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Spinal Cord Circuits 

1. The individual terms of the relationship must be related to physical 
entities rather than just mathematical coefficients for curve fitting. For 
example, we model the passive elasticity of muscles as a combination 
of tendons and aponeurotic sheets with one set of properties and a 
muscle belly whose mechanical properties depend on the fundamen- 
tal properties of individual sarcomeres combined into a series and par- 
allel arrangement that is specified by the muscle-fiber architecture. 

2. An anatomical or physiological property will be modeled only if it 
can be shown to be significant for the behavior of the system and only 
for those ranges of behavior that occur normally. For example, previ- 
ous studies of the active force-output of tetanically stimulated muscles 
have described large "yielding" transients that occur in the sudden 
transition from isometric to lengthening (Joyce et al., 1969), whereas 
muscle behavior is much simpler for physiological rates of stimulation 
and acceleration (Rindos, 1988). 

3. Each parameter of a relationship must be quantifiable by direct 
anatomical or physiological measurement, using a method that pro- 
vides enough resolution so that the behavior of the relationship is 
stable over the range of uncertainty for that parameter. 

4. Each relationship must be cross-checkable; that is, it must be 
possible to make two independent predictions regarding two indepen- 
dent measurements that can be obtained in the laboratory or inferred 
from separate relationships of the model. 

Thus, the global model is actually composed of several layers of 
modeled processes, each of which draws on substantial experience 
elsewhere in modeling and measuring such processes. A list of mod- 
els follows: 

The force generating capabilities of active sarcomeres (e.g., Hux- 
ley & Simmons, 1971; Pollack, 1983; White & Thorson, 1973; Wood & 
Mann, 1981) 

Whole muscles as equivalent series and parallel elastic elements 
(e.g., Bahler, 1968; Baildon & Chapman, 1983; Zajac, in press) 

The time-course of the active state (e.g., Edman, 1970; Julian & 
Sollins, 1973; Podolsky & Nolan, 1973; Taylor, 1969) and its relation- 
ship to EMG (e.g., Crosby, 1978; Hof & Van den Berg, 1981a, 1981b, 
1 9 8 1 ~  1981d; Moritani & DeVries, 1978; Patla, Hudgins, Parker, & 
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dimensional model a reasonable approximation of the complete be- 
havior. 

5. Step cycle patterns at various gait speeds are complex enough 
to include many kinematic variations but reproducible enough to com- 
pile and compare data from multiple individual cats having similar 
physiognomy. 

6. It is possible to obtain accurate, quantitative, and reproducible 
measurements of EMG from all significant muscles, and even substit- 
uent compartments of muscles, using chronically implanted elec- 
trodes that do not interfere with normal behavior (in contrast to the 
situation in humans). 

7. Sufficient homologies are present between the sensorimotor ap- 
paratus of cats and other mammals so that the approach to modeling 
developed in this project should be applicable with modest alterations 
to other behaviors, limbs, and species (including humans). Changes, 
however, such as plantigrade versus digitigrade locomotion (in hu- 
mans versus cats, respectively) introduce important changes in the 
roles of anatomically homologous structures. Thus, the modeliiig 
methods are likely to be valid, but specific conclusions and predic- 
tions of a particular model are likely to be highly species specific. 

Methods 

Musculoskeletal Model 

For the studies described here, we used a sirr~plified version of our 
model of one hind limb that has three skeletal segments (foot, shank, 
and thigh), which are constrained by pin-joints to move in the parasag- 
ittal plane and which terminate in a pelvis. We grouped the 30 muscle 
compartments that act on these joints in this plane into 10 groups 
based on their patterns of gross mechanical action on the joints (Fig- 
ure 1 and Table 1). Morphometry, muscle architecture, skeletal lever 
arms, and mechanical properties, such as center of mass and rota- 
tional inertia, were measured in cadavers. The values were converted 
to dimensionless numbers so that data from multiple, similarly built 
specimens co!rld be pooled (for details, see He, 1984; Levine, 1986; 
see also Zajac, in press). The following is a subjective description of 
the structure and properties of the components of the model; formal 
mathematical descriptions have been published by He, Levine, and 
Loeb (1 988). 

Muscle Activation Model 

For each muscle group, we determined total physiological cross- 
sectional area (PCA) and mean points of origin and insertion on the 
skeleton. The group was then modeled as a single actuator consisting 
of parallel generators of active and passive force in series with an elas- 
tic tendon. The spriug-functions for both the passive muscle and the 
tendon included an exponential term that dominated the low-strain 
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TABLE 1 
Definition of Muscle Groups Used in LQ Model 

Group Joint Action PCA Recruitmenta 
# A K H Constituent Muscles cm2 % max. EMG 

1 E - - soleus (SOL) 
plantaris (PLA) 

2 E F - medial gastrocnemius (MG) 
lateral gastrocnemius (LG) 

3 - F E biceps femoris posterior (BFP) 
semitendinosus (ST) 
gracilis anterior (GRA) 0.44 15 
gracilis medial (GRM) 
gracilis posterior (GRP) 

4 - E - vastus medialis (VM) 
vastus intermedius (VI) 
vastus lateralis (VL) 

5 - - E biceps femoris anterior (BFA) 
semimembranosus anterior (SMA) 1.7 
semimembranosus posterior 
(SMP) 

caudofemoralis (CF) 
adductor femoris (AF) 
tensor fascia latae posterior (TFP) 0.66 

6 - E F rectus femoris (RF) 
tensor fascia latae anterior (TFA) 0.86 
sartorius anterior (SAA) 

7 - - F iliopsoas (IP) 

8 - F F sartorius medial (SAM) 
9 F - - tibialis anterior (TA) 

extensor digitorum longus (EDL) 0.95 
peroneus longus (PL) 

10 E - -  tibialis posterior (TP) 
peroneus brevis (PB) 
flexor hallucis longus (FHL) 
flexor digitorum longus (FDL) 

asmoothed EMG activity during walking expressed as percentage of maximal amplitude re- 
corded from each muscle during various activities (including vigorous paw shaking, which is 
presumed to cause nearly complete recruitment of most muscles). 

Abbreviations: A-ankle, K-knee, H-hip, E-extension, F-flexion, PCA-physiological cross-sec- 
tional area 

in the naturally occurring proprioceptors described below. The initial 
level of muscle recruitment is specified by the initial conditions of the 
model, but recruitment, of course, changes in response to perturba- 
tions. The model requires feedback of these recruitment changes to 
estimate changes in muscle fiber activation. Such feedback occurs 
naturally in the form of recurrent collaterals from motoneurons to Ren- 
shaw cells. Thus, in our model, recurrent feedback among the various 
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Linear Quadratic (LQ)-Controller Design 

Given a sufficient number of sensors for the mechanical states of a 
system, it is possible to calculate a matrix of feedback from those sen- 
sors onto all of the available actuators (in this case, the 10 motor 
pools), so that the response of the system to small perturbations is 
optimized for certain performance criteria (Athans & Falb, 1966; Bry- 
son & Ho, 1969). LQ theory is one of several approaches to computing 
such optimal controllers; it has been applied to many complex control 
problems (Athans, 1971). We have assumed that, in a living organism, 
there are generally two competing criteria: minimizing both the devia- 
tion from the desired state and the expenditure of effort involved in 
returning to and holding that state. (Similar performance trade-offs 
have been examined extensively in robotic systems; Stein & Athans, 
1987.) In our model, these criteria were grouped into two matrices, 
whose individual elements could be adjusted to change the impor- 
tance of minimizing various state variables; the larger the value of the 
element, the more the model sought to minimize perturbations of the 
corresponding state. The weighting matrix for effort (R) had diagonal 
terms corresponding to the recruitment levels of all 10 muscle groups. 
The weighting matrix for deviation (Q) had terms corresponding to the 
26 proprioceptive sensors for the state variables (la and GTO for each 
muscle, and joint angle and velocity for each joint). By setting certain 
of the terms in the Q matrix to zero, we could simulate a controller for 
only certain measures of perturbation, that is, those corresponding to 
the nonzero terms in Q. To date, we have examined four such pertur- 
bation-control schemes: (a) individual muscle-stiffness control, in 
which only deviations in muscle length and force are minimized; (b) 
joint-angle-only control; (c) muscle-length-only control; and (d) global 
control (no zero terms on the diagonal elements of Q, as described 
below). Our implementation of the LQ modeling techniques is de- 
scribed in detail by He (1988). 

For each type of deviation matrix, Q, we examined a full range of 
weighted linear 'combinations with the effort matrix, with the relative 
weighting expressed as the R/Q ratio. A large R/Q ratio signifies strong 
emphasis on minimizing effort at the expense of tolerating larger and 
longer lasting deviations following a perturbation from the initial me- 
chanical state. Conversely, a small R/Q ratio signifies relatively stiff 
control of the desired state, even if that requires high levels of motor 
pool recruitment in response to a small perturbation. More graphically, 
a freshly deceased cat would have an R/Q ratio of infinity, and a cat in 
rigor mortis would have an RIQ ratio of zero. 

The predicted feedback matrices for the above optimization criteria 
were plotted on a specialized logarithmic scale that captures the wide 
range of values that tend to occur as the R/Q ratio is changed, includ- 
ing reversals in sign. The model also permitted simulations of re- 
sponses to perturbations, producing plots, with respect to time, of limb 
position, ground forces, proprioceptive (state variable) activity, and ! 
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"reflexive" recruitment of motor pools. As our test perturbation, we 
chose a small (5 cm) horizontal displacement of the foot during quiet 
standing, a paradigm that has been studied extensively in cats (Mac- 
pherson, 1988a, 1988b; Rushmer, Russell, Macpherson, Phillips, & 
Dunbar, 1983). In the simulation, as in the real cat, the perturbation 
initially was absorbed primarily by hip motion. The foot was on the 
ground, and the limb supported an inertial mass equal to one third of 
the body weight. This mass was selected as a compromise between 
the quadrupedal stance paradigm of Macpherson (1988a), in which 
the body weight is distributed approximately evenly among the four 
legs, and the stance phase of diagonal walking, in which the weight is 
distributed between the two limbs that are on the ground. It has been 
our experience that the LQ models are quite robust. Relatively large 
quantitative changes in Newtonian model parameters produce 
smoothly distributed changes in the predicted feedback matrices. 
Qualitative changes in the structure of the feedback matrices require 
qualitative changes in the structure of the Newtonian model or the be- 
havioral goals for which the LQ-controller was optimized. 

Some Predictions Regarding Proprioceptive Feedback 

For all four types of control examined, the optimized feedback matrix 
called for widespread divergence from individual sensors onto motor 
pools, including those pools whose mechanical output did not directly 
influence the sensor in question. Figure 3 shows a small portion of the 
feedback matrix among the proprioceptors and motor pools for the 
uniarticular extensor muscles operating at the ankle (soleus), knee 
(vasti), and hip (biceps femoris anterior). The entire matrix from which 
it is drawn consists of feedback from each of the 3 muscle sensor 
groups (Renshaw, spindles, and GTOs) from each of the 10 muscle 
groups plus joint receptors from the 3 joints (a total of 33 inputs), onto 
each of the 10 motor pools. The individual graphs shown in the figure 
represent the way in which the gain of a particular feedback element 

I (1 sensor onto 1 motor pool) would vary as the desired "stiffness" of 
control (RIQ ratio) is varied. 

0 The tendency for sensory feedback to be directed to muscles that 
were widely divergent from the source was greater for larger RIQ ra- 
tios; for example, models that emphasized conservation of effort by 
producing less "stiff" responses relied more on feedback between dif- 
ferent muscle groups (heteronymous) than within a single muscle 
group (homonymous). The first three control strategies, however, 
which tried to maintain equilibrium for only a subset of the state vari- 
ables, produced responses to perturbations that tended to be unphys- 
iological for any RIQ ratio. For example, regulation of joint angle or 
muscle length only resulted in feedback patterns that produced un- 
realistically large and abrupt changes in muscle activation. More phys- 
iological responses were seen for the global control strategy (Figures 
3 and 4) in which the feedback matrix was designed to maintain the 
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initial state, as measured by all of the state variables (and weighted 
according to the range of each state variable for the normal walking 
cycle). Figure 4 presents the results of the simulation, in which the 
Newtonian model, which was used to calculate the feedback matrix, 
was subjected to a mechanical perturbation whlle the feedback matrix 
controlled the response of the 10 muscle groups. The model returned 
to the desired equilibrium with a time course of joint angles, ground 
forces, and changes in muscle activation (excitatory, inhibitory, or even 
multiphasic in some muscle groups) that was generally sim~lar to that 
seen in normal cats subjected to a similar perturbation (Macpherson, 
1988a, 1988b). 

We are still in the process of an exhaustive determination of the min- 
imal set of regulated state variables needed to achieve physiological I 
responses in this musculoskeletal system. The results to date, how- 
ever, constitute the first direct tests of the adequacy of currently pop- 
ular theories of servocontrol, when extended to multiarticular systems. 
They suggest that previous theories of servocontrol may be too nar- 
rowly drawn in two different ways: First, they emphasize minimizing 
perturbations of only particular variables (e.g., muscle length or joint 
angle, analogous to having many zero terms in our Q matrix). Second, 
they emphasize homonymous rather than heteronymous feedback 
(analogous to having many zero terms in our feedback matrix). 

In examining our feedback matrices for the global control strategy 
(Figure 3), we did note many broad similarities to traditionally defined 
spinal cord circuits. Homonymous feedback from la receptors was al- 
ways excitatory, and from GTOs and Renshaw cells was always inhibi- 
tory, regardless of R/Q ratio. Homonymous feedback was generally 
much stronger than heteronymous feedback, but this was strongly de- 
pendent on R/Q ratio, because the amplitude of the homonymous 
feedback decreased greatly at high R/Q ratio (loose control). The am- 
plitudes of the heteronymous terms showed no consistent trend as R/ 
Q ratio increased, with examples of decreases, increases, and even 
sign reversals of feedback. Although any single heteronymous feed- 
back term was usually smaller in amplitude than the corresponding 
homonymous terms, there were a larger number of heteronymous 
terms whose cumulative effect dominated the responses, even for the 
midrange values of RIQ that produced the most physiological re- 
sponses to the test perturbation. 

One interesting pattern that emerged consistently for all control 
strategies and R/Q ratios is diagrammed in Figure 5. In general, any 
feedback projection to the monoarticular extensors of one joint (bar 
ending circling back onto itself) tended to have the reverse sign in its 
effect on the extensors of the adjacent joint (ball ending projecting to 
extensor muscles at adjacent joint). For example, the GTOs of the vasti 
group (monoarticular knee extensors) inhibited the homonymous 
muscle group but excited the hip and ankle extensors. Reciprocally, 
the GTOs in the ankle and hip extensors excited the knee extensor 
muscles. Similar sign reversals in adjacent joints were seen for spindle I 
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Perturbation (wlthout response): 

KInuiobgkal Response: 

Muscle Group Responses: 

Knw Angle 

0 

#6: SAM 

0 -- 

YO: TA,EDL,PL 

Figure 4. Response of model as controlled by the feedback matrix shown in Figure 3 (U 
Q ratio of 1.0) to a backward horizontal displacement of the foot from an initial steady 
state. The top left trace shows the time course of the perturbation (which affects mainly 
the hip angle) in the absence of any response; other traces show kinesiological re- 
sponses (in real physical units for a typical adult cat) and reflex changes in muscle re- 
cruitment (normalized to a range of 0-1, representing zero to maximal recruitment of 
each muscle group). 
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and joint afferent and Renshaw cell projections. (It is not clear whether 
there is a corresponding pattern among flexor muscles because the 
cat has no muscles with pure knee flexor action.) We believe that this 
projection pattern is a direct consequence of the scissoring action of 
the skeleton, in which support is provided by extensors on opposite 
sides of the limb as one proceeds from ankle extensors (on the pos- 
terior side of the shank) to knee extensors (on the anterior side of the 
thigh) to hip extensors (on the posterior side of the thigh). 

There is, of course, an extensive literature on the distribution of such 
heteronymous projections as determined in acute electrophysiological 
experiments (for review, see McCrea, 1986). Trends, such as that sug- 
gested above, are not readily discernible in these papers, probably 
for several reasons. First, our model predicts that different control cir- 
cuits will be needed for different mechanical situations, such as stand- 
ing and walking, and the "state" of the spinal cord was not known in 
most acute experiments (this can be overcome by using pharmaco- 
logical activation of the neural oscillator for walking). Second, several 
parallel interneuronal systems are known, whose contributions must 
be summed to determine net projection strengths; conversely, our 
model separates certain types of feedback (e.g., muscle length and 
joint angle information) that may be derived from the same receptors 
(muscle spindles). Third, to date these experiments have focused on 
very short latency pathways. 

So far, we have concentrated on discerning general patterns and 
trends in the feedback matrices of LQ-controllers for this model mus- 
culoskeletal system. Such general patterns provide an instructive and 

Figure 5. General pattern of inverted feedback noted between extensors of adjacent 
joints; see text for discussion. E denotes extensor motion and muscle groups; F denotes 
flexor muscle groups at corresponding joints. 
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robust overview of the control problems posed by such a system be- 
cause they are relatively insensitive to changes in the specifications of 
the sensory and motor components and the optimization criteria over 
physiologically plausible ranges. It should be noted that we are not 
proposing that the spinal cord functions as an LQ-controller per se, 
any more than we would propose that it produces the neural program 
for walking by inverse dynamic analysis. Rather we are simply.using 
LQ theory as a convenient tool to predict the kinds of feedback that 
should occur in the spinal cord if it were attempting to cope in a gen- 
eral way with the mechanical properties of the limb. 

In a sense, the model and a particular controller design constitute a 
metaphor for one possible relationship between the cat hind limb and 
the spinal cord. It remains to be seen whether the organization of spe- 
cific spinal cord circuits is accurately predicted by any particular feed- 
back matrix produced by the model. At the very least, such models 
will be useful in pointing out unpredicted relationships between sen- 
sors and actuators that should be particularly interesting items for ex- 
perimental investigation. Such information should be useful in the de- 
sign of acute studies of interneuronal projections and chronic studies 
of reflex responses to electrical stimuli, because such studies require 
technically difficult experiments that are limited in their capacity to sur- 
vey even a small number of potential projections. 
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