Mathematical



Biosciences



7 (1970). 61-79



64



GIDEON



F. INBAR,



T. C. HSIA,



AND RONALD



J. BASKIN



when an attempt is made to put the separate components together, since they have been evaluated under different conditions. The experimental results have led many investigators to construct a mechanical equivalent to muscle dynamics. Figure 1 shows the spring



\\\\\\



(b) FIG. 1. Muscle model: P, active force generated via nerve stimulation, K, elastic component due to the muscle tendon; C1 and B, the viscoelastic properties of the muscle bundles; C2, the nonlinear component, as defined for the various models.



dash-pot equivalent in its linear portion. the muscle properties using the equation T = To exp(-al)



Fenn



and Marsh



[2] described



- Ki



where T is the tension, t is the velocity, L is muscle length, and To is the resting tension. Hill [3] used a different equation (derived for active muscle) : (T + a)(i + b) = K where a, b, and K are constants. Mathematical Biosciences 7 (1970), 61-79
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From observations of tension versus change in muscle length in the passive or reflexively active modes, it is apparent that nonlinearities are involved in the muscle under study. The asymmetry in tension developed upon triangular or trapezoidal changes in muscle length, and the constant hysteresis loop in the phase relationship between length and tension regardless of frequency are indicators of the nonlinearities. Brown [4] proposed a model to account for the nonlinearities: rp-



T=KL-r--L



where r, f, and K are not constants but are dependent on T, L, and t, in some cases in a nonlinear fashion. Despite its generality and inclusion of nonlinearities, there was no analytical expression given to r, f,and K, and they had to be generated and plotted graphically for each muscle. The PI method makes it possible to study the muscle dynamics by performing simple experiments and provides an analytical method for evaluating nonlinearities. Based on the data that were generated in the experiment and on the current understanding of the contractile mechanism and the functional properties of proprioceptors, a few models were suggested and their validity tested. The study was divided into two parts: studying the sartorius in passive and reflexive modes, and using the same approach to study the gastrocnemius. These two muscles were selected because of their different structure, the first being a bipennate and the second a tripennate muscle. The models proposed were as follows. (a) A simple linear model: The equation for this model can be derived by writing the equations for equilibrium of forces at node (a) in Fig. 1. The result is KX, = c,X-2 + B&, (1) X, = X - X,. Substituting yields



(2) into (1) and writing



‘j”,_s~+!%~+ B



(2)



the tension



B



equation



for node (b)



KX



or



The last equation was used for the identification; the conversion back to the model parameters is given in the following section. (b) Since it was known that muscles had exhibited nonlinearities, a nonlinear element was added as follows. As the muscle changes its length or active tension, it was assumed that the force on the sliding A4athernatical
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filaments perpendicular to their motion increases. As a first approximation, to account for these forces, the term C2 = K(X - a) Signum _F2 was added, and for identification purposes separated to C, Signum _%?2 + CJ Signum Z2. The Signum 2 function signified the fact that the new forces opposes the direction of muscle motion, like friction. The model equation can be derived as follows. Nonlinear



Variable



Friction



The equilibrium



Model;



equation



C, =



[C, + C&J



sgn T2



of forces at node (a) in Fig. 1 is



KX, = C,X, + By2 + [C, + C,X] sgn x2 + P, X, = X T = KX,



Substituting equation. p=---_



X1,



= C,X,



(4)



+ BA?2 +



sgn T2 + P.



[C, + CJ]



(4) into Eq. (5) yields the following



K + Cl B



(3)



nonlinear



(5)



differential



T+3x+KP -I- T



X sgn 8, + :



C, sgn ri, + f



P



(6)



or ~=K,T+K,X+K,k+K,sgn~~++K,~sgn~~+~’ where the conversion



to model parameters



K = K,,



--K,&



Cl = K,



K, +



K,K,



KI + KX,



’



K, -I- K,K,



The PI scheme used in this study required equation into difference equations. Discretizing



By Taylor



Model



Equation



into DifSerence



’



the discretization



Equation



series expansion f(t



+ At) =f(t>



+f(t,At



+ ..



Let t = m and T = At where 7 is the sampling f(nT Mathematical Biosciences
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O(T) terms f(nT)



f(n7 + T>- f(nT)



=



(7)



7



Discretizing



the variable



friction



model equation,



we get



~=K,T+K,X+K,~+K,sgn8+K,Xsgn~~ Substituting



Eq. (1) for the derivatives,



we get



x(tlT +



K,X(nT



+



T)



+



+



T)



&



-



X(nT)



7



+ & s?iW[X,(nT+ T> - X,(nT)]



(8)



+ &,X(nT + T)Sgn[XdnT + T) - x,(nT>]. Equation



(8) can be solved for T(flT



+



T)



T(nT



+



7):



KIT + K,



X(nT + T) 1 _ K



=



K3



-



x



X(nT)



+



K37



1 -



37



1



~



1-



K37



T(nT)



+



$+ 37



x Sgn[X2(nT+ 7) - x3(m)] -t ~ l-



K37



x X(nT + T)Sgn[X,(nT + T) - X,(nT)]



or T(?TT +



T)



=



&X(nT



+



D, +



where the conversion



+



T)



Sgn[X&nT &X(nT



+ +



+



4



+ D,



T)



-



+



7



+



-



K, =



1.0 >



O3T



K, =



-



X&T)]



equation



is



--D, D3



K,=+



T)



of the differential



&T



D,



D3T(KT)



X&T)]



T)Sgn[&(nT



to the parameters K,=



D,X(nT)



and D3T



’



K,=s. D3T



(c) For the closed loop it is known that both the muscle spindles and the golgi tendon organs increase their rate of discharge as the muscle is being extended. It is also known that they stop discharging when the muscle is released or its length decreases rapidly. Two terms were added Mathemafical
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the proprioceptors



respond



X2 + C,X sgn X2



where pgn X2 = 1.0 for velocity greater than zero and zero otherwise; and sgn X2 = 1.0 for lengthening of the muscle or for zero velocity and zero for decreasing length. The model equation is p = K,X + &k



+ I&T + K& pgn X2 + KJ



sgn X2.



(d) The last model assumed that the contractile element generates one component of force opposing the extension of the muscle that is proportional to the tension developed, that is, a local feedback within the active element itself. Again, it was assumed that this force will be zero during quick release of the muscle after extension: C, = C,T sgn X2. The model equation



is



7” = K,X + K& Of-Line



Parameter



Identification



+ K,T + K,Tsgn



X2.



in D@erence Equation



Difference equations arise when functions of a discrete variable are considered. Any system whose input U(t) and output X(t) are defined only at the equally spaced intervals t = kT is described by the difference equations A,X(kT + nT) + A,_,X(kT + nT - 1) + . . . + A,X(kT) = b,U(kT + nT) + . . . + bOU(kT) where k, m, and n are integers. By this equation, the value of the output at the instant t = (k + n)T is expressed in terms of the past outputs from t + kT to (k + n - 1)T and in terms of the inputs from t = kT to (k + m)t. For nonanticipatory systems m < n. If the time scale is adjusted to T = 1, then for n = m AnXk+tz + An-Jk+n--l



+ . . . + A,&



or solving for the output A,, we get x



k+n



=



= b,,U,c+, + . . . + b,U,_,



at (k + n) and normalizing



b,Ukt_,, + ’ ’ ’ + b,U,



- an__1Xk+n-_l-



+ bJJ,c



the parameters



to



’ ’ ’ - aoXk



or X k+n



=J+JJk,~



-;&xk+i



=



C&p



where II is the order of the system equation, k is the sampling point, the input-output vector and parameters vector are, respectively, 4; ’



[u, ’ . . &+n, x,



. xk+n-ll
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The error is defined as e, = q;P - XK+ To minimize



the least square error with respect to P we use



where N is number



and interchanging



of sampling



of U and X. Substituting



points



for e,:



limit of sums with sum of limits yields P = R-9



where



and r = lim L $qkXk+, iV+m N k=l For the muscle nonlinear for identification is



variable



T(kr + T) = QX(kT



friction



model,



the discretized



equation



+ T) + D,X(kT) + &T(kT)



-I- DA sgn[X2,(kT + T) - X2&)1 + &X&-r + 7) Sgn[XdKT + 7) - XdkT)] and the parameters



and input-output p’ s



vectors are



&I, q; A [X&T),S&T + T), T&T), y&T), Z&)1 [D,,



4,



-&r



D,,



where Y(kT) = Sgn[X,(kT iz(kT) = X(kT + EXPERIMENTAL
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RESULTS



A typical result for the given experiments is shown in Fig. 2. These results were analyzed by the computer. The models were studied by comparing their response to various stretches with the experimental results. Table I summarizes the results for the two types of muscle in their Mathematical Biosciences 7 (1970), 61-79



TABLE I K



8.9 4.69 6.09 -0.0857 5.05 6.85 7.38 7.39 2.097 3.88 0.53 -0.292 0.53 0.324 0.0168 42.3 44.76 50.18 -2.73 28.59 36.3 38.3 42.7 -2.5 23.56



Model



Linear Fixed friction Variable friction Length and vel. F.B. Tension F.B.



Linear Fixed friction Variable friction Length and vel. F.B. Tension F.B.



Linear Fixed friction Variable friction Tension F.B. Length and vel. F.B.



Linear Fixed friction Variable friction Length and vel. F.B. Tension F.B.



Linear Fixed friction Variable friction Length and vel. F.B. Tension F.B.



Mode



Closedloop reflexive



Openloop passive



Closedloop



Closedloop



Openloop



90.8 175 34.4 3.5 12.8



112 260 40 3.3 15.9



1.445 0.16 1.06 0.285 0.0169



8.85 17.2 7.3 -0.59 2.77



19.7 -50.6 7.06 0.0872 3.15



Cl



11.7 32.9 3.9 0.049 0.472



14.8 53 4.7 0.037 0.696



11.21 -0.508 6.25 3.9 0.0047



9.02 10.6 3.2 0.163 0.27



4.75 -9.2 1.oo 0.0002 0.29



B



113 38.4 0.66 1.08



-193 -50 -0.54 -1.067



-1.35 -4.19 -1.73 0.1099



12.6 -22.2 0.1171 1.29



65 -12 -0.0164 1.18



C3



25.5 -14.53



32.2 -10.69



-0.0238



0.809



11.92 4.99



12 -0.2154



c*



96 96.5 66.8 60.6 431.4



126 129 86 102 166



0.1826 0.1436 0.0542 0.1079 0.027



10.6 11.5 9.46 6.52 2.99



13.2 12.2 6.7 9.8 4.4
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FIG. 2. Typical muscle response to various mechanical stretches. (A) Frog’s sartorius muscle response to triangle-type stretches; (B) Same muscle response to trapezoidtype stretches (L., change in muscle length; f, change in muscle tension as a response to change in muscle length).



open- and closed-loop modes. In addition, a comparison is made with data generated by Brown [4] on the gastrocnemius of the cat. To evaluate the goodness of the fit numerically, a standard measure of error (SE) was established : SE = + &f(I)



-



TS(1)]2.



However, the results were also plotted to evaluate the quality of the identification, the main reason being that standard error (SE) gives no information on the qualities of the response as far as overshoot, smoothness, and time constants are concerned. Figure 3 shows the results for the sartorius in the reflexive closedloop mode. Note that (a) the linear model yields a symmetric output, unlike the muscle, which has only a minor undershoot (triangled plot Mathematical
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(b) The variable friction for the model, continuous line for the muscle). model gives better time constant on the rise and fall time but does not (c) The velocity length feedback yield the proper elasticity or overshoot. due to proprioceptors yields a better fall time but otherwise provides the poorest fit. (d) The tension feedback model provides the best results in all respects (time constants, proper asymmetry, etc.). Figure 4 shows results for the same muscle in a passive mode. The open-loop results are similar to the closed loop ones. With the use of proprioceptor feedback, however, a poorer fit resulted. Figure 5 shows results for the gastrocnemius in the reflexive mode. The results are similar to the sartorius for the linear and proprioceptors feedback models. However, the tension feedback yields an oscillatory response, while the variable friction is the one that yields the best fit. Figure 6 shows the results for the same gastrocnemius muscle in the passive mode. The results are generally similar to those for the closedloop mode with minor numerical deviations. Figure 7 shows the results for the decerebrate cats’ gastrocnemius. In this case of a highly excitable spinal cord, the model that includes proprioceptor activity yields the best fit.



DISCUSSION



The purpose of this investigation was to study muscle dynamics in different types of muscles and to demonstrate how PI methods can facilitate such studies. Two experimental results were unexpected. First, the differences in total tension developed between passive and reflexive modes were smaller than expected. During the experiment, the preparation exhibited reflex activity, which ensured that the spinal cord and the muscle loop were viable, even though deprived of higher CNS connections. At the end of the experiment, the sciatic nerve leading to the muscle under study was stimulated, and the muscle tetanized to further ensure that the preparation had not been damaged. Tetanizing the muscle generated tension in excess of four times the tension developed during a 15 % muscle extension. The second unexpected result was the marked differences between the sartorius and gastrocnemius as elucidated by the PI studies of both muscles. It should be noted that visual inspections of results similar to those shown in Fig. 2 could not hint at such differences. For the simpler bipennate sartorius where internal pressure could not be a dominant factor in the acting forces, especially in the passive mode, the extension of the linear model with a variable friction component did not change the model parameters significantly. However, the tension Muthtmatical
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FIG. 5. Frog’s gastrocnemius muscle in closed-loop mode and the various models response to a trapezoidal stretch. (A) Linear model response; (B) muscle receptors model response; (C) variable friction model response; (D) tension feedback model response. Tension in grams x 100, time in seconds; marked line represents model response; continuous line, muscle response.
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feedback component changed the parameters and improved the fit. In the tension feedback mode, the value of K, the series elastic element in Fig. 1, has (for the same muscle) half the value determined for the linear model. Larger variations appear in the other parameters. The linear model needs no explanation, since the spring and dashpot arrangement has been proposed before [5]. The tension feedback component may be a result of filament cross-bridge interactions. It seems, however, that as the muscle is extended beyond the length at rest, the forces developed are related to the existing tension, with active force increasing as tension is increased. When the muscle is then released, this active component vanishes or at least diminishes enough to justify the term C,T sgn 2. The recent work of D. K. Hill [9] lends considerable support to this argument. He has shown the existence of a “filamentary resting tension” (FRT), which he postulates is due to the existence of a small number of “active” cross bridges linking the actin and myosin filaments. Studies on volume changes during passive stretch [lo] also support the hypothesis that “active” forces are involved. For the closed-loop reflexive mode, it is known that the proprioceptors respond to change in length and velocity [6, 71. Assuming fixed gain across the spinal cord loop [8], two terms were added to this model. To control the identification of this model, the new parameters were added to the same muscle in its open-loop mode. For the sartorius, no improvement was evident when adding these parameters. In comparing, however, the open- and closed-loop modes, it is clear that for the same model the parameter value is not the same. For the linear model the muscle in closed loop appears to be stiffer but less viscous. For the case of best fit with tension feedback, the same stiffness occurs, but the tension feedback is reduced. Since the parameters do not change by more than 20x, it appears that the proprioceptors in frogs do not play a major role in a servo follow-up loop in their reflexive mode. (To be effective, the variations should have been of an order of magnitude larger.) The same general results apply to the gastrocnemius from the frog. A distinct difference appears in the variable friction model [II]. In this model the gastrocnemius yields results that overshadow the tension feedback model. Further evidence as to the more pronounced frictiontype forces in the gastrocnemius results from the fact that the open- and closed-loop modes responded equally well to this model. Finally, it should be noted that by linearizing the muscle model, the parameter most affected is viscosity. In all suggested models, when the nonlinearity was accounted for by the active component, inner pressure, or the action of proprioceptors, the viscous component was substantially reduced. It Mathematical
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appears that this component in past modeling attempts the most active aspects of the contractile mechanism.
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