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ORBJTAL MECHANICS



CARTER C. COLLINS In recent years there have been a number of approaches to the study of the contro! of eye movements, as witnessed by the variety of topics covered in the first half of this volume. For the present study, the word "control" is used to imply a neuronal input system which has adapted to the viscoelastic properties of the oculomotor plant, that is, to the mechanical system supported and rotated within the orbit. At the present time, our comprehension of orbital mechanics is rather fragmentary. The MUD (mechanical underlying determinants) restraining ocular motion must be probed more deeply in order to better understand the interactions of the biophysical forces mediating the control of eye movements. Surprisingly few physiological studies aimed at determining the mechanical properties of isolated oculorotary muscle and globe restraining tissue have been performed. When this information has been needed for eye movement modeling purposes it has often been borrowed from the classic examinations of skeletal muscles. Inasmuch as these experiments serve as excellent prototypes for the needed orbital mechanical studies, a few are mentioned here: Fick(1871) determined the coefficient of elasticity of muscle, which he reported changed with stimulation. Blix (1892) first determined the length-tension characteristics of skeletal muscle. Dynamk, quick-stretch experiments were performed by Schenck (1895). Gasser and Hill (1924) devised a viscoelastic model of active muscle, and determined that both the coefficients of viscosity and elasticity increased during stimulation. Levin and Wyman (1927) organized the active components of muscle as we know them today into a viscoelastic contractile element with an undamped series elastic element. Buchthal and Kaiser (1951) determined the dynamic elastic and viscous stiffness of isolated fibers, and described the contractile process as a shortening of long chain polymeric molecules. A number of studies of the mechanics of the intact eye have been performed in recent years, notably by Westheimer (1954), Hyde (1959), Vossius (1960), Boeder (1961), Fender and Nye (1961), Young and Stark (1963), These investigations were supported by Public Health Service Research Grant 5 ROl EY 00498 and Program Project Grant POl EY 00299 from the National Eye Institute, and Contract N0014·70C-014l from the Offic-e of Naval Research.
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Robinson (1964), Stone, Thomas and Zakian (1965), Cook and Stark (1967), and Zuber (1968). However, biophysical studies of the orbit, i.e., isolated oculorotary muscle and globe restraining tissues, have been more limited. Robinson et 01., (1969) an-d Collins, Scott, and O'Meara (1969) have reported observations on the static properties of human oculorotary muscles. We are now in a position to report some preliminary dynamic studies of isolated oculorotary muscles and globe restraining tissues, primarily carried out on cats but with some observations on humans. The first section of this chapter thus treats the static and dynamic mechanical properties of the orbital elements of the cat under conditions of graded stimulation. These preliminary investigations have resulted in a conceptual model of the mechanical part of the oculomotor system from which we will base further investigations of the human oculomotor plant. The second section of this chapter deals with measurements of the mechanical characteristics of the human eye movement control system. Although these measurements are less complete than those of the animal investigations, nevertheless, insights derived from the mechanical measurements and calculations of the oculomotor system of the cat permit us to guide our further research and interpretations of mechanical parameters of the human oculomotor system which may be of clinical significance. Inasmuch as 20 to 40 percent of strabismus cases require reoperation (Costenbader, 1961), there is an evident need to improve our knowledge of the relations between the mechanical defects of strabismus and the mechanical surgery' applied to overcome them. It is hoped that numerical evaluation and a conceptual and analytic description of orbital mechanics will contribute a better quantitative understanding of both the neural and the mechanical deviations from normality found in strabismus. MECHANICAL CHARACTERISTICS OF CAT OCULOMOTOR APPARATUS



The static and dynamic mechanical characteristics of orbital tissue in the cat werestudied with the experimental apparatus shown in Fig. 1. The electromechanical tissue dynamometer applies a predetermined displacement and measures force and displacement in the tissue being studied. In different experiments described below, sine, ramp or step functions of length have been imposed upon the tissue, while recording the concomitant tensile force as a function of tissue length. From these recordings appropriate calculations result in values for the mechanical properties of elasticity and viscocity for each type of tissue studied. The first portion of results analyses the mechanical characteristics of the globe restraining tissues, leading to a mechanical model (Fig. 2-7); then the characteristics of passive elements of the muscles will be described (Figs. 8-14); thirdly, determinations of the viscoelastic properties of the active contractile element of oculorotary muscles will be presented (Figs. 15-24). The combinations of these various componentsof the cat oculomotor plant will result in the models of Figs. 25 and 26. 284



THE CONTROL OF EYE MOVEMENTS



RAMP



~ENERATOR



>---...-/



.~~~~-;;j~--..lj'l



SCOPE CAMERA



X-YOSCILLOSCOPE OR CHART RECORDER Fig. 1. Apparatus for measuring the dynamic mechanical properties of orbital tissues. Force and displacement are applied and measured by an electromechaniciil tissue dynamometer consisting of a galvanometer penmotor driven by a power amplifier with arbitrary input functions. For these investigations sine, ramp and step functions have been imposed upon the length of the tissue studied and the concomitant tensile force has been continuously recorded by means of a four-arm foil strain gauge force transducer bridge mounted at the base of the tissue lever (galvanometer pen). The position of the moving end of the tissue lever is detected by means of a photoelectric position indicator utilizing a lightweight front surface mirror (made of a microscope cover slip) attached to the underside of the arm. The mirror reflects collimated light through a wedge-shaped slit to a photocell whose output is proportional to lever arm position. This instantaneous tissue length measurement is recorded simultaneously with tissue tension by means of an x-y oscilloscope to produce dynamic length-tension curves or tension-time records. N VI stimulus is independently programmed to occur at the required times during the automatically controlled experiment.



Globe restraining tissues



The length-tension characteristics of the cat globe restraining tissues were obtained by slowly rotating the globe of an anesthetized cat at a constant low velocity of tissue extension (5 degjsec). A ramp function of displacement was imposed upon the tissues being measured while the force required to extend the tissues was concomitantly measured by means of the strain gauge force transducer bridge affixed to the base of the galvanometer motor driven force lever. Fig. 2a shows the results of rotating the intact globe (with passive oculorotary muscles attached) and Fig. 2b depicts the length-tension characteristics of the isolated cat globe restraining tissues (horizontal rectus muscles detached from the globe). In the second case the magnitudes of the forces and elasticities are somewhat smaller, since the parallel mechanical impedance of the horizontal oculorotary muscles has now been removed. Superimposed upon this static length-tension curve, a small amplitude (less than 1 mm peak to peak) high velocity, periodic tissue
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FiS. 2. Length-tension characteristics of the passive tissues restraining motion of the globe in a cat. These curves were obtained by rotating the globe in the horizontal plane by means of a suture firmly attached to the limbus, wrapped slightly over the cornea and pulled tangentially by the tissue dynamometer at a constant rate of five degrees per second. a) Upper curve: intact globe with all muscles attached. b) Lower curve: horizontally isolated globe with medial and lateral rectus muscles surgically detached from their insertions on the globe. Calibrations: horizontal: 1 mm per em; vertical: 5 gm per em. Primary position of the eye is about 1 square from left edge of graph. The ellipses were produced by short bursts of small 20 Hz sine wave displacement of the globe, and show the dynamic response characteristics superimposed on the static length-tension curves. Note that the dynamic slope (or stiffness) is considerably greater than the static slope in all cases.



oscillation was applied in the form of a sine wave of displacement of the arm at a fixed mechanical frequency of 20 Hz. The amplitude of the oscillation corresponded to a peak velocity in the neighborhood of 300 to 600 degjsec., within the saccadic realm of eye movement velocities. It can be seen from these measurements that the elasticity and stiffness is higher for the high velocity movements. During these experiments it was noted that the stiffness or steepness of the slope did not significantly increase as the mechanical frequency or velocity of pull was increased beyond the equivalent of 600 degj sec. (20 Hz). Consequently, the steepest slope (the slope of the major axis of the ellipse) should correspond to the elasticity of the elastic element which is not encumbered by a large parallel viscous element. The flatter slope, on the other hand, represents the steady state elasticity measured at or near the point of temporal equilibrium of forces. This steady state elasticity repre-
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sents the series addition of the elasticities of all elastic elements constituting the equivalent mechanical model of the tissues measured. The mechanical dissection of the magnitudes of each of the elements comprising the model will be treated later. Suff~e it here to note that both the static and dynamic elasticity of these tissues increases with tension and extension of the tissue. From Fig. 2b it is also possible to derive a measurement of the viscosity of the globe restraining tissues by measuring the minor axes of the ellipses or by measurement of the area included within the ellipse. The minor axis (or more exactly, the vertical or force displacement between points of maximum velocity) is an indication of the force required to displace the tissues at the maximum difference of velocity inherent in sine wave displacement. This velocity difference is proportional to 21T fL, where f is the frequency of the mechanical displacement in Hz, L is the maximal displacement of the sinusoidal motion in mm, and 1T = 3.14. The area contained within an ellipse on the length-tension diagram is a measurement of the energy dissipated per cycle of sinusoidal oscillation due to the viscous resistance of the tissue. Fig. 3 shows the result of a step function of force applied to the isolated cat globe. This is an isotonic experiment (0 applied force) in which the isolated cat globe was pulled to 25° from the primary position and then suddenly released. Under these conditions, a constant (0) force was applied to the globe and the time course of displacement recovery towards the primary position was measured by means of a photoelectric eye position indicator (O'Meara, 1966). In this recording, it will be noted that the displacement recovery occurs in more than one step. This recovery can be approximated by two exponential functions, one high velocity recovery segment with approximately a ten millisecond time constant followed by a much longer time constant recovery of approximately eight hundred'''ri1illiseconds. It can also be noted, in the isotonic displacement recovery of the isolated globe shown in Fig. 3, that the excursion amplitudes of the slow and fast phases are different. From them we can calculate the ratio of stiffness of K1G and K 2G , the elastic components associated with the fast and slow
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Fig. 3. Dynamic mechanical response of a horizontally isolated cat globe to quick release from a lateral displacement of 4 mm (25 deg). The vertical axis represents eye position recorded with a photoelectric limbus sensing device and is plotted as a function of time. It may be seen that the medial return of the eye toward primary position occurs with fast and slow time constants of approximately 10 and 800 milliseconds respectively. These characteristics are ascribed to the viscoelasticity of the passive tissues restraining motion of the globe (not including passive muscle elements).
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time constants of the globe restraining tissues. These calculations are corroborated by the values from the Qata of Fig. 2 (with low and high velocity ramp and sinusoidal displacements). These measurements made on the isolated cat globe all indicate that there is more than one elasticity associated with these tissues. When the component elasticities are calculated as being effectively in series with one another, we can relate the magnitude of the elasticities by the following expression: - K1G K2G KCG K1G + K2G Now, since we have measured KCG (the steady state combined elasticity of K1G and K2G in series), and we have measured K1G (the fast responding elastic element), we can calculate K2G as: - K1G KCG K2G K1G - KCG The process of ferreting out individual elasticities by calculation might be called mechanical dissection of the tissues. The measured and derived values of elasticity or stiffness are plotted in Fig. 4, as a function of tension of the globe restraining tissues. Note that the values of all of these coefficients of elasticity are not constant, but vary linearly with the tension in the tissue being measured. It will be seen later that the relation of these elasticities to tissue length is non-linear. . The data contained in Fig. 3 allow us to calculate the viscosity (B) of the tissues from the time constants of isotonic recovery. This is done in the following manner. Since we know the values of K, we can calculate the values of B at any point on the recovery curve: B = KT, where T is a time constant. These calculated values are substantiated by those derived from sine wave analysis. The value of the coefficient of viscosity, B, is not constant, but (like the value of the coefficient of elasticity, K) varies linearly with tension in the tissue. The values of K and B derived from sine wave analysis are plotted as functions of tissue length in Fig. 5 and 6. In each case we clearly see the nonlinear relationship between these coefficients and eye rotation. Since linear relationships are more easily dealt with both analytically and conceptually, we will make use of the coefficients K and B as (linear) functions of tissue tension, T. These elasticities and viscosities can be arranged in a mechanical model or analogue of the cat globe restraining tissues, as shown in Fig. 7. Since both the K's and B's vary linearly with T, and since T = B/K, the values of the mechanical time constants TIG and T2G remain essentially fixed with changes of tissue tension.
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Fig. 4. Mechanical dissection of the values of the elasticities of the fast and slow elements of the passive tissues restraining motion of the globe. KCG, the combined series elasticity measured at or near steady-state conditions, is obtained from the slopes of smooth curves-such as shown in Fig. 2b. K1G. the elastic component associated with the fast time constant of the globe restraining tissues, is calculated from transient or dynamic measurements such as step (quick release, Fig. 3) or sine functions (as in Fig. 2b). K2GI the elasticity in parallel with the high viscosity, slow responding element of globe restraint, is calculated as: K 2G K1GKCG/K1G-KCG It will be noted that none of these elasticities remain constant, but vary with eye position or tension in the tissue. The variation of elasticity appears to be linearly related to the tension of the globe restraining tissue, and is plotted as such here with the analytic expressions for the various elasticities.



=



Passive element of cat oculorotary muscle



If we attach the tissue dynamometer (Fig. 1) to an oculorotary muscle of an anesthetized cat without stimulating the nerve to this muscle, we can measure the mechanical properties of the passive elements of the muscle.



289



CARTER C. COLLINS



2.5 r---.--,--.,.--.-----.----.---r--,...---,



2.0



" 1.5



"C» " ~



E en



~I.O



0.5



OL..------.L_----'--_--L-_...L..----'L........-----L._--..L-_-'--~



o



6



12



18



24



30



36



42



48



54



Globe Rotation, Degrees



Fig. 5. The dynamic elasticity of the cat globe restraining tissues, K, varies non-linearly with eye position as plotted here. These values were taken from the slopes of the major axes of the lengthtension ellipses of Fig. 2b, which were obtained by driving the eye with relatively high velocity sine waves (20 Hz, 300 degrees per second eye movement) with 5 degrees or less peak to peak displace, ment. The normal range of rotation of the cat globe from primary position is probably not over 35 degrees (Richardson and Davis, 1960).



We have performed measurements similar to those of Fig. 2 in order to evaluate the various components of the passive muscle. Fig. 8 shows the results of an experiment in which the rate of extension ora cat right lateral rectus muscle was varied between the limits of 0.2 mm/sec and 100 mm/sec, the latter corresponding to some 600 deg/sec (saccadic velocity). The lowest rate of movement indicates the static or steady state length-tension characteristics of passive muscle since lower rates resulted in the same length-tension curve. The slope of this length-tension curve permits estimation of the static elasticity. This represents the series combination of the series elastic and parallel elastic elements of the passive component of oculorotary muscle. As the rate of pull is increased, we measure a component of force due to the viscous element of passive muscle. Both the viscous and elastic elements of passive muscle can also be calculated from experiments in which a step function of displacement is applied to the passive muscle, as shown in Fig. 9. This figure illustrates the isometric 290
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Fig. 6. The viscous resistance of the cat globe restraining tissues, B, as calculated from 20 Hz sine wave measurements similar to those of Fig. 2b. Because of the great disparity in magnitudes of BIG and B2G (Fig. 7) we can estimate BIG as the force component 90 out of phase with a high frequency sinusoidal displacement of the tissue. 0
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Fig. 7. A mechanical model of the globe restraining tissues of the cat combining the values for the elasticities, K, derived as previously discussed. The fast and slow time constants, TIG and T2G can be measured directly from quick release data. The values of viscosity BIG and B2G can also be obtained asB=KT. Note that although both Band K vary, they do so in a parallel fashion such that the time constant T = B/K remains essentially fixed in value.
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Fig. 8. Cat lateral rectus muscle length-tension records made under passive conditions at various constant velocities of muscle pull (ramp data). The tension required to extend a muscle at higher velocities is greater due to the viscosity of the passive muscle.
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tension recovery time course following a one mm step decrease in muscle length. The same methods as employed in the previous section are applicable to the data of Figures 8 and 9, in order to evaluate both the elastic and viscous components of p~ssive muscle. Measurements and calculations from both these forms of data tend to match one another. The results of these determinations are shown in Fig. 10, illustrating the dependence of the various elastic components of passive muscle upon the tension in the muscle. Note that, as in the case of the globe restraining tissues, MEAN DATA, 4 CATS 3.0 "......---,..---,-....,.....----,r--_--.---.,..,..--.,--.....,
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Fig. 10. The values of the coefficients of elasticity (K) of the various passive muscle components of the cat were obtained from quick-release data such as in Fig. 9. These figures increase linearly a[}d quite rapidly with tension in the passive muscle.
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the elasticities vary linearly with muscle tension. Also observe here the extreme steepness of the slopes of the coefficients of elasticity as functions of muscle tension. Separate measuremehts at low (following) velocities of eye movement have yielded the data shown in Fig. 11, in which viscous force is plotted as a function of velocity of extension with muscle length as a parameter. It is seen here that the force velocity relationship is linear, indicating that at given muscle length and at low velocities, the viscosity of passive muscle is Newtonian, that is, the viscous force is proportional to velocity of movement up to 30 deg/sec. This indicates that there is a constant coefficient of viscosity; B = TO, under these conditions, where T is tension and 0 is velocity (Collins, Meltzer, O'Meara and Scott, 1969). The family of different slopes indicate the coefficient of viscosity is a function of muscle length. As with elasticity, viscosity varies linearly with the tension in the muscle. This is shown in Fig. 12, which was computed from the time constants of recovery of quick-release step data (similar to those of Fig.9). Note the steep slope of the coefficient of viscosity of the passive muscle component as a function of muscle tension. Both the elastic and viscous components of passive muscle can be plotted as functions of muscle length. As shown in Fig. 13, they are then
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Fig. 11. Viscous force varies linearly with velocity of extension of a passive muscle at rates up to the velocity of following movements. This graph was plotted from ramp data (constant velocity of pull) at lower velocities than those of Fig. 8. The viscous force plotted here was obtained by subtracHng the static elastic force from the total muscle force at a given velocity (and at various muscle lengths). The linear relationship seen at these low velocities indicates that viscosity is Newtonian in this region (Le., there is a constant coefficient of viscosity).
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Fig. 12. The coefficient of viscosity I BpI of the passive component of an oculorotary muscle of the cat can be seen to vary linearly with tension in the passive muscle. Tension was varied by fixing the muscle at various lengths. Following a quick-release the isometric force recovery time course exhibited an essentially fixed time constant, Tp, regardless of the large variation in Bp . The coefficient of viscosity I BpI was calculated from this time constant and the coefficients of elasticity at the same tension: Bp = (K 3 + K4) Tp.



found to be nonlinear. Consequently, as mentioned, we will endeavor to express elasticity and viscosity in terms of muscle tension rather than of muscle length. This will permit linear analytic descriptions of the mechanics of passive muscle, as was done in the case of the globe restraining tissues. Fig. 14 illustrates a simple mechanical model of the passive muscle component with values for elasticity and viscosity as derived above. Contractile element of cat oculorotary muscle



The lateral rectus muscle of 16 anesthetized cats was attached by a 000 surgical silk suture to the pre-calibrated arm of the tissue dynamometer with the eye in primary position. The muscle was then severed from its insertion. The globe was subsequently removed, carefully preserving the muscle sheath and blood supply. The sixth nerve was dissected out and severed or crushed rostrally after being placed across a pair of platinum stimulating electrodes. The preparation was kept under oil at approximately body temperature and remained viable (with essentially unchanging response characteristics to
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Fig. 13. The coefficients of viscosity (B) and elasticity (K) of passive oculorotary muscle are nonlinear functions of muscle length. Consequently it is more expedient to express these coefficients analytically in linear terms of tension in the passive component of cat oculorotary muscle, as was seen in Figs. 10 and 12.



stimulation) for periods up to three hours; however, most of the experimental results were obtained within an hour and a half after the preparation had been completed. Both the muscle length {arm position) and muscle tension were recorded on a Beckman RB multi-channel pen recorder and on a storage oscilloscope, Tektronix Model 564, with a polaroid oscilloscope camera attachment. For stimulating the sixth nerve, a pulse width of 0.2 msec was employed. The required stimulus voltage for maximal muscle response was established and found generally to lie below 3 volts. In these experiments supramaximal voltage levels were employed; a level one and a half times the maximum for each preparation Was used. The frequency of stimulus pulses
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Fig. 14. A mechanical model of the passive component of the lateral rectus muscle of a cat can be formulated from the results of ramp and step function experiments such as shown in Figs. 8 and 9. The values of the coefficients in the model are seen to vary with passive muscle tension as plotted in Figs. 10 and 12. Since both the coefficients of viscosity (B) and elasticity (K) vary linearly with passive muscle element tension, the mechanical time constant remains fixed as T = B/K.



was varied as a parameter to establish graded levels of stimulation of the muscle. Generally levels of 0, 25, 50, 100, 150, and 200 pulses per second were used. Three types of measurements were made. Firstly, to .obtain the steady state length-tension relationship of the muscles, ramp functions of muscle extension were employed. In each instance, the suture running from the muscle to the tissue dynamometer arm was co-linear with the long axis of the muscle. The results are shown in Fig. 15. The lateral rectus muscle of the cat was pulled at a rate of 1 mm/sec, and stimulus pulses were applied at the points indicated on the curve for periods of approximately one half second to allow the build up of maximal developed tension by the muscle. The frequencies of graded stimulation are indicated on the figure. The second procedure was designed to measure the elasticity of the series elastic element as a function of graded innervation of the muscle. In this experiment the muscle was held at its primary length and a sinusoidal mechanical oscillation in the length of the muscle was imposed by the tissue dynamometer. The amplitude of this oscillation was approximately 1 mm peak to peak excursion, and its frequency was 20 Hz. It was noted that at this frequency (corresponding to saccadic velocities of approximately 600 deg/sec) the slope of the dynamic length-tension curve had reached its maximum. That is, increasing the frequency further did not tend to increase the slope significantly. Figure 16 shows the results of this type of experiment in which the only parameter varied was that of stimulus frequency to the sixth nerve. (Due to the compliance of the tissue dynamometer, as the series elastic stiffness increased with muscle stimulation the excursion of the dynamometer decreased. This resulted in a maximum velocity of approximately 300 deg/sec at the highest levels of stimulation without resetting the external drive of the tissue dynamometer). It will be noted from these measurements that the stiffness increases as a function of stimulus frequency or innervation.
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Fig. 1 S. Family of static length-tension curves for a cat lateral rectus muscle, with graded innervation as the parameter. Each curve represents the force necessary to extend the muscle with a fixed frequency (pps) of supramaximal stimulation of the sixth nerve. Muscle extension is given in millimeters (upper scale) and the equivalent eye rotation in degrees (bottom scale) taken as 6 deg/mm for an average measured cat globe diameter of 19 mm. The primary muscle length averaged approximately 30 mm.



In these measurements the viscosity of the active component of the muscle is also seen to increase with muscle stimulation. This is noted as an increase in the area within the ellipse, or as an increase in the minor axis dimensions (or more properly the vertical displacement at the center of the ellipse due to forces generated only by viscosity). Viscosity was also determined by measurements of the tension increments required to extend the stimulated lateral rectus muscle at constant velocities from 0.2 mm/sec through 100 mm/sec. In the third procedure the tissue dynamometer was programmed to apply a step change of length to the stimulated muscle, constituting the conventional quick release experiment. The stimulated muscle was initially held at a pre-determined length. It was then suddenly decreased in length by one mm, and held rigidly at this length. An example of the isometric tension
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Fig. 16. A group of dynamic length-tension curves for the cat lateral rectus muscle measured with 20 Hz sinusoidal length oscillations of less than 0.5 mm peak centered around the primary muscle length. Peak muscle velocity was 300-600 degJsec (saccadic region). The experimental procedure followed was: Application of the mechanical oscillation; 200 ms later, supramaximal stimulus applied to N VI; 100 ms later, camera shutter opened for % sec. The N VI stimulus conditions shown are: a - 0 pps (passive); b - 50 pps; c ·100 pps; d - 200 pps (maximal tension). Comparing Figs; 15 and 16a it can be seen that the dynamic elasticity (L-T slope) of passive muscle is an order of magnitude greater than its static elasticity. Upon maximal stimulation the dynamic elasticity increases still another order of magnitude. The viscosity can also be seen to increase with stimulation (Le., the area of the ellipse increases).



recovery time course is shown in Fig. 17. Note here that the initial tension of 42 grams dropped to 28 grams and slowly recovered to a steady state value of approximately 34 grams in a period of some 250 msec. This indicates a mechanical recovery time constant in the neighborhood of 50 msec for the contractile element under these conditions. In actual fact there is a spectrum of time constants, ranging from 10 to 100 msec, with 50 msec predominating. The quick release procedure permits evaluation of the coefficient of elasticity of the series elastic element at a given tension. In the above case it can be calculated from the initial drop of 14 grams, divided by 6 deg. (1 mm) of displacement to give 2.3 gmjdeg. The series combination of the series elastic element and the parallel elastic element results in the final value of tension difference, or 8 gm divided by 6 deg. final displacement, giving 1.3 gmjdeg. From these two values of series spring constants the paralJel elastic element can be calculated as described previously for the globe restraining tissues and passive muscle component.
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Fig. 17. Step function measurement of cat lateral rectus muscle, initially held at 34 mm and, at time 0, quickly released by one mm to 33 mm, held isometrically. N VI was stimulated continuously, from 100 msec prior to quick release throughout experiment (supramaximal stimulation of 0.2 msec., 5 V, at 150 pps). Isometric tension recovery permits calculation of coefficients of elasticity, KC, K l> and K2 , as outlined in Fig. 4, after subtracting passive muscle tension contributions. The results of measurements at primary muscle length are displayed in Fig. l8.



The values of elasticity computed by the three methods tend to corroborate one another. Fig. 18 presents elasticities of the contractile element as a function of tension. Tension in the active element was developed by stimulating the sixth nerve at the frequencies indicated in the diagram with the muscle held at primary length. It can be'seen that the slopes of the curves of muscle stiffness versus muscle tension pass through the origin, indicating zero stiffness at zero muscle tension, which corresponds to actual observations. A comparison of the slopes of the active element elasticities as a function of muscle force (Fig. 18) and those of the passive component elasticities (plotted to the same scale in Fig. 10) reveals that the latter are considerably steeper. This dichotomy clearly indicates the mechanical difference between the active and passive components of muscle. It is the basis for modelling the oculorotary muscle with two separate components, as will be seen below. From measurements such as those illustrated in Figs. 16 and 17 the viscosity, B, of the active muscle element can be computed. Viscosity is shown in Fig. 19 as a function of.muscle force, calculated from quick release data similar to those of Fig. 17. One notes that the viscosity varies linearly with muscle tension and is observed to be zero at zero muscle tension. The viscosity computed from changes in velocity of pull of the muscle, as well as from the area or force-velocity differences with applied mechanical sine waves, corroborates the data shown in Fig. 19. It can now be seen that since both the elasticity and viscosity of the active element increase linearly with
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ISOMETRIC (Lp) DATA WITH MUSCLE TENSION DEVELOPED BY N:m STIMULATION - CONTRACTILE ELEMENT
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Fig. 18. Contractile element elasticities derived from 1 mm (quick-release) step function and tension recovery (similar to Fig. 17) by mechanical dissection at primary muscle length. KC combined elasticity of K} and K2 in series (as indicated by steady-state length tension measurement). K} = elasticity of series elastic element (as measured from initial transient force decrease). K2 = elasticity of elastic element in parallel with viscosity (calculated as K2 = K1 Kcl K1- Kc). The elasticities were determined over a range of muscle tensions by grading the N VI stimulus (shown on the graph as pps). Figs. 10 (passive elements) and 18 (contractile elements) are plotted on the same scale to facilitate direct comparison. Note the dichotomy between contractile and passive elements as clearly evidenced by the much smaller (1/3 X) tension-elasticity slopes of the contractile element.
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muscle tension, the mechanical time constant of the contractile element (ratio of viscosity to elasticity) remains essentially fixed with changes of
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~ig. 19. Ba , the viscosity of the contractile element of cat lateral rectus muscle, is calculated from elasticities (K) and K 2 ) and the isometric recovery time constants, Ta, measured at various tensions developed by N VI stimulation. Since K) and K2 are in parallel with respect to Ba , Ba = Ta (K) + K 2).
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" Fig. 20. A mechanical model of the active component of the cat oculorotary muscle takes the form of a Voigt element (parallel spring and dashpot), and a series elastic element. The magnitudes of the viscoelastic coefficients (K 1, K2 , Ba ) are not constant but vary linearly with the active state tension, T a . The isometric active state tension itself varies approximately as the square of the innervation frequency, (j), over a wide range as shown in Fig. 21. It is not clear at this time whether the dependence of the viscoelastic coefficients on tension is an inherent mechanical property of contractile element tissue or whether the coefficients are under the direct control of innervation, as is shown for convenience in this model.
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tension and length of the muscle, even though the individual mechanical viscosities and elasticities are varying with muscle tension and length. A mechanical model of the active component of cat oculorotary muscle is shown in Fig. 20. The magnitude of each mechanical element is shown as a function of tension in the contractile element. It can be clearly seen that this model, although similar in basic configuration to that of the passive muscle element of Fig. 14, has values only one third those of the model for the passive component. Muscle tension as a function of stimulus frequency was determined isometrically at the primary muscle length, and is plotted in Fig. 21. This innervation-force transfer function resembles that of the human (which will be seen later, in Fig. 31). The relationship between innervation and muscle force is fundamental in the control of eye movements. It appears in the analog mechanical model, corresponding to ¢-4Ta in Fig. 20. Not only does the force generated by the muscle vary with stimulus frequency, but also the stiffness and viscosity of the muscle, as determined by Muscle Tension, gm
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Fig. 21. Tension of cat lateral rectus muscle asa functiol'! of N VI stimulation: the innervation-force transfer function at primary muscle length. Isometric muscle tension tends to vary as the square of stimulus magnitude over a wide range.
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quick stretch experiments. Stiffness (elasticity) is plotted in Fig. 22, and viscosity in Fig. 23, both as functions of stimulus frequency.
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Fig. 22. The elasticity (K) of the contractile element of the cat lateral rectus muscle increases with stimulation of N VI, but tends to level off to a saturation value beyond stimulation at 150 pps. From isometric determinations with muscle at primary length.
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Fig. 23. The viscosity (B a ) of the contractile element of the cat lateral rectus muscle increases upon stimulation of N VI but levels off above 100 pps.



Muscle length-tension characteristics were plotted with velocity of muscle pull as a parameter for given fixed stimulus frequencies. By a series of such experiments at various levels of stimulation, the viscosity was determined and plotted as a function of velocity of pull as seen in Fig; 24. The results of these experiments are similar to thoseofFig. 8, where the vertical distance between members of the family of curves is due to the viscosity of the muscle. Fig. 24 shows that the viscosity remains essentially constant at a given level of stimulation up to about 30 degjsec (corresponding,to the velocity of following movements). Beyond this point the viscosity tend$ to fall off with increasing velocity. At the higher stimulus frequencies viscosity drops an order of magnitude for velocities at 600 degrees per second. Oculomotor viscosity thus appears to be thixotropic. This must result in a concomitant facilitation of fast movements with an increase in efficiency and reduction of effort achieved in the production of high velocity saccadic eye movements. The observations which we have made to date allow us to construct a mechanical model of the oculorotary muscle of the cat, as shown in Fig. 25. 305
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Fig. 24. The viscosity, B, of the cat oculorotary muscle contractile element is a function of innervation, and is independent of velocity in the region of following movements (up to 30 deg/sec). However, above this velocity the coefficient of viscosity decreases progressively. At 600 deg/sec, (saccadic velocity) the coefficient of viscosity has fallen to 20% of its static value. This thixotropic phenomenon reduces the effort required of a muscle to make saccadic eye movements.
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Bp =0.02 Tp gm/deg/sec Fig. 25. A mechanical model of the cat oculorotary muscle combining passive and active elements of Hgs. 14 and 20. Note thanhe val-ues of the various viscoelastic coefficients are dependent upon the parallel but generally unequal division of total muscle tension between the contractile ana passive elements.
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Here there is a distinct mechanical dichotomy between active (contractile) and passive elements of the muscle. Since the magnitudes of stiffness (K) and viscosity (B) for the stimulated contractile element (Fig. 20) appear to be smaller than those for the p~sive element (Fig. 14), it is concluded that there are two discrete entities which constitute the complete muscle. These two elements are shown connected in parallel. MEDIAL RECTUS



LATERAL RECTUS



BPM



Bpl



Fig. 26. Mechanical model of cat oculomotor plant. M, L, (subscripts): medial rectus, lateral rectus Ba =0.002 T gm/deg/sec, coefficient of viscosity of contractile element Bp =0.02 T gm/deg/sec, coefficient of viscosity of passive element K1= 0.025 T gm/deg, coefficient of elasticity of contractile series elastic element K2 =0.07 Ta gm/deg, coefficient of elasticity of contractile parallel elastic element K3 =0.08 Tpgm/deg, coefficient of elasticity of passive series elastic element K4 0.2 Tp gm/deg, coefficient of elasticity of passive parallel elastic element BIG =0.001 T gm/deg/sec, coefficient of viscosity of fast globe Voigt element B'2G =0.028 T gm/deg/sec, coefficient of viscosity of slow globe Voigt element KIG 0.1 T gm/deg, coefficient of elaiticity of bstilobe Voigt element K2G =0.035 T gm/deg, coefficient of elasticity of slow globe Voigt element. Ta =A02 =Tension in (active) contractile element Tp =Tension in passive el~ment T =Tension in non-muscular tissue restraining movement of the globe q, = innervation, or control signal (average frequency of firing in nerve supplying oculorotary muscle).
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In general it is difficult to determine the division of tension between the active and passive elements. However, by use of the passive length-tension relationship, it should be possible to determine the contribution of the passive element if the muscle-length is known. Consequently, the difference between this and the total tension should be that developed by the contractile element. Although this model is somewhat more complicated than those previously suggested, it better fits the physiological measurements which we have been able to make in some detail. By means of anatomical and mechanical dissections we have been able to obtain further experimental data permitting more precise definition of the elements of the model. Fig. 26 shows the overall mechanical model of the oculomotor plant for the cat in terms of elasticities, viscosities, tension and innervation. This model permits determination of the individual contributions of the antagonistmuscles and the globe restraining tissues. Since we now know the· length-tension relationships of the oculorotary muscles at various levels of innervation it appears that we have most of the needed information for modelling the oculomotor plant. It is hoped that this model will help fill the gap in the information needed to deal with both the peripheral and central mechanisms of oculomotor control. MECHANICAL CHARACTERISTICS OF HUMAN OCULOMOTOR APPARATUS



Human globe restraining tissues



The data presented here were gathered from sixteen informed and consenting patients during the course of required strabismus surgery. The investigative setup for these measurements is shown in Fig. 1 of the next chapter by Alan Scott (Chapt. 11). A force measuring strain gauge was attached to a micromanipulator to permit controlled displacement of the strain gauge and tissue under study. The displacement was transduced by a potentiometer attached by means of a gear train to the micromanipulator drive mechanism. Hence, direct length-tension recordings could be made electrically on an X-V recorder or X-Y oscilloscope. A 000 suture was attached to either the stump of the detached muscle insertion on the isolated globe or to a medial or lateral rectus muscle to investigate the static length-tension characteristics of these tissues. The appropriate angle of pull of the globe or the oculorotary muscles was established by clamping the apparatus to a frame attached to the operating table as shown in Fig. 1 of Dr. Scott's chapter. The length-tension characteristics of the orbital restraining tissues of two isolated human globes are.shown in Fig. 27. Each of the patients measured exhibited a 40 prism diopter exotropia. While not proven, it is suspected that the observed asymmetry in the length-tension characteristic for abduction versus adduction of the globes of these patients bears a causal relationship to their exotropia. We have not yet had the opportunity to make such measurements on normal subjects. In these records the elasticity of the orbit,. al restraining tissues for nasal (adduction) movement of the globe is approxi-
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Fig. 27. Static length tension relationship of human globe restraining tissues with both medial and lateral rectus muscles detached. Note twice as much force required to rotate these eyes temporally as nasally; data obtained from two patients, both of whom exhibited 40 prism diopters intermittent exotropia.



mately 0.5 grams per degree, and the stiffness in the temporal quadrant rises to more than twice this value. These measured values of elasticity should permit us to determine the division of forces between the agonist and antagonist musclesand the supporting tissues restraining rotation of the globe. 1t is hoped that this kind of information may become useful in the diagnosis and correction of oculomotor pathology. Fig. 28 shows the isotonic displacement recovery time course to the step function input of quick release of the isolated human globe. This type of dynamic record permits us to calculate the viscosity of the globe restraining elements as well as corroborate the elasticity measurements of the globe shown in Fig. 27. It can be clearly seen that the displacement recovery occurs in two phases, fast and slow. This record was produced by pulling the globe to a position 45 degrees left of primary position and cutting the suture' abruptly, allowing the eye to travel back towards the primary position. The time course of eye movement was recorded by means of a photoelectric eye
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Fig. 28. Isotonic displacement time course of a human globe with both medial and lateral rectus muscles detached. The eyeball was pulled to the 45 degree temporal gaze position and quickly released. Note that recovery of the globe to primary position occurs in two steps, with a fast time constant (0.02 second) followed by a slower, 1 second time constant.



position transducer which tracked the limbus of the moving eye (O'Meara, 1966). From records such as this the time constants of recovery of the fast and slow elements of the restraining tissues of the globe can be directly determined. With knowledge of these time constants (T) and the associated elasticities (K), the corresponding viscosities (B), can be computed as:



B= KT The values of elasticity and viscosity so derived are arranged in the form of a mechanical model of the human globe restraining tissues in Fig. 29. The values given are taken at the primary position of the globe. It is appreciated that these values should be functions of the tension existing in the globe restraining tissues, as has been observed with the cat. However, insufficient measurements at this time preclude our analytical description of the variation of elasticity and viscosity of these tissues with tension. We plan further human investigations to describe more completely the variation of these mechanical parameters. As it stands, this model of the human globe restraining tissues may give us a start in the partitioning of the forces involved in the human oculomotor process. Human oculorotary muscle



In these studies information was derived from measurements on the oculorotary muscles during various states of graded voluntary innervation. Studies were made on 6 adult patients under topical anesthesia during the course of corrective surgery for intermittent exotropia. Each patient was supine on the operating table and his head was supported by a vacuum sand bag which molded to the contours of the head, holding it rigidly in position. The horizontal rectus muscles were detached from the globe. Before corrective reattachment, the lateral rectus was attached by a 000 surgical silk suture to the micromanipulator-mounted strain gauge. Muscle tension was recorded as a function of muscle length on an X-Y recorder and both were recorded as functions of time on a six-channel chart recorder and a magnetic tape recorder with a bandwidth of 625 cycles per second. The degree of innervation of an oculorotary muscle was determined by requesting the patient to fix given target lamps with the normal eye such
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K1G = 1.1 gm/deg



1'ZG =1 sec



1'lG = .02 sec



Fig. 29. Mechanical model of the human globe restraining tissues with values taken at primar\l- position. This model is derived in large part from the isotonic results of Fig. 28. Two Voigt elements in series adequately duplicate the observed results. The form of this model is consistent with that of the cat globe restraining tissues, Fig. 7. K (coefficient of elasticity or stiffness), B (coefficient of viscosity) and T (time constant) are presented for both fast (lG) and slow (2G) components of the globe restraining tissues. The values of the coefficients are derived as follows: TIG .02 sec from direct observation of Fig. 28. KIG = 1.1 gm/deg since 30 gm globe restraining force resulted in 27 deg of fast eye movement. BIG .022 gm/deg/sec K1GTIG T2G 1 sec, from Fig. 28 K 2G = 1.7 g/deg since 30 gm globe restraining force resulted in 18 deg-()f slower eye movement. B2G 1.7 gm/deg/sec K2G T2G K 1 K2 KC .67 gm/deg K 1 + K2 which checks with the observed value of KC at 5 deg temporal rotation in Fig. 27.



=



= =



=



= = =--- =



that the operated eye would assume positions of 0, ±15, ±30, and ±45 degrees. The operated eye was occluded and the muscle to be tested was adjusted to its primary length from whence known displacement variations could be made. To measure the passive length-tension curve, the patient was requested to fixate a lamp maximally out of the field of action of the muscle being studied, Le., 45° left for the right lateral rectus; The length-tension relation.. ships of this relaxed muscle compared well with the same procedure repeated on six other patients under general anesthesia (q.v. Fig. 2, Chapter 11). The steady state length-tension characteristics of the right lateral rectus muscle for a representative patient are seen in Fig. 30. This family of static length-tension curves was derived with various levels of innervation as the parameter. Each curve represents a separate constant conjugate effort of the right lateral rectus muscle while the unoperated left eye remained fixed in gaze on one of the designated targets. It is of interest to note that the slopes of these length-tension curves are essentially constant, forming parallel straight lines particularly above 15 or 20 grams muscle tension. Below this value, the muscle starts to go slack and the curves bend towards zero tension. We also note that the tension in
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Fig. 30. Family of static length-tension curves for a human right lateral rectus muscle. Each curve represents a separate constant conjugate effort of the right eye muscle under study, (R) right, (L) left effort from primary position (0°). For each curve the unoperated left eye remained fixed in gaze on a designated target indicated on the right ordinate. At 45° left rotational effort the innervation to the right lateral rectus muscle is essentially zero. (This is confirmed by the observation that the same passive length-tension curve is measured under anesthesia). Below the graph, muscle extension is given in millimeters (upper scale) and the equivalent eye rotation in degrees (lower scale), taken as 5 degrees per millimeter for an assumed globe diameter of approximately 24 mm. The primary muscle length, L, for the human lateral rectus muscle is taken as approximately 50 mm from the dissection data of Volkmann (1869).



a waking patient fixing in primary position is some 15 to 20 grams. Consequently, the steady state tension in a human oculorotary muscle never falls below a level which would put the operating characteristics in a nonlinear region of the length-tension relationship. It has been difficult to determine whether this linear length-tension relationship for human oculorotary muscle is an inherent property of the muscle or whether it is a manifestation of neural feedback mediated by 312
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tension receptors in the muscle or tendon. Professor Granit (personal communication) has suggested that the parallel tension extension curves of an extrinsic eye muscle in man. may be evidence for an alpha-gamma linkage or neuromechanical feedback -system responsible for the linearity of the measured length-tension relationships of the human oculorotarymuscles; As Dr. Granit points out, such "parallel curves are a definite sign of proprioceptive control, probably executed jointly by spindles and tendon organs on the alpha motor neurons, the former excitatory, the latter inhibitory" (Gran it, Chapter 1). Fender (personal communication) believes that these parallel linear length-tension curves strongly suggest a tension servo system with feedback from a tension measuring element. These explanations are most persuasive. Indeed, the absence of parallel linear length-tension relationships at low innervation levels in the cat tends to support the proprioceptive hypothesis. However, in our animal experiments with the sixth nerve cut or crushed, eliminating the possibility of proprioceptive feedback, the length-tension characteristics at high levels of innervation reveal a parallel linear relationship (Fig. 15). These experiments would suggest that, at least for high innervation levels, another basis for the linear length-tension characteristics may be found in the intrinsic properties of the muscle itself. F rom the human oculorotary muscle length-tension characteristics under steps of graded innervation we can derive a transfer function relating muscle innervation to force generated by the muscle. In Fig. 30 the vertical line at the primary muscle length passes through points indicating the force or tension generated at various levels of stimulation (effort). These points are plotted in Fig. 31 for a medial rectus muscle to provide an isometric innervation-force transfer function. The upper scal& on the abscissa shows the eye position in degrees of temporal or nasal rotation. The bottom scale indicates the percentage maximal excitation of that muscle on a linear effort scale. When the eye is rotated completely out of the field of action of a given muscle, the innervation to that muscle is essentially zero. The passive lengthtension characteristics measured at surgery under anesthesia agree with the length-tension characteristics derived under these minimally innervated conditions of the muscle. In attempting to fit a smooth curve to the experimental data points of Fig. 31, we find that a simple analytic expression fits the observations quite well. Thus in this particular case, we can use the parabolic expression: T = 93 E2 grams. It is interesting to note that a parabolic relationship is also observed upon stimulating the sixth rrerve of the cat in equal increments of frequency of stimulus (Fig. 21). This suggests that the degree of innervation for holding the eye at any fixed position of lateral gaze is a linear function of the angle of gaze, even though the force developed appears as the square of the average frequency of innervation. This square law effort-tension relationship has
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% EXCITATION-EFFORT Fig. 31. Innervation-tension diagram or input-output (transfer) function for an isometric human medial rectus neuromuscular unit. Note that equal increments of innervational effort result in progr'essively increasing increments of tension. The resulting square law relationship is shown on the diagram with T = muscle tension and E = rotational effort in % maximum. This parabolic relationship is also seen in the cat oculorotary muscle, Fig. 21.



been observed for the half dozen conscious patients we have been able to measure thus far. The seemingly disparate observation of linear innervation producing a square law (neuromechanically generated) force which in turn results in linear positioning of the eye may be more readily acceptable on the following hypothesis. The oculomotor system appears to constitute a so-called "push-pull" output system. It employs "class A" operation in fixation and tracking, both of which increase the fidelity of response, (Le., reduce the harmonic or nonlinear distortion). In contrast, the highest speed (saccadic) eye movements are controlled by "class B" or "class e" operation which has the inherent advantage of higher power output and consequently greater speed of operation. The concomitant loss of output fidelity is displayed in ballistic, non-tracking eye movements. There are a number of reasons for fidelity of the "class A" operation. Feedback is continuous; "class A" operation does not shut off at any time; it removes the length-tension nonlinearities when the muscle goes "slack", and the square law relationship of one
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muscle is balanced off by the inverse square law relationship of the opposed antagonist operating in a reciprocally innervated situation. From the fixed-step graded innervation length-tension characteristics shown in Fig. 30 we can derive information relative to the forces required to hold the globe at any angle of eccentric fixation. Fig. 32 shows the "static locus" or the physiological values of tension employed to hold the eye at various angles of deviation. This curve was derived by marking points of corresponding eye position (horizontal axis) on the fixed innervation-tension curve required to hold the eye in this position (innervation being indicated at the upper right end of the diagonal length-tension lines). The intersection of each innervated length-tension curve with the corresponding eye position must indicate the tension employed to hold the eye at this position under steady state conditions. The curve joining each of these points is the steady state fixation tension locus or "static locus", and the tension is described in this case by the analytic expression: T = 0.01 7 (e - 15) 2 + 16 gm, where represents eye position in degrees from primary position.
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Fig. 32. The measured total tension of the human lateral rectus muscle utilized to hold the eye at various angles of tateral gaze. The points represent the naturally innervated tension of the agonist which balances the opposing tensions of the antagonist muscle and the orbital supporting tissues restraining movement of the globe. This "static locus" or fixation tension curve is shown as the heavy parabolic arc with an analytic expression which fits the measured data.points. The light lines depict the lengthtension curves of the muscle as shown in Fig. 30.
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We intend to further investigate this concept of a static fixation tension locus in human oculorotary muscles by means of miniature implanted force transducers during fixatiol'! in various positions of lateral gaze. A photograph of one of these miniature strain gauge transducers, developed in the author's laboratory, is shown in Fig. 33. It has been tested in animals with encouraging results. We plan further application of these implanted gauges to determine the actual forces exerted by human oculorotary muscles during eye movements and fixation. The existence of a static fixation tension locus for conjugate eye movements (Fig. 32) suggests that there may be a different static locus for disjunctive eye movements. This hypothesis will also betested in our laboratory with the miniature implanted strain gauges. From the static length-tension characteristics for human oculorotary muscle (Fig. 30) we can derive the elasticity of the isometric human lateral rectus muscle. Fig. 34 presents the mean values for three cooperating patients. The elasticity of the passive element (Kp), of course, remains constant



f.ig. 33. A miniature ring strain gauge shown in comparison with a dime. The metal foil strain sensing element is cemented to a stainless steel ring (diameter 2.5 mm; wan thickness 0.25 mm). These miniature force transducers have been implanted in serie"s with the tendons of oculorotary muscles of the cat to provide continuous measurement of the muscle tension during eye movements.
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Fig. 34. Coefficient of elasticity of the isometric human lateral rectus muscle as a function of natural innervation. Note that isometric elasticity increases up to about 50% innervational effort and then remains essentially constant above this level. These values were obtained from the slopes of length-tension curves similar to Fig. 30. Ka and Kp are the active and passive elasticities respectively.



at any given length. However, the increase of isometric elasticity with innervation of the contractile element can be seen to change the elasticity of the oculorotary muscle by a factor of four. At some level above fifty or sixty percent innervation, the elasticity of the active element reaches a saturation point and levels off to an essentially constant value. These measurements are corroborated by those in the anesthetized cat, in which we find the elasticity to be a function of innervation, as expected from the recruiting of more active fibers. The reader may wish to compare Fig. 34 with Fig. 22 derived from cat oculorotary muscle. Elasticity of the passive and contractile elements of human oculorotary muscles can be measured under steady state physiological fixation conditions, if the eye is permitted to move in a normal physiological manner and to find its resting point of fixation at any degree of eccentric gaze. Fig. 35 presents such values of elasticity derived from Fig. 32, the steady state fixationtension locus. Under these conditions innervation shortens the agonist, and consequently the stiffness of the passive element decreases (in this case, from a value of 1.3 grams per degree to 0 at a point just beyond 50 percent innervational effort). On the other hand, the stiffness of the active element starts from a 0 value at 0 innervation and increases linearly up to the 50 percent innervation level; at this point the stiffness tends to saturate and become constant at a level of approximately 0.8 grams per degree. If the total stiffness, that is, the sum of the passive and active elements, is plotted, we get the third curve, the stiffness of the total muscle, which is represented in Fig. 35 as Kp+ a. Now, we see that the stiffness of the total muscle appears 317
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Fig. 35. Coefficient of elasticity of human lateral rectus muscle under physiological conditions of eye fixation, as the muscle shortens to rotate the eye against the load of the antagonist muscle and the globe restraining tissues. The elasticities of the passive element, K p , the active element, Ko , and their parallel combination, the total muscle Kp + Ka are shown as functions of the percentage innervational effort, 8, of the lateral rectus muscle. Theso values were taken as the slopes of the appropriate length-tension curves and the fixation tension locus of Fig. 32. Muscle elasticity is roughly constant over a wide range of eye rotations, providing insight into the parallel family of length-tension curves (Fig. 30).



nearly constant over the entire range of innervation above 5 or 10 percent . innervational effort. Hopefully, these observations may provide deeper insight into the mechanisms responsible for the mechanical characteristics of human oculorotary muscles, and allow us to gaze deeper into the MUD (mechanical underlying determinants) impeding ocular motion. Let us now study the dynamic nature of the innervation and concomitant forces developed by the muscle to move the eyes. We can make isometric measurements of the tension developed by a muscle under conditions of natural innervation which produce conjugate saccadic movements. Fig. 36 shows the isometric muscle tension developed in a human right lateral rectus muscle during a 30 degree saccade of the left eye. Note the very definite overshoot of tension followed by an approximately exponential decay to a final steady state value of holding tension (which is the tension indicated on the static fixation tension locus of Fig. 32) . Teleologically, we can argue that this overshoot of tension hastens movement of the eye by producingadditi(>'nal acceleration required to overcome the various viscous resistive forces. The final value of steady state tension then adjusts itself to the level required by the elasticities of the opposing tissues. A further confirmation of this 318
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Time, ms Fig. 36. The isometric tension developed by a human right lateral rectus muscle during a 30 degree right saccade to primary position (by the left eye) while the measured muscle was held at primary length. Note the tension overshoot which overcomes the large viscosity of the oculomotor plant to produce a fast saccadic eye movement with no overshoot.
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Fig. 37. Simultaneous electromyographic and eye movement data for a 20· saccade to the left of primary. One sees total inhibition of the antagonist (right lateral rectus) during the actual eye movement. Also note small changes of fixation of right eye as it apparently searches over a 1· wide target. These small movements are each accompanied by a single large EMG spike in only the muscle appropriate to the direction of movement. (Record reproduced by courtesy of Professor Arthur jampo/sky, M.D.)



overshoot in muscle activity is shown in Fig. 37. This electromyographic recording is of a saccadic refixation from 0 to 20 degrees. Note that the right medial rectus muscle, which is brought into play to move the eye, shows an overshoot in the electromyogram. This indicates that the tension shown in Fig. 36 was indeed produced by an overshoot of innervation. We also note that there is no overshoot in eye position. Thus, as Robinson has pointed out, the oculomotor contr61 system has adapted its control output signal to match the viscous and elastic characteristics of the oculomotor plant in such manner as to produce fast and accurate control of eye movements, that is, with no overshoot or oscillation. Note in Fig. 37 that as the subject fixated the target, which was approximately 1 degree wide, he apparently looked from edge to edge of the target. 319
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This is seen in the eye position record, which shows a number of deviations of approximately one degree. It is striking to see that for each small saccade, there is a corresponding burst of EMG activity in the muscle which produces movement in that direction. Differential forced duction evaluation of muscle and orbital tissue characteristics



We have performed a series of differential forced duction measurements, both pre- and post- operatively, on consenting strabismus patients who have had oculorotary muscle length-tension determinations made during surgery. A suction cup scleral contact lens has been used for measuring the passive tangential force required to rotate the intact globe and muscles through a predetermined arc, with a method similar to that employed by Stephens and Reinecke (1967). Fig. 38 shows the experimental setup; with a motor driven force transducer used to make the differential forced duction measurements described below. The suction contact lens permits mechanical attachment to the intact globe and neuromuscular system, as the patient fixates a series of distant targets with the unencumbered eye (the measured eye is occluded). The procedure is based on the findings of our human oculorotary muscle length-tension data shown in Fig. 30. Frornthis figure it can be seen that for nasal rotational efforts, and with the muscle simultaneously shortened to the twenty degree lateral position, the lateral rectus muscle goes slack, Le., exhibits zero elasticity. The same effect is seen for the medial rectus during temporal rotational efforts. Hence, we can measure the combined elasticity X
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Fig. 38. Motor driven strain gauge force transducer mounted on a micromanipulator to determine the length-tension characteristics of human oculorotary muscles and globe restraining tissues during differential forced duction measurements. ProcedUTe 2 of the protocol is being carried out on the right eye (see Table I).
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THE CONTROL OF EYE MOVEMENTS TABLEr PROTOCOL OF DIFFERENTIAL FORCED DUCTrON MEASUREMENTS 1. a) Subject looks right with free eye to a point constraining measured eye to assume 20" right



position. Observer pulls measured eye to 200 left position with suction contact lens and records tension versus position on X-V ploner. The resulting slope ~T/~e represents the sum of KL + KO if right eye is measured, as shown in Fig. 40 (or KM + KO if left eye is measured). b) With measured eye pulled to 20° left position, subject fixates targets which previously resulted in the measured eye assuming 0°, 15°, and 30° right positions and steady state tensions are recorded. The higher tensions are due almost exclusively to TL, lateral rectus developed tension of right eye (TM of left eye). 2.



Subject looks left with free eye to a point constraining measured eye to assume 20° left position. Observer pulls measured eye to 40" left position measuring tension versus position. The slope ~T/!!JB) in this position represents the sum of KL + KM + KO in left gaze.



3. a) Subject looks left with free eye to a point constraining measured eye to assume 20° left position. Observer pulls measured eye to 20" right position recording tension versus position. The slope ~T/~e in this position represents the sum of KM + KO of right eye (or KL + KO of measured left eye). b) With measured eye pulled to 20° right poSItIOn, subject fixates targets which previously resulted in the measured eye assuming 0°, 15°, and 30° left positions and steady tensions are recorded. The higher tensions are due almost exclusively to TM of right eye (T L of left eye). 4.



Subject looks right with free eye to a position resulting in measured eye fixing at 20° right. Observer pulls measured eye to 40° right position measuring tension versus position. The slope ~T/~ein this position represents the sum of KL + KM + KO in right gaze. Now evaluate parameters separately from above measurements: KL + KM + KO
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One can then calculate the eye position for a given combination of muscle forces, TL and TM, or conversely the muscle force imbalance responsible for an observed deviation:



Also, a significant part of the static length-tension dia~ram can be constructed for both medial and lateral rectus muscles of the measured eye (q.v. Fig. 30).
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of the globe and of only one muscle. This value can be subtracted from a measurement including the elasticity of both muscles and the globe, to yield a value for elasticity of the other muscle alone. Thus, three appropriate measurements allow calculation of the three individual and independent elasticities associated with the restraining tissues of the globe, the lateral rectus muscle, and the medial rectus muscle. The method of performing these measurements is summarized in Table I, a protocol for differential forced duction measurements. A typical record obtained by our forced duction technique is shown in Fig. 39, and indicates that there is a considerable region in which the lengthtension characteristic is essentially linear. It is this linear slope which we use in calculation of the values of the elements of a clinical static oculomotor
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Displacement, mm Fig. 39. Typical results of procedure 2 of the differential forced duction measurement with the free left eye fixed at 20· left rotation while the tension required to pull the right eye temporally through a 40 degree arc is continuously recorded as a function of eye rotation in mm. This record measures the elasticity of the right medial rectus muscle and the globe restraining tissues. (These raw tension values must be multiplied by a factor greater than one to correct for the thickness and resulting greater radius of curvature at the suction-held contact lens).



model for each patient studied. The values of elasticity calculated from the forced duction measurements compare well with those measured directly during surgery, tending to establish the validity of the indirect forced duction methods. Fig. 40 presents a simplified linear model of the innervated human peripheral ocu lomotor apparatus. In th is model the spring constants of each muscle can be evaluated, as can those of the passive orbital tissue restraining motion of the globe. In addition, the contributions of the contractile elements can also be calculated. It is by this means that we hope to be able to distinguish between muscular and tissue elasticity anomalies or deviations from the normal balance of reciprocal innervation interplaying upon the medial and lateral rectus muscles producing normal eye movements. CONCLUSIONS



The physiological measurements performed in these studies have provided detailed evaluations of the various elements of the oculomotor plant. Their interrelationships have permi,tted more precise analytic descriptions of orbital mechanics. From these preliminary studies it is clear that the oculo-
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Fig. 40. A simplified linear model of the peripheral oculomotor apparatus. Each K represents a spring constant of AT/A L, X represents the hypothetical length of a contractile element which is set by its magnitude of innervation, q" resulting in a muscle tension, T. Ocular deviation or position is shown as 8. The five parameters of this clinical model, KO, KL, KM, Xl and XM can be evaluated for an individual patient by five differential forced rluction measurements (see text and Table I). Equations of ocular fixatic for this model can be given as: TM (XM + r8}KM; TL = (XL - r8}KL; TO r8KO at equilibrium, TM + TO(lat.) TL+ T O(med.), and by substitution, 8 (XLKL - XMKM)fr(KL + KM + KO)



=



=



=



=



motor neuromechanical plant is basicatly quite nonlinear and that further work will be required to elucidate its exact nature. The model evolved here resembles that due to Robinson (1968); however, the magnitude of each of the elements is not constant. Our results confirm Cook and Stark's hypothesis (1967) of proportionality between viscosity (8) and tension which was assumed from the original work of Hill (1938). In addition, the elasticity (K) is also proportional to tension, as was first surmised by Fick (1871). Linearity of each of the individual components of the oculomotor model can be assumed only over a small segment of eye rotation. The magnitudes of the viscoelastic elements change not only with tension due to muscle length, but also due to isometric developed tension changes. This observation that the values of the viscoelastic elements vary directly with tissue tension may be of fundamental utility. It indicates that tissue tension should vary exponentially with muscle length,that is: If K = dT/dL = mT then T = e ml The general form of the mechanical impedance of all tissues measured appears quite similar. Two series viscoelastic Voigt elements with the magnitude of each element varying directly with tension appears to adequately model each tissue element. The increase of viscoelasticity with length performs a natural snubbing or shock-absorbing action, that is, an increasing resistance and reactance to over-stretch. However, at very high velocities 323
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viscous resistance (damping) decreases which facilitates rapid saccadic movements with less energy expenditure. It will also be noted from the length-tension curves thatas the muscle is lengthened the stiffness.-of the active element apparently remains constant up to approxim~tely primary length and then falls with the inverse functjon of the stiffness-length characteristic of the passive element. Thus, the elasticity of the total stimulated muscle remains constant over nea.rly the entire range of eye movements, particularly at high levels ofstimulati.on. This results in linear, parallel length-tension curves over the greater range of eye movements and innervations. This observed linearity permits us to describe the peripheral oculomotor plant in the static state in terms of a simple linear clinical model which can be evaluated for individual patients by means of a differential forced ductiQn technique. Although the isometric tension of the contractile element increases as the square of innervation, eye position varies linearry with innervation. This occurs because the muscle is loaded by the square law characteristic of its antagonist. The oculototary muscles work together in reciprocally innervated push-pull opposition to cancel the large nonlinearities in each. Although orbital viscosity and elasticity vary widely over the normal range of eye movements the mechanical time cOnstants of the oculomotor system appear essentially fixed. These are the time constants to wh ich the oculomotor control system has become adapted. Tne most rapid saccadic eye movements are produced by a burst of maximal oculorotary muscle tension so well modulated that no eye movement overshoot occurs. Robinson (personal communication) has found separate control signals in the oculomotor nuclei which are each proportional to the viscosity (B) and elasticity (K) of the oculomotor plant. These control signals occur in the ratio of B/K =T, the major time constant of the peripheral oculomotor system. We have found evidence for, and will pursue further, the appearance of a small viscosity in parallel with the series elastic component of the contractile element, resulting in a time constant somewhat less than 5 milliseconds. Also in our model there may be a time constant of the order of 10 milliseconds associated with the series elastic component of the passive element, which will be further studied. The disparity in values of K2 G between the cat and the human must be resolved by more definitive measurements which we can now undertake in the human. Dynamically the complete oculomotor plant appears as a first order second degree system. Certain approximations may permit lumping and linearization of constants to reduce ttlC complexity, but the system rem'ains inherently grossly nonlinear over a large range of eye movements. Insights derived from the dynamic mechanical measurements and calculations of the oculomotor system of the cat should permit us to better guide further resear
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