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ABSTRACT

The muscle spindle, the feedback element In the myotatic (stretch) reflex,
is a major contributor to muscular control. Therefore, an accurate description
of behavior of the muscle spindle during active contraction of the muscie, as
well as during passive stretch, Is essentlal to the understanding of muscle
control. With this goal In mind, animal experiments were performed in order to
obtain the data necessary to model the muscle spindle. Spectra) density
functions were used to identify a linear approximation of the two types of nerve
endings from tha spindle A nodel reference adaptive control system was used
on a hybrid computer to optimize the anstomically defined Jumped parsmster aesti-
mate of the spindle. The derived nonlinear madel accurately predicts the be-
havior of the muscle spindle both during active discharge and during its silent

period., This model will be used In future research to dstermine the mechanism
employed to control muscle movement.

INTRODUCT I ON

This paper is concerned with the derivation of s mathemstics! mode) which
describes the behavior of the mammallan muscle spindle of the cat over its entire
operating range. The muscle spindle is a subsystem of a larger system which Is
responsible for skeletal muscle control, One control loop within this system is
known as the myotatic reflex arc.

Analyzing the myotatic reflex Itself can be undertaken only when sach of the
¢ bsystems and elements of this reflex are wel) defined, 1t is the goa! of this
b er to experimentally nd mathematically ana) - one of the subsystems of the
reflex. Ths subsystem .. be considered Is tne .nuscle spindle.

The muscle spindle Is studied during active contraction as wall as during

stretch In order to determine the normal functioning of this sssentisl subsystem
in the myotatic reflex. An optimlzation schems is utilized on an anatomical
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representation of the muscle spindle In order to ascertain the importancs of
its various properties. Because It is Important to relate each mathematice!
term to rsa) components within the blcloglical elements themselves, the analysis
of the muscle spindle Is based on its anatomy rather then treating it os &
'spactral fit” of the experimental data. Thls study utllizes englneering
concepts to analyze and predict the normal functioning of the mammalisn muscle
spindle. These concepts lend themselves to tha snalysis of this type ot
biologica) system because it can be represented as a basic servo machonism as
Merton (1952) did In his wall known presentation.

ANATOMICAL CONSIDERAT IONS

The manme)ian muscle spindie 1s a complex sensory organ connected in
parallel with skeleta) muscle flbers. It dstects changes in the length of
the muscie as well as In other paramaters which are related to length, such
as tension snd velocity, The spindle Is composed of severs) Iintrafuse)
auscle flbers contained within one envelope. The multiple fibers contained
within this envelops fal) into two d!stinct categories, Of the two fibders,
the larger, called the nucleasr bag fiter, reveals two dlfferent reglons.

The polar regions of this nuclesr beg fiber consist of striated contractiie
tissus, while the central reglon Is composed of a noncontractile tissus con-
talning nuclel. The smaller fibers within the envelope are 8 uniform distri-

butlon of nuclel and striated regions., These flbers sre called nuclear chaln
fibers due to thelr chaln-llke appesrance.

Twe types of nerve endings Innervate the striasted regions of the spindle.
Thase are denoted as the ¥. and ¥, motor flbers. This gemma efferent system
provides the necsssary blal to the muscle spindle. Flgure | shows the Jf, and
¥, motor fibers Innervating the diffsrent types of intrafusal fibers. YL
n?fcnnt discharge from the muscle spindie §s of two distinct types. The
first, namely, the 12 afferent dlscharge, has its endings on both the nuclear
bag and nuclear chain fibers. These afferent discharges sre connec nono-
synaptically with sipha motonsurons. The second type of discharge,

typs 1)
has its ending only on the nuclear chaln fiber and Is connected polysyn.ptlu"y.
with the alpha motonsuron.

A more detalled discussion of the anetoay of the muscle spindle s aveil-
able [n the Iist of referances: Matthews [2), EVdred [3), Granit [4) and others.
0f particular Interest are the proceedings of the first Nobel Symposium,

DATA AQUISITION

In order to mode! a given system, it must be fully defined by certain
Information. HKnowledgs of input-output relstionships Is required to formulate
2 mathematics! description of the system being studied. Therefore, andeling
of the muscie spindie requires the recording of Input to the spindle as well
as Its output pulse traln, Input to the muscle spindle consists of any
mechanical change In the length of the extrafuse) muscle fibers. This chenge



Is transferred to the intrafusal flbers of the muscle spindle because the
latter are anatomically placed In parallel with the extrafusal fibers, The
output of the muscle spindle system Includes the affarent discharge of both
type )a (primary nerve ending) and type 11 (secondary nerve ending) flbers.
The following experimental procedures are utilized to obtain the Input-output
data necessary for modeling the system,

A simple schematic diagram of the experimental facility explalns the
arrangement of equipment. In Figure 2 the stimulating electrode and monitor-
ing electrodes are shown on the appropriate nerve bundles. The «timulating
electrode Is ariven by a constant current unit to provide uniform stimulus
regardless of changes In resistance between the electrode and nerve bundle.
The rate and duration of the stimulus pulses are controlled by a stimulator
which drives the constant current unit.

Nerve conduction tests are performed in order to differentiaste between
type 1o and type It nerve flbers from the muscle spindle. A conduction
velocity of less than 70 m/sec is generally a type | ending. Further
identificution of the nerve fibers |s made by observirg tha dynamic sensi-
tivity of the flber output. The type la fiber shows greater sensitivity to
velocity of muscle movement than the type || ending.

EXPERIMENTAL RESULTS

A majority of previous Investigators have driven the muscle by maans of
a mechanical apparatus or external force. Such experimwnts tend to keep the
muscle spindle afferent in the range of continuous discharge by controlling
the gamma efferent bias and mechenical load. It Is assumed that the only
reglon of interest to the physlological system is that of active discharge.
This study differs In that It treats the silent period of operation as well
as the perlod of active spindle discharge. This Is accomplished by leaving
the normal nerve pathways irtact and causing muscle contraction by stimuletion
of the peripheral nerve. The results of these experiments are discussed (n
deta!l in succeeding sections.

Isotonlc Loading - Type I8 Ending

tsotonic loading of the medial gastrocnemlus-soleus muscle group is
accomplished by attachment of a constant tension spring. The messurement
apparatus provides a low mass mechanism for mesasurement of muscle movement,
After attachment of the spring, the muscle’s length is allowed to stabillze.
The spindle afferent is monitored In order to ascertain whether the discharge
has reached steady state.

Once It has been determined that the muscle spindle and muscle are ot
steady state, the peripheral nerve to the muscle group is stimulated with a
0.5 millisecond pulse at an ampllitude sufficient to cause a maximal twltch of
the muscle fiters. This stimulus pulze and the post-stimulus spindle afferent
discharge are recorded along with the positional translation of the muscle for
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s perlod In excess of cne hundred stiow)l In order to insure & large enough
sample to provide a statisticel basis for data analysls.

The resultant positional translation and spindle discharge are shown In
Figure 3. 1t can be seen that the spindle afferent discharge ceases, or Is
sllent, Imnedistely following the stimulus to the muscle., This sllent psriod
ts maintalined untl¥ the dirsction of the velocity component Is reversed.
Figure 3 also shows that the offset of the silent period is characterized by
an apparent bursting or high frequency dischargs of the spindle sfferent.

The instantanecus frequency of the spindle afferent discharges provides
output informaticn to higher centers In the biological system, Tharefore, It
Is an Important va.lable which must be measured. Since each post-stimulus
discharge is unique, 8 post-stimulus histogrem of Its lnstantansous frequency
is necessary (Figure 4), This figure 11lustrates the silent period, its
offset, and the Instantansous frequency of the spindie afferent discharge.

Static Charagteristics

Observation of static as wel) as dynamic results ere impartant In under-
standing the normal function of the muscle spindle. Two types of loads,
inertial and lsotonic, are utlllzed to determine the properties of the spindle.
These different types of loads affect only the muscie's dynemic response and
consequently, the spindie's dynemic response, while the static characteristics
of each experiment remain the same. Therefore, the static charecteristics for
both types of load can be discussed together.

The elastic properties of the muscle sre determined by measuring the
smount of elongation of the muscle relative to the amount of load. Flgure 5
11lustrates the results of thls measurement for four cats. The four curvas
shown are displaced In the vertice! axls but have similar shapes and spposr
as a family of curves, The verticsl displacement is 2 netural result of
normal differences between experimental animals. The important <heracteris-
tics to be noted here are the non)inear nature of the force~displacement
curves and the similarity of the curves to each other. The results 11lustrated
In Figure 5 are similar to those of previcus tnvestigetors. Experiments of
Wilkle, 1956; Ritchie and Wilkle, 1958; Zajac, 1968; and others show an
exponential relationship between the length of the slastic elament and the
force appllied. However, the results both of this study and the sbove works
disagres with those of Rosenthal (5] who describes the length-tension
relazionship as one of a )insar nature with or without the myotatic reflex
present. The dats he presented sre spparently a result of Lhe dynamic nsture
under which they were cbtalned. The nonlinear properties of the elastic
slement shown 1n Flgure 5 sre the resvit of measurements taken with the eotatic
reflex intact.

The static discharge of the spindle, Illustreted in Figure 6, has cheracter-
Istics very simitar to thoss of the length-tension curves grephed In Figure 5.
The points plotted In Figure & represent the mean spindie discharge; the norms)

spindle output varies about » mean frequency. Both graphs sppeer to be logarithmic
n nature due to the charscteristics of s sharp Initial slope followed by continue)
reduction of slope as the tension is Increased.



Inertial Loading - Dynamic Characteristics

Although the statlc characreristics for both types of loads are the
same, the dynamic characteristics are different. A mass is used to provide
8 load with inertia which more closely approximates the type uvsuvally en-
countered In the normal state. The muscle response and corr ponding spindle
afferent are shown in Figure 7. The muscle response to the stimull shows a
definite damped oscillation which results In a secondary silent period in
the discharge of the spindle afferent. Figure 8 better illustrates the time
Sequence and duratlion of this secondary silent period. A family of post-
stimulus histograms is illustrated In Figure 9. Uhereas the Initial) silent
period remains approximately constant In duration, the secondary silent
period d!mlnlshes as the load increases and Is extinguished by loads in excess
of 3.4 kilos. Obs--vation of the femlly of displacement curves in Figure 10
shows the secondary sscillation of the positional data decreasing as the
load is Increased. This measure, namely, the sensitivity to secondary
oscillations, provides a valuable index of the sensltivity of the spindle
afferent to dispiacement, veloclty, and acceleration. Another important
phenomenon is the relative constancy of the Inftlal silent period, particularly
since the muscle dynamics are grossly affected by increase in load.

The reduction and cessation of pulse discharge during muscle contraction
or length decrement can be explained by Interpretation of the physical parameters
acting on the spindle. The Initial silent period observed in Flgure 9 cannot
be explainet simply as a resp to the ical forces acting on the spindle,
Qbservatlon of the large variation in muscle response, illustrated In Figure 10,
indIcates other factors must be present to account for the uniform duration
of the silent perfod. Mechanica) factors definitely contribute to the sllent
period obsarved in Figure 9. However, as the load is increased, the duration
of the silent period does not decrease. The probable cause of the uniform
silent period is inhibitior of fusimotor neurones by an antidromic volley in
adjacent neural roots (Ellaway, 1971; Holmgren and Merton, 1954). This inhiblition
of fusimotor neurones Is shown to have a duration of approximately 50 milliseconds
whi-h coincides with the minimum duration of the silent period found In the
experimental data. The .hibition of the fusimotor neurones causes the relaxation
of the po!ar reglons of the spindle, resulting In the silent period observed in
the exper’ :ntal data. Jansen and Rudjord (7? also noted the same phenomenon
and stated, ""The duration of the silent perlod of motoneuron was not appreciably
changed even by large varlations in the inital tension.”

Isotonic toading - Type |) Ending

The exact role of the type 1) ending in the reflex system Is not completel
understood. It is thought, however, that the type |1 end‘lan provides lnfom:tlzn
to the gamma system which controls the efferent bias to the muscle spindle. The
dats presente. in this section shows that the secondary ending of the muscle
spindle has very little dynamic sensitivity. Instead, t} secondary ending provides
a measure of the static position of the muscle. Due to th 3 characteristic,
the bias control theory appears to have some vallidity, Howaver, it Is also
known that the type !l ending excites flexors and inhibits extensors and, therefore
plays additional roles In the overall control system, ’

Oynamic Characteristics

The spindle afferent discharge end corresponding positional translation
sre illustrated in Figure 11, Of interest here is the almost complete lack
of the typica' high frequency discharge noted In previous deta at the offset
of the sileri perfod. The iurst in the afferent discharge readily apparent
in the type ia afferent Is drasticelly reduced in the type | ending. Its
afferent discharge frequency decreases gradually as the muscle returns to
steady state., Its range of the discharge from the maximum frequency to the
steady stete frequency Is less than twenty percent, whereas the peak discharge
rate for the type la unding Is four to flve times that of the steady state
discharge.

Discussion of Experiments) Results

The preceding sections presented a view of the data gensrated by the
various experiments utilized In this study. This section describes the results
and paramsters derived from these experimental investigations and discusses
them with reference to the results of previcus Investigators.

The sllent period seen in the dat> presented in this papsr demonstrates
the nonlinear nature of the type fa and type || endings. An important persmeter
to be determined Is the sensitivity of the s!lent period to physica! forces.
Comparison of the velogcity curve and the discharge occurrence histograms shows
a relative offset and onset sensitivity of slightly less than 0.1 centimeters
per second for offset and approximately 0.9 centimetars per second for onset.
Utilizing this sensitivity parameter to determine the 108d required to extinguish
the secondary silent period, a valus of 2,7 kilos is determined from the veloclity
curve in Flgure 8 Since only ¢ finlte number of loads Is used in these experi-
ments, interpolation is necessary to check on the validity of this value. The
histograms dlsplayed in Flgure 9 show that the secondary silent perfod is
beginning to be extinguished by afferent discharge for » load of 2,270 kilos
and is completely extinguished for 3.4 kilos. This agrees very well with the
calculated tension of 2.7 kilos. As Lennerstrand states, assessment of velocity
response during lenqth decrement cannot be determined. However, the relative
values of onset and offset are important in determination of the type of non-
linearity In the spindle system. The relative values of these sensitivity
parameters are nacessary in the prediction of silent pericd occurrences and
durations.

Holmgren and Merton found that an interjected muscle twitch during steady
contraction caused a silent period In the electromyogram of the muscle. Before
reflex action was developed, the motoneuron discharge was already srrested.

This cessation ¢f motoneuron activity was attributed to antidromic blocking,

if the twitch was produced by exclitation of motor fibers. Similarly, orthodromic
stimulation produced & depression In motoneuron activity. In our experiments

it Is apparent that the silent perliod onset Is attributable to this blocking
phenomsnon, since the onset of the sllent period doss not depend on the dynamics
of the muscle system, Verification of this phenomenon Is also glven in the



experiments utilizing inertial loads by observation of the secondary silent
perlod produced. Clearly the onset of the secondary silent period obeys the
muscle system dynamics in that case.

Granit and van der Meulen Investigated the auration of the silent
period and the cause of the spindle afferent's firing after the cessation
of actlvity. The long pause and short pause responses demonstrated were
attributed to the large differences In langth of the spindles contained
within the muscles studied. The adaptation time of spindle length (approxi-
mately 10:1 for largest to smallest) to the dynamics of the muscle |s described
as the predominate cause of the variability In the spindle silent periods.
This long pause, short pause phenomenon is not found in the present research.
In contrast, the sllent period described here is dominated by the dynamics
of the muscle itself, with the exceptions already mentioned.

A relatively constant sllent pariod of motoneuron firing was reported
by Jansen and Rudjord during single shocks of maximal intensity to the muscle
nerve. Three reflex mechanisms were studied In order to determine the cause
of the silent period duraticn, These were: antidromic (nhibition, Golgl
tendon inhibition, and the pause In !la excltatory afferent impulses. It was
concluded that, under the experimental conditions utilized, the most important
factor determining the concomitant silence of the electromyogram wes the
pause 1n la afferent activity. This agrees with the results shown in the
presen’ study as the constancy of the ia afferent silent period agrees with the
motones ron silent perfod. However, this ressarch also defines the overal)
cayse «f the la afferent and motoneuron efferent silent periods, since the
motoner ron efferent Is dependent on the la afferent.

O termination of the frequency of afferent discharge relative to the
velocity of the muscle Is found by measuring the peak velocity of the
pruparstion and the corresponding peak In afferent discharge. The data for
the isctonic and inertial load experiments revea) a nonlinear relatloaship
between velocity and afferent discharge frequency. The probable cause of
the differences between the two curvas (other than those normally expected
berween experiments) |s the much larger negative velocity of the muscle at
the onset of active muscle contraction. This inivial large negstive velocity
component apparently overdrives the system. The nonlinear curves Indlcate
that the muscle spindle can respond only up to certain limits, after which the
gain of the system rapidly decreases. This Is probably due to depolarization
of the nerve terminals in the spindle. Matthews and 3tein also observed this
nonlinear response in 1969 during sinusaida) changes in muscle length. Thelr
experime..ts were accomplished through the use of mechanical oscillation of
the muscle. however, and cannot be directly compared to this investigation.

THE MODEL

The previous section briefly presented the results of the experiments and
analysis of the experimental data. This section utllizes these results in
determination of an appropriate model which describes the behavior of the muscle
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spindle. The model derlved is then tested égeinst the experimental data
alresdy presented [n order to dstermins the authenticity of Its behsvior.

Certain constralnts, such s spproximation of the analog components to
the anatomical form of the blologlical elements, must be maintslned. In
addition, the model must be sble to perform under the influence of forcing
functions representing both stretch and contraction. It is with these
constraints in mind that the following models are proposed and developed,

Logically, the input or forcing function to the muscle spindle Is the
displacement of the muscle In which it Is contained, Therefore, the muscle
ftself must be modsled In order to simulate the input in the biological system.
The mode) of the muscle is then used as the input for the model of the muscle
spindle.

Analysis of the spectral density function for the muscle shows that a
differenttal equation of at lsast second order is necessary to describe the
response of the muscle. This Is determined from the increase in spectral
content prior to the decline of the spectral density function. This behavjer
denotes a complex palr of roots which Implies a second ordsr differential
equstion, Taking this into consideration, the following equation describes
such 8 system,

ax * bx + cx = f(t)

Using mechanica) analysis, it is apparent that the three elements In
t’hc differentlal equation represent mass, elasticity, and viscosity. The
mass is the lumped sum of the muscle mass and the load to the muscle.
Elasticity Is the elastic property of the muscle and its fnterconnecting
fibors, and viscosity refers to the viscous properties of the sams elements.
A model Is formulated from these parezeters.

Elastic Elements

A reasonable place to begin the modeling process Is with the elastic
elements of the system. Since the elastic properties of the muscle exhibit
thelr characteristics statically as wall as dynamically, the ldentification
scheme can be either static or dynamic. Since statlc charscteristics are
described in the previous section snd evaluation of the static properties
of the element eliminates other dynamlic characteristics of the muscle, static
evaluation of the muscle fiber Is used, Elesticity Is analogous to a spring;
therefore, 1t is a simple matter to model the elastic properties with &
spring which has the sams characteristic bshavior ss the experime~*al dats.
Observation of the data, however, Indicates that a }insar spring s Insufficient
to provide an sccuraste description of the muscle's elastic properties. There-
fore, several nonlinear equations are evalusted as to their goodness of fic
to the experiments] dats. The choice of the function for evalustion is
somewhat arbitrary, and psrhaps other selections would suffice. However, the
functions described sppear reasonsble when observed (n -elation to the experi-
mentsl data. .



Linear regression techniques are utilized to determine the optimal
values of the parameters. Three functions are tested as possible represente-
tive lumped parameter estimates of the elastic properties of the muscle
fibers. The three choices are as follows:

STRAIGHT LINE ESTIMATE

y = ax + b straight line estimate
2
Q = 2{ {vi - (axi + b)] the cost function
i=

To minimize Q with respect to @ and b, the partial derivatives of Q with
respect to a and b are equated to zero.

n
N g = - 22 [ys - (axl +b)]x=0
da I=l

n
2 }E, - 'fé: (vt - (ax +0)] =0

from these equations are obtalned

n n
a-Z‘,xm-VZ.'xt

jal l=]

[( é m)2 - x Zn: 1)

i=} 1=}

optimal parameter estimate

POWER ESTIMATE
y = axd power est!mate
Iny = Ina + bilnx

y' = a' + bx' by using this transformation the
previous estimate can be used to determine the transformed parameters.

EXPONENT 1AL ESTIMATE

v_“bx

iIny = Ina + bx

y' = a' + bx the same technique Is utllized to determine
the transformed parameters.
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The optimal estimates representing the elastic properties of the auscle
and Its interconnecting tissues are shown in comparison with experimental
data in Figure 12. Observation of the graphs shows ttat the exponential
estimate represents the best fit of the experimental data. The power estimate
ylelds @ good fit and can 8)so be used o5 an estimate of the Jumped equivalent
of the elastic elements. The straight line estimate does not represent a
close enough approximation for use in latar work.

The estimates derfved here are used later in the modeling of the muscle
spindle, since it is assumed that the striated regions of the spindle possess
properties similar to those exhibited by the muscle itself. The optimal
estimates dstermined are as follows:

F = 1523.8 X + 0.27
F = 1061.3 Xz

F = 168,25 (e

strajght line estimate

power estimate

Loix | 1) exponential estimate

One term of the differential equation has been determined and resuits
In @ non:inesr differential equstion. The second term to be determined is
the viscous element in the differentia) equation.

Viscous Elsments

After determination of the elastic properties of the muscle, the next
elemant to be determined represents the viscous property. Viscosity can be
represented mechanically by e desh pot. Since the viscous properties of the
muscle can only be exhlbited during muscle dynamics, the parameter optimize-
tion scheme used must be dynemic in nature.

The method used to analyze the viscous properties of the muscle is the
gradient search technique. By implemsnting the differential equation of
the system describad esriier on the analog portion of the hybrid computer,
a dynamic search can be accomplished. Since the properties of the elastic
element have been defined, term of the differential equation Is fixed,
The term to be nptimized is In the following equation:

XX + BR 4 cxle £(0)

To accomplish this end, experimental data is compared with the data
generated by the mathematical mode! on the analog computer. By summing the
square of the difference between the experimental data and the generated daste,
the error squared cost function Is minimized so that the parameter beta (B)
is optimized. The cost function s defined as:

2
J = ﬂ (XE' - XH') where XE = experimenta) data
{=}
° XM = model date



~358-

Since the optimal solution is the point where the cost function (J)
equals 2ero, the best eatimate of § occurs when the cost is ainimized.
The value of the model generated data (XM.) Is the voltage sampled by
the analog to digital converter at a sample rate determined by the real
time clock and the number of clock count: batwern sampies. The sampling rate
Is a critical factor. If the sample rate of the digital computer deviates
too far below the required rate necessary to accurately reconstruct the
sampled waveform, the minimized value of the cost function would never approach
2zero. Taking these factors into account, the following algorithm is implemented
in the digital computer:

Bi+sr = Branwn

Using the above ~lgorithm, a single parsmeter search is performed in
order to Cetermine the optimal value of beta (8 ). The resuits of the optimal
search are illustrated In Figure 13 An observation of the graphs shows that
an excellent approximation to the experimental data is determined by the
following nonlinear differentlal equation:
where m= 1.0

B = 0.093

ce= 0.915

m + Bx + cxf = £(t)

A closer approximation can be obtained by replacing the elastic term with
the exponential estimate previously determinod. However, due to considerations
of ease of implementation on the analog computer, the power estimate Is used.
The resultant accuracy of the differential equatisn in relation to the
experimental data Justifies the deviation from the more optimsl estimate of
the elastic element in the system.

Muscle Spindie Model

One of the original constralnts of the modaling spproach previously
stated is adherence to anatomical relationships within the structure of the
mode!. Since some of the elements of the model are already defired, ths
relationship of these elements Is determined by referring to the anatomical
representation of the muscle spindle shown in Figure 1.

Properties similar to those of striated fibers are assumed and, therefore,
the elastic elements are represented by the same nonlinear spring previously
derived. The viscous elements are also assumed to possess similar properties
to those derived for the muscle In which the spindle is contained. The non-
contractile portions of the spindle have been shown to have elastic constants
three tirmes greate; than that of the striated regions and, therefore, the
coefficients of those parameters reflect this difference.

The force generators represented in the lumped parameter mode) of the
spindle are assumed to behave in a manner similar to that already demon-
strated by the muscle containing the spindle. However, since the force

generators fi(t) genersily provide a blas to the system, a steady state
level s used to simulate the force of the striated regions of the spindle.
By modl fication of the model, this force generation system can interact with
the mode! in & manner similar to the muscle Itself,

Secondary Ending

The iumped perameter mode! of the nuclear chain fiber of the muscle
spindle 1s shown In Figure 15, The behavior, or Input-output relationships,
should correspond to the results elicited by the experimenta) data. ([n order
to ver:fy these results a comparison of the experimental and methematlicatl
data is » necessity.

The comparison of experimental results with those obtained from the
mathematical model is a better test of the model's vallidity, since the
correlation techniques yield only & 1inesr approximation of thea nonlinear
behavior of the secondary ending. The instent freq y histograms
and comparison of actual and artificial unit potentlials provide sufficient
basis for verification of the model performance.

instantaneous frequency histograms of experimental and artificiel data
are shown in Figure 17, The characteristic behavior of the secondsry ending
is repeated quite accurately by the mode! for the range of osd utilized in
the experiments. The artificial data is much more predictable as the random
variable of fluctuating ¥ efferent is not present in the modzi, This
parameter can be added to the mode! for future studles.

Figure 15 11lustrates the similarity of the unit action potentlal
post stimulus firing patterns for the actual and experimental situstion.
The deviation of the firing pattern of the action potentials of the model
Is very small in comparison with that of the experimental data. The reasons
for this difference sre the same as those discussed eariier. The actual
sensitivity of the secondary ending to muscle dynamics and to ¥ efferent
bias is easily adjustable in the model and is one of the featu-es which
makes the model useful in studying muscle spindle behavior under a variety
of system constraints.

Primary Ending

Figure presents the lumped parameter model of the nuciear beg fiber
of the muscle spindle. The following differential equations are Jerived
from the mode! [)lustrated in Flgure 16,

B g% - %) = (%) - %)% ¢ B - Xp)

B) €)%y - 102 + BX, - Xp) = HXyx,7 + Byxy



now solving for X' from equation (a) yields
. . 2
BiXy = ByXy + (X = Xy - €)Xy - Xp)

;(' - iz 0y X -x2 - £y (Xl-Xz)z
L} L]}

equation b ylelds ;‘2

8)X; = c|(x| - Xz)z + Blil - Sclizz

. c X 3c
o= 1o -apte -V xp?
28y 2 28,

The third term shown represents a unindirectional term in the transfer
function in as much as the elements represent no load to the system, but
are directly responsible for the derivative term in the transfer function
of the type 13 ending.

() ®t3 = ByiXz - X3)

B|i3- B|i2 'KX3

Instantaneous frequency histograms of the model response and experimental
response are shown In Figure 17. As can be seen, the behavior of the model
closely follows that of the actua) blological system. As in the case of the
type I} ending, the variability of the post stimulus discharge is markedly
reduced due to the elimination of the oseudo rangom varlations in the
discharge frequency of the bivlogical system.

The post stimulus gccurrence histograms shown in Figure 18 also illustrate
the ability of the model to approximate the behavior of the muscle spindle
primary ending, The sensitivity of the model o variations in velocity s
adjustable and, therefore, allows the modz! to depict wide ranges of conditions
ngrmally found in the physical system, This ability of the model to permit
adjustment of parameters allows simulation of a great variety of experimental
conditions and restrictions.
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The Silent Period

One of the goals of this study Is to investigate the sllent pariod and
to predift its occurrence and behavior. With this purpose in mind, the
following silent pariods shown In Figure 19 are predicted by the mathematical
model. Comparison of the predicted silent perfods in Figure 19 with actual
silent periods in Figure 20 illustrates the accuracy of the projected
calculations.

The explanation for the behavior of the silent period (1lustrated in
Figure 19 is that, once the spindle activity Is extinguished, it wil) remain
in this state unti) §t is forced to resums firing. The cause of the
resumption in spindle actlivity shown In illustration is a positive velocity
vector greater than 0.9 centimeters per second. This explains why the dura<
tion of the silent period increases rather than decreases with load.
Initially, it was thought that the silent period would decrease in duration
with load until jt extinguished due to a reduction in muscle dynamics. However,
because of antidromic stimulation, the spindle Is initially caused to be silent,
regardless of Joad. spindle will remain sileat for a considerable time
(approximately 200 milliseconds) unless something it to r firing.
As load s increased, the positive wvelocity vector exceeds the threshold level
with increasing latency. This shift in the time at which the velocity vector
exceeds threshold is the cause of the longer duration of the silent period
for increased load.

The secondary silent periods for the inertial load experiments Illustrated
in Figure 9 do not exhibit the phenomencn of lacreasing duration described
in the previous paragraph. The reason for this Jeviation in the spindle
discharge pattern is that the onset of the secondary silent period is due only
to the dynsmics of the muscle and is not initiated by antidromic stimulation.
The model is able to predict these silent periods as well, since both cnset
and offset of the spindle activity follow the dynamics of the systeam.

IMPLICATIONS OF THE MODEL

The mathematical model pr:cented, which was derived from experimental data,
possesses sevaral capabllities not incorporated in previously published models.
Congideration of the entire range of wmuscle functioning allows the spindle
afferent discharge to be predicted both during stretch and active contraction.
Additionally, since the elements comprising the model! adhere to the anstomy
of the muscle spindle, individual parameter contributicns to output of the
muscle spindle can be studied. Also, sensitivity of the silent period is
evaluated and permits the study of the silent period in reletion to control
of muscle movement.

Since buth the muscle and the muscle spindle have been modeled, the
control law which governs muscle activity can now bs investigated. Ve can now
study the effects of various parameters, such as gamma efferent bias on reflex
activity.
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Merton's follow-up length servo hypothesis [1], which has been widely
accepted as an explanation of muscle control, does not account for phasic
muscle movements. His servomechanism can be an adequate mechanism fo-
postura) regulation.

Considering the information described in previous sections and by
other investigators, spindle discharge mediated by § activity is inadequete
to control muscle movement. In addition, the delays of the Y route due to
the propagation time of neural transmission are obvious. A follow-up servo
would require a high gain In order to maintain its steady state length,
regardless of load. However, the ease with which 1imb posi‘‘on is varied
by application of load verifies the fact that the servo mschenism which
controls reflex activity has lex gain.

A concept which is taking the place of the follow-up servo theory of
muscle control is that of servo-sssistance proposed by Matthews [2]. The servo-
assistance ~.cheme suggests a system which initiates movement by co-activation
of the o und ¥ pathways. This provides a type of “power steering'' whereby
contrac.ion of muscle is assisted by increased spindle discharge. However,
arcepance of this more plausible explanation of ths mechanism of motor
con’rol still leaves many factors obscure.

How does the CNS process these and the other sensory inputs such as the
Golgi tendon o-gan and joint receptors? The overall control mechanism
appears to utilize all of these Inputs to formulate the control strategem.

Given adequate estimators of all of the peripheral receptors and
actuators, investigation of the role of the central narvous system piays
in tonic and phasic control of muscle movement can be lnvestigated.
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