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SUMMARY

Muscle spindles are complex sensory organs that relay vital mechanosensory
information to the central nervous system to coordinate movement and control balance.
However, the information that muscle spindles encode and the effects of muscle-tendon
unit (MTU) mechanics on muscle spindle feedback are not well understood. Here, we
applied sinusoidal length changes to the passive medial gastrocnemius of adult rats with
and without added series elasticity to effectively increase tendon compliance. We measured
the length change and force of the MTU, the length change of the muscle fascicle, and the
resulting stretch responses of muscle spindles. We then compared various models of
muscle spindle responses based on both MTU and fascicle-level mechanics to find the
model that best describes muscle spindle behavior across a changing mechanical
environment. We hypothesize that muscle spindles respond to the force and yank (the first
time-derivative of force) exerted on muscle spindle fibers, and thus predict that muscle
spindle responses will be best described by a model of the force and yank within the muscle
fascicle. Our results demonstrate that while tendon compliance may affect muscle spindle
behavior, muscle spindle responses are best described across mechanical conditions by
force and yank models. Thus, any sensory loss due to increases in tendon compliance may

be compensated for by increasing the forces exerted on muscle spindle fibers.



INTRODUCTION

1.1 Structure and Function of Muscle Spindles

Muscle spindles are complex mechanosensory organs that lie embedded in muscles
and relay information regarding muscle stretch to the central nervous system via group la
sensory afferents. These sensory afferents form direct connections with motor neurons in
the spinal cord (the stretch reflex loop), but also relay information along channels in
ascending pathways in the spinal cord and up to the brain [1, 2]. With a combination of
both peripheral and central pathways, muscle spindles play a vital role in the neural control
of movement [3]. Lockhart and Ting [4] demonstrated that during balance perturbations in
cats, a large burst of activity in antagonist muscles was present shortly after the onset of
the perturbation, and that this response was absent in cats with sensory neuropathy. It’s
also been demonstrated that these sensory-driven muscular responses are directionally-
tuned in healthy cats, implying a relationship to muscle stretch [5, 6]. Additionally,
disruption of these sensory pathways disrupts inter-joint coordination in cats, particularly
during down-hill walking [7]. A genetic strain of mice without muscle spindles have also
been shown to have decreased speed, altered muscle activity, and reduced ability to respond
to perturbations during locomotion [2, 8]. The same genetic strain of mice also has a
marked lack of joint coordination during swimming, when more fine control is required,
and decreased foot placement accuracy during ladder walking [2]. It's also been shown in

amputees that the loss of sensory feedback from muscle spindles and Golgi tendon organs



results in a loss of sensorimotor activity in the brain and increased compensation with the

visual system to coordinate movement [9].

Though muscle spindles play a key role in the control of movement, a clear
understanding of their behavior and information they encode remains elusive. Muscle
spindles are small organs that lie embedded in the parent muscle, however previous
descriptions of their behavior have largely relied on measurements of joint-level mechanics
or the mechanics of the musculotendon unit (MTU). As the muscle and tendon are arranged
in series, and their stiffness can differ, the length change of muscle fascicles (bundles of

muscle fibers) may be substantially different from the length change of the MTU [10].

1.2 Force- and Length-Sensing Behaviors of Muscle Spindles

Recent evidence suggests that muscle spindles may be sensitive to force and yank
(the first time-derivative of force, dF/dt) rather than length or velocity [11-13]. Muscle
spindle responses have been shown to be related to muscle stretch length but are
particularly sensitive at shorter stretches [14]. Additionally, the peak firing rates of muscle
spindles have been shown to be nonlinearly related to stretch velocity in ramp-and-hold
stretch paradigms [15]. This same mathematical relationship to stretch velocity has also
been shown to reproduce spindle firing rates over time during active locomotion cycles in
cats [16]. Additionally, in vivo muscle spindle firing rates in humans has been shown to be
closely related to muscle fascicle length during slow sinusoidal stretches of the soleus [17].
These examples from a large body of work contributed to the understanding of muscle

spindles as length and velocity sensors in the muscle.



However, muscle spindle firing responses have been shown to exhibit the same
thixotropic properties as muscle, and models of crossbridge binding have been shown to
reproduce key qualitative features of muscle spindle behavior [11, 18-23]. This is
hypothesized to be due to the force-producing properties of intrafusal muscle fibers, or the
muscle fibers within the spindle that attach to sensory encoding regions within spindle
fibers. Further, in passive cat muscles (with an absence of alpha motoneuron drive to
extrafusal muscle and gamma motoneuron drive to intrafusal muscle), muscle spindle
responses have been accurately reproduced by linear combinations of force and yank
measured from the MTU [12]. Thus, in the absence of central drive, extrafusal muscle and
muscle spindle stretch responses appear to be governed by the same force-producing
properties. However, MTU force and yank are not the most accurate predictors of spindle
firing in rats. Due to dense extramysial tissue within rat muscle, MTU force and yank fail
to accurately reproduce spindle firing at longer stretch lengths. However, subtracting the
estimated force contribution of these non-contractile tissues from the force of the MTU

corrects this discrepancy [13].

1.3 Effect of Tendon Stiffness

Tendon stiffness disrupts the relationship between the forces and length changes of
the tissue surrounding the muscle spindle from the mechanics of the joint. As muscle
fascicles and tendons are arranged in series, the length change of the fascicles with respect
to the length change of the MTU is determined by tendon stiffness, as shown in Fig. 1.
Furthermore, tendons can disrupt the relationship between the force in contractile muscle
tissue and the force in the tendon. While arranged in series, the dense connective tissue in

rats results in a change in force distribution between contractile and non-contractile



muscular tissues that depends on fascicle length. Given the exponential force-length
relationship of non-contractile tissue [13], at longer fascicle lengths this tissue accounts for
a greater proportion of the total MTU force. Thus, changes in tendon stiffness can directly
decouple the relationship between MTU and fascicle length, and indirectly decouple the

relationship between MTU and fascicle force.

1.4 Clinical Significance

While direct recording from muscle spindle afferents is possible in awake humans,
current techniques severely limit the possible behaviors in which spindle afferent activity
can be measured. For this reason, robust, generalizable, and predictive models are required
to understand the role of muscle spindle feedback in human movement and balance control.
A generalizable model of muscle spindle behavior should be accurate regardless of the
mechanical properties of the MTU. For example, aging, exercise, and certain conditions
can change the mechanical properties of both the muscle and tendon [24, 25], and a
generalizable muscle spindle model should be accurate in all such cases. In addition,
models of increased sensory feedback based on force have reproduced key features of gait
and clinical tests of spasticity in children with cerebral palsy [26, 27]. To develop such a
generalizable model, it is important to consider the lengths and forces of the tissue
neighboring the muscle spindle rather than using MTU- or joint-level approximations. As
tendon stiffness affects the relationships between MTU and fascicle forces and length
changes, muscle spindle models based on fascicle-level mechanics will serve to offer
greater insight into what information is relayed by muscle spindles to the central nervous

system and allow for generalizable descriptions of spindle behavior.



1.5 Hypothesis

Here, we set out to test the force sensitivity of muscle spindles in altered mechanical
conditions by measuring muscle spindle afferent firing rates in response to imposed
sinusoidal stretches (2 mm amplitude at 2 Hz) of the medial gastrocnemius (MG)
musculotendon unit (MTU) with and without added series elasticity (ASE). The MG was
in a passive state in the portions of trials analyzed here, such that there was no descending
drive to the muscle or muscle spindles. We hypothesize that muscle spindles respond to
the force and yank exerted on intrafusal muscle fibers. According to this hypothesis, the
reduction in stiffness of the MTU will result in a decrease in force within the muscle itself,
and thus firing rate will decrease. Due to the redistribution of force between contractile and
non-contractile tissues in the muscle, we predict that a mathematical model of spindle firing
based on fascicle force and yank will better predict spindle IFR across experimental
conditions than one based on MTU force and yank, assuming fascicle force is
approximately proportional to intrafusal force. According to previous descriptions of
muscle spindle responses with respect to the length change and velocity of the MTU, we
also considered models of spindle behavior based on the length change and velocity of the
MTU and fascicle. As the imposed sinusoidal stretches are similar to muscle stretch
patterns during locomotion in rats, we also considered the nonlinear velocity model
formulated by Prochazka and Gorassini [15]. We predict that these models will reasonably
predict muscle spindle firing rates when trained in the control condition, but their accuracy

will decrease in the ASE condition.



Figure 1: Predicted decoupling of MTU and fascicle lengths and forces with an
increase in tendon compliance. For the same given displacement of the MTU,
increased tendon compliance will decrease the strain of the fascicle. This in turn
reduces the force contribution of extramysial tissue, which changes the distribution
of MTU force between contractile and non-contractile tissues. The reduced force
within the muscle will hypothetically result in a decrease in firing rates of a spindle
within the fascicle.




METHODS

2.1 Animal Preparation

All animal procedures were conducted according to guidelines of the Georgia
Institute of Technology Institutional Animal Care and Use Committee. Adult female
Wistar rats (250 — 300g body weight) were deeply anesthetized by isoflurane inhalation
until the withdrawal reflex was absent. Temperature, respiratory rate, heart rate, PCO2, and
SPO2 were continuously monitored for the duration of each experiment. Animals were

euthanized by isoflurane overdose and exsanguination.

Animal dissection was conducted in the same manner described in Vincent et al 2017
[1]. The medial gastrocnemius (MG) was dissected away from the other muscles of the
triceps surae and cut away from the calcaneus. The MG tendon was fixed to the arm of a
servomotor (AURORA 310C-LR). In the control condition, the tendon was fixed using
Kevlar thread. In the ASE condition, the tendon was tethered to a piece of surgical tubing,
which was in turn fixed to the motor. Sonomicrometry crystals (Sonometrics) were
implanted at the proximal and distal ends of the same fascicle within the MG. The MG
nerve was isolated from surrounding tissues and other nerves were crushed. Dorsal roots
of the L4 and L5 were dissected and suspended on a bipolar hook electrode for recording.
Alpha motoneurons were also stimulated to elicit contraction of extrafusal MG muscle
fibers, however for the purposes of this analysis only passive cycles of these trials were

examined.

2.2 Data Collection



Cross Section of Spine

Figure 2: Experimental design. Length change and force of the MG MTU was controlled
via servomotor and length change of the MG fascicle was measured via sonomicrometry.
Resulting spindle afferent action potentials were recorded from the dorsal root of the
spinal cord and stimulating electrodes were placed on the ventral roots, although only
passive cycles of trials are not considered here.

Recordings from spindle afferents (n = 12) from 5 animals were taken intracellularly
via glass microelectrode. MTU length and force were measured from the servomotor, and
muscle fascicle length was measured with sonomicrometry at 20 kHz (Fig. 2). Data was
collected and stored using Cambridge Electronic Design (CED) Power 1401 and Spike2

software.
2.3 Data Processing

For each trial, MTU and fascicle displacements were first normalized such that the
resting length was 0. Force measurements were low-pass filtered at 1 kHz with a 2"-order
Butterworth filter. Measurements were then downsampled to approximately 3.5 kHz.
MTU length, fascicle length, and force were then all filtered using a 1*-order Savitzky-
Golay filter with a window of 501 samples. Then, a 6"-order Savitzky-Golay filter with a
window size of 151 samples (approximately 43 ms) was used to smooth length and force

measurements and differentiate to obtain velocity and yank measurements. Trials were



excluded on the basis of having no recorded spikes or of having unreliable force
measurements, in which rapid changes in force were observed at the peak of the stretch
cycle with no accompanying changes in MTU or fascicle length, indicating potential

slipping of the MTU on the motor.

2.4 Computational Modeling

All computational modeling was generated in MATLAB software (The MathWorks,
Inc.) using constrained optimization. A total of six models were compared. The first tested
the relationship between the force and yank of the MTU measured from the motor, given
in Equation 1. The second utilized the estimated force and yank on the contractile tissue of
the muscle, termed “fascicle” force and yank, given by Equation 2. These fascicle force
and yank models are similar to those given by Blum et al 2019 [13], with the noted change
of utilizing the length of the fascicle as opposed to the length of the MTU to estimate the
force and yank on non-contractile tissues, and are given by Equations 3 and 4. The third
(Equation 5) and fourth (Equation 6) utilized the length and velocity of the MTU measured
from the motor, and the length and velocity of the fascicle measured with sonomicrometry,
respectively. The fifth and sixth (Equations 7 and 8, respectively) utilized the velocity of
the MTU and velocity of the fascicle, fitted with a fractional power law model similar to

Prochazka and Gorassini 1998 [16].

IFR(t — ) = kp(Fyry + br) + kyYyry (1)
IFR(t — ) = kp(Fpqs + bp) + kyYpgs (2)



Fras = Furv — Fne = Furu — (Aekex”(LFas_LO) + klin(L{Fas) - Lo))
Yras = Yuru — Ypas = Yuru — (Akexpe kexp(Lras—Lody, o+ klinvFas)
IFR(t — 2) = ky (Lyry + by) + kyvyry
IFR(t — ) = ky(Lpas + by) + kyVpqs
IFR(t — A) = kyvyby, + by

IFR(t — A) = kyvyE + by

3)

4

)

(6)

(7

®)

These models were implemented in algorithms to optimize coefficients to fit model

predictions to IFR using minimization of sum of squares error. Ranges for each coefficient

could be specified, and the algorithm would determine coefficients within those ranges that

minimized the error. Limits for gains (k, ky, k1, and ky) were loosely restrained, such that

upper limits on the coefficients did not force the fitting in any particular direction.

However, non-zero lower limits were set for kr and k; to ensure some contribution from

each component to the model fit. The limits for the power law models were set in a manner

as to align with the values specified in Prochazka and Gorassini 1998 [16]. The reported

value for ky was 4.3, so the limit was set between 1 and 20, the value for kp was 0.6, and

limits were set between 0.1 and 2, and the value for 5, was 82, so the limits were set at 40

and 120. The ranges for these values were expanded slightly to account for differences in

10



scale of MTU and fascicle velocity. The ranges for the time delay lambda were set between

0 and 20 ms.

Ranges and constraints for non-contractile coefficients were set in a manner that
agreed with Blum et al 2019 [13] and to be physiologically plausible. Constraints were set
to ensure the estimated fascicle force was in tension when spiking occurred (allowing slack
during shortening phases), the fascicle was in tension at rest, and the non-contractile force
accounted for between 20 and 40 percent of the total MTU force (reported to be 34.3% for
2 mm stretches in Blum et al 2019 [13]) and 10 and 80% of MTU yank. Ranges for
coefficients were specified such that 4 was between 0 and 2.0 N, k.., was between 0.5 and

3.0 mm™', L, was between 0 and 0.25 mm, and k;;, was between 0 and 1.0 N/mm.

Each model fit was conducted on an individual trial basis, and certain coefficients
were then prescribed as needed. First, the time delay was assumed to be consistent for each
afferent, so after fitting each trial, optimal values were determined for each afferent, then
set as constants for further iterations of fitting. Each animal was assumed to have the same
non-contractile tissue properties, so after individually fitting, optimal coefficients were
determined for each animal and set as constants in the next iteration of fitting. Non-
contractile coefficients were fixed once per fitting iteration in order to ensure that the next
iteration of fitting would still meet the constraints. Optimal values for non-contractile
coefficients were determined by taking the maximum likelihood estimator of individual
trial fit values to reduce the effect of potential outlier fits. Optimal values for lambda were
determined by weighted average, where the weight was the R-squared value of the model

fit, such that values that led to a better fit were given preference.

11



To determine the cross-predictive accuracy of each model, an optimal set of
coefficients was determined for each afferent. Assuming one spindle had the same
“sensitivities” in each model, a single set of coefficients was used to predict spindle afferent
firing rates in both control and ASE conditions. Optimal coefficients were determined in
the same way as lambda previously, by taking a weighted average of values with individual
fit R-squared serving as the weight. Only values from the control condition were used in
determining these optimal coefficients, in order to assess how these model predictions

generalized to the ASE condition.
2.5 Data Analysis

Model accuracy was assessed using R” and variance accounted for (VAF) metrics. R* was

computed as the square of Pearson’s correlation coefficient, given by Equation 9.

N S
P(IFR IF\R) _ 1 Z<IFRL'_“IFR) IFR, — Wy )
' N-1 = OIFR O/FR
var(IFR — IFR)
VAF =1— (10)

var(IFR)

In this case, IFR; represents recorded muscle spindle IFR and IFR; represents the
predicted firing rate at each instance / over N samples. The correlation coefficient p was
computed using MATLAB’s built-in corrcoef() functionality. Similarly, VAF was
computed using the variance of the residual errors and of the recorded IFR according to

Equation 10 [28, 29].

12



Once performance metrics had been computed, they were collected and exported
for statistical analysis with R software (The R Foundation). To compare the predictive
accuracy of models in control and ASE conditions, the R* and VAF of individual-trial fits
and fixed-coefficient fits were compared. Statistical comparisons were made using the
accuracy (R? or VAF) as the outcome, with ASE as a fixed effect and individual afferents
as a random effect. Thus, statistical comparisons assessed the change in performance of
each model per afferent with the addition of elasticity. Next, to assess any change in
accuracy associated with model training, individual-trial fit accuracy was compared to the

fixed-coefficient fit accuracy in the control condition using a paired t-test.

13



RESULTS

3.1 Decoupling of MTU and Fascicle Lengths and Forces with ASE

As predicted, the addition of series elastic elements altered the relationships between
the lengths and forces of the MTU and fascicle. For the same imposed length change of the
MTU, the length change of the fascicle decreased, the force of the MTU decreased, and
spindle afferent firing rates decreased. Increased tendon compliance decreased fascicle
stretch the most at longer lengths. The addition of tendon compliance decreased force and
fascicle excursion, however had no effect on the apparent stiffness of the muscle with

respect to fascicle length, as demonstrated by the relationships between MTU and
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Figure 3: Decoupling of MTU and fascicle dynamics and relationships to muscle
spindle IFR. Increases in effective tendon compliance did not significantly reduce
mean or peak steady-state firing rate but did result in decreases in MTU force and
fascicle length. While increased compliance decreased peak MTU force, it did not
change the apparent stiffness of the MTU with respect to fascicle length. Increased
compliance also altered the relationship between fascicle length and velocity and
muscle spindle IFR, with firing rates decreasing at lower stretch lengths and
velocities.
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estimated fascicle force with respect to fascicle length. Fig. 3 shows the relationships
between spindle firing rate, and measured fascicle length and velocity. Length and velocity
relationships demonstrate similar relationships with the addition of compliance, with firing

rates dropping off more quickly with ASE.

3.2 Force and Yank Model

To test the hypothesis that muscle spindles respond to the force and yank exerted on
intrafusal muscle fibers, we compared predictive models of muscle spindle afferent firing
rates with and without ASE. Figure 4 demonstrates examples of the force and yank fitting
models. Fig 4a shows examples of MTU and fascicle force and yank models. Both models
have been tested previously [12, 13], however this present analysis offers direct
comparisons of the predictive accuracy of the two. The comparison of recorded vs
predicted IFR in the MTU force and yank model shows accurate predictions at high firing
rates, however it tends to under- or over-predict in the mid-range, a consistent trend across
trials. Comparisons of recorded vs predicted IFR in the fascicle force and yank model show

less tendency to under- and over-predict in the intermediate range of firing rates.

Comparisons of cross-prediction accuracy (fixed-coefficient fits) in Fig 4b indicated
similar trends in fitting as in the individual fits regarding under- and over-predicting
intermediate firing rates. Slight differences in the relationship between recorded and
predicted IFR can be observed in the MTU model, while the fascicle model produced more

consistent relationships. In the curves shown, the models with fixed coefficients under-
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Figure 4: Predictions of muscle spindle IFR based on MTU and fascicle force and
yank. Top panel: Example individual-trial fits of MTU and fascicle models. Force
(blue) and yank (green) are combined in a pseudo-linear manner to fit the firing rate
profile (red) of the muscle spindle afferent. Comparison of recorded and predicted
IFR (right, red line indicating a 1:1 relationship). No significant differences in R* or
VAF were observed between conditions for either model. Bottom panel: optimized
coefficients for each afferent (trained on control condition trials) were used to
predict firing rates across conditions. MTU model shows a slight shift towards
under-prediction in the ASE condition, however no significant loss of accuracy was
observed in either model.

predict firing rate during the stretch phase and over-predict during shortening. Altogether,
the MTU force and yank model prediction accuracy was not significantly affected by
tendon compliance. Comparing individual trial fits revealed no significant change in R* or

VAF between conditions. Similarly, no significant change was present in R> or VAF

16



between groups in fixed-coefficient fits. Fixed-coefficient R* was slightly but significantly
greater than single-trial fit R* in the control condition, however no significant relationship

was found in VAF.

Similarly, added tendon compliance had no effect on the accuracy of the fascicle
force and yank model. R*> and VAF were consistent for individual trial fits across
conditions, and no significant changes were present across groups for fixed-coefficient fits
as well. There was also no significant difference in R* or VAF from individual-trial fits to

fixed-coefticient fits.
3.3 Length and Velocity Model

Considering the alternative hypothesis that muscle spindles respond to stretch length
and velocity, we compared predictions of muscle spindle firing modeled by linear
combinations of both MTU and fascicle displacement and velocity. To test the
generalizability of these models across mechanical conditions, a single set of coefficients
was determined based on fit coefficients in the control condition and used to predict IFR
for the same afferent in the ASE condition. Fig. 5 shows model predictions of spindle firing
rate based on the length and velocity of the MTU and fascicle. In the individual-trial fits in
Fig. 5, both models predict intermediate firing rates with less accuracy than the force and
yank models, and the relationship between recorded and predicted IFR is increasingly
nonlinear. Further, this issue is not substantially improved by utilizing fascicle
measurements. Fixed- coefficient fits of both MTU and fascicle models show no change in
the nonlinear relationship of recorded vs predicted IFR. However, in the MTU model, the

firing rates of the model fit are consistent between control and ASE conditions, while in

17



the fascicle model, the relationship between recorded and predicted IFR changes between
conditions. In the MTU length and velocity model, no significant changes in R* or VAF
were observed in individual fits between control and ASE conditions. In fixed-coefficient

fits, no significant change was observed in the R* between control and ASE
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Figure 5: Predictions of muscle spindle IFR based on MTU and fascicle length and
velocity. Top panel: example individual-trial fits of MTU and fascicle models. Length
and velocity measurements from the MTU and fascicle are combined in a pseudo-
linear manner (length component in blue, velocity component in orange) to predict
spindle IFR (predictor in red, IFR black dots). Both models lack prediction accuracy
in intermediate ranges of firing rates as shown in the recorded vs predicted IFR plots
(right, red line indicates 1:1 relationship). Neither model suffered a loss of accuracy
in ASE conditions. Bottom panel: cross-prediction fitting conducted in the same
manner as in the force and yank models. Fascicle model shows a shift towards under-
prediction in the ASE condition, however the only significant change in accuracy is
an increase in VAF of the MTU model in the ASE condition.
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Conditions, but the VAF in the ASE condition significantly increased. In the control
condition, fixing coefficients resulted in no significant change in either R* or VAF. In the
fascicle length and velocity model, no significant changes were observed in either R* or
VAF between individual-trial fits in control and ASE conditions, fixed-coefficient fits in
control and ASE conditions, or between individual-trial fits and fixed-coefficient fits in the

control condition.
3.4 Nonlinear Velocity Model

The nonlinear velocity model did not accurately reproduce muscle spindle IFR. In
the MTU model, firing rate was consistently over-predicted during lengthening and under-
predicted during shortening, as shown in the individual fit in Fig. 6. This same behavior is
apparent in the fixed-coefficient fits of the MTU model. While the fit is substantially
nonlinear, there is no apparent difference in trends between control and ASE conditions.
Overall, the R* and VAF were poor for the nonlinear MTU velocity model. Interestingly,
R* and VAF were higher in the ASE condition in both individual-trial fits and fixed-
coefficient fits for the MTU model, with no significant decrease in accuracy associated
with fixing coefficients. The nonlinear fascicle velocity model produced generally better
predictions of spindle firing than the accompanying MTU model. Qualitatively, the fascicle
velocity measurements were able to more accurately model spindle firing during
lengthening, as shown in the individual-trial and fixed-coefficient fits in Fig. 6. There was
also little difference in the relationship between recorded and predicted IFR between
control and ASE conditions. There were also no significant changes in R* or VAF between
groups with individual-trial fits, fixed-coefficients fits, or between individual-trial and

fixed-coefficient fits in the control condition.
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Table 1: Performance metrics of force and yank, length and velocity, and nonlinear
velocity models of the MTU and fascicle across conditions and fitting methods

R? (mean + sd) VAF (mean + sd)
Individual-Trial Fixed-Coefficient Individual-Trial Fixed-Coefficient
Model (CTRL, ASE) (CTRL, ASE) (CTRL, ASE) (CTRL, ASE)

MTU Force/Yank 0.70+0.14 0.71+0.14 0.70£0.14 0.70+£0.13 | 0.66+0.14 0.71+0.14 0.66+0.14 0.65+0.15

Fas. Force/Yank 0.71+0.16 0.69+0.17 0.71+0.16 0.66+0.18 | 0.64+0.19 0.63+0.18 0.63+0.19 0.57+0.22
MTU

Length/Velocity 0.57+0.16 0.64+0.15 0.57+0.16 0.64+0.14 | 049+0.18 0.59+0.17 049+0.17 0.59+0.17
Fas.

Length/Velocity 0.57+0.17 0.60+0.15 0.56+0.18 0.56+0.18 | 0.55+0.18 0.54+0.22 0.53+0.18 0.54+0.18
MTU Nonlinear

Velocity 0.26+0.09 0.31+0.08 0.26+0.09 0.31+0.07 | 0.25+0.09 0.30+0.08 0.25+0.09 0.30 +0.06

Fas. Nonlinear
Velocity 0.53+0.17 0.54+0.15 0.53+0.17 0.53+0.16 | 0.52+0.18 0.54+0.15 0.51+0.19 0.51+0.18

Table 1 gives the R* and VAF for each model in individual fits and fixed-coefficient
fits across conditions. No significant differences were observed between MTU and Fascicle
force and yank models apart from in VAF in the ASE condition of individual-trial (p < .01,
one-way repeated measures ANOVA) and fixed-coefficient (p < .001) fits. Of all fascicle
models, force and yank performed significantly better in every metric apart from VAF in
the fixed-coefficient fits in the ASE condition. Of the MTU models, force and yank
performed significantly better in every metric. MTU length and velocity resulted in
significantly higher R in the ASE condition in both individual-trial and fixed-coefficient
fits compared to fascicle length and velocity, as well as VAF in fixed-coefficient fits in the
ASE condition. The fascicle length and velocity model produced higher VAF in individual-
trial fits and fixed-coefficient fits in the ASE condition. The fascicle nonlinear velocity
model performed significantly better than the MTU nonlinear velocity model in every
metric.
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Figure 6: Predictions of muscle spindle IFR based on nonlinear MTU and fascicle
velocity model. Top panel: example individual-trial fits of MTU and fascicle models.
Velocity measurements from the MTU and fascicle are combined in a pseudo-linear
manner with exponential gain, constant gain and constant offset to predict spindle
IFR as in Prochazka and Gorassini 1998 [16]. Relationships of recorded and
predicted IFR (right) show nonlinear relationships with poor accuracy (red line
indicates 1:1 relationship) with improvements in prediction of the fascicle model
during lengthening. Bottom panel: example trials of model fits with fixed
coefficients to test cross-prediction accuracy between control and ASE conditions.
Training models on control data resulted in a single set of coefficients used to predict
IFR across conditions. No clear differences between recorded and predicted IFR
relationships between conditions in either model.
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DISCUSSION

4.1 Summary

Here, we demonstrate that tendon compliance affects sensory feedback from muscle
spindles, and these changes can be accounted for by changes in forces applied to the tissue.
To our knowledge, this analysis offers the first direct comparison of muscle spindle
behavior with tendon compliance as an experimental factor. Additionally, while
sonomicrometry has been used to describe spindle behavior in terms of local length change
in previous work [10], this analysis offers a novel direct comparison of spindle firing
behavior in terms of measured fascicle and MTU length changes and velocities. We also
demonstrate that the experimental increase in compliance affects the relationship between
muscle spindle firing and muscle fascicle length and velocity, but these differences may be
accounted for by fascicle force and yank. This model also showed the most linear

relationship (qualitatively) between the recorded and predicted IFR.

4.1.1 Force and Yank Model

According to our hypothesis that muscle spindles respond to the force and yank
exerted on intrafusal muscle tissue, we predicted that a fascicle force and yank model
would better predict muscle spindle IFR, and these predictions would be consistent across
conditions. The analysis of the accuracy of the fascicle force and yank model supports this
hypothesis. There was no decrease in accuracy between experimental groups with
individual-trial fitting. With fixed-coefficient fitting, there was also no decrease in

prediction accuracy between experimental groups, indicating that the fascicle force and
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yank model predictions are generalizable across mechanical conditions. Additionally, there
was no significant decrease in accuracy associated with fixing coefficients in the control
condition, and one single set of coefficients could accurately represent the sensitivities of

a single muscle spindle afferent across trials.

The MTU force and yank model demonstrated a similar ability to generalize across
conditions. The only significant change in performance was associated with prescribing
coefficients, however this change was small (B = 0.003, p = 0.047). Additionally, the
estimated change was positive, and thus does not indicate a decrease in performance when
describing the responses of the afferent with a single set of coefficients. While the fascicle
force and yank model performed well, it did not offer more accurate predictions of spindle
behavior than the MTU force and yank model. This may potentially be due to the
experimental design and extramysial tissue force model. First, this model was developed
in ramp stretches of varying amplitudes [13] which offer more qualitative information on
spindle firing with which to fit the model and perhaps sinusoidal length changes alone did
not offer a suitable data set with which to train the model. Second, this model was originally
developed using the length of the MTU to estimate the force on extramysial tissue, while
this current analysis utilized the length of the fascicle. While this may offer an advantage,
it may also be possible that extramysial tissue may span the length of the MTU, and thus
MTU length may offer a better model of extramysial force contribution. Additionally,
forces may not be distributed evenly within the muscle fascicle, and tendons themselves
exhibit hysteresis, where forces are different between lengthening and shortening phases
of stretch. For these reasons, direct measurement techniques of fascicle force should be

explored.
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4.1.2 Length and Velocity Model

The alternative hypothesis that muscle spindles respond to the length and velocity
of muscle stretch was also tested. While relationships between IFR and fascicle length and
velocity were shown to be different across conditions (Fig. 3), no decrease in performance
was observed between fixed-coefficient fits from control to ASE conditions in either the
MTU or fascicle length and velocity models. The only significant difference in prediction
accuracy was in fixed-coefficient fits between control and ASE conditions in the MTU
model. Contrary to predictions, this change in accuracy was positive and no decrease in
accuracy was observed. Additionally, no significant changes in accuracy were observed
for the fascicle length and velocity model. Thus, the prediction that these models would

result in a decrease in accuracy when generalized to the ASE condition was not confirmed.

4.1.3 Nonlinear Velocity Model

In accordance with prior work in locomotion [16], a nonlinear velocity model was
also considered. Predictions of spindle behavior based on fascicle velocity were
substantially more accurate than predictions based on MTU velocity, both qualitatively and
quantitatively. The nonlinear fascicle velocity model resulted in more accurate predictions
of spindle behavior during the lengthening phase of the stretch cycle, and predictions in
both models were consistent across control and ASE conditions. Across MTU and fascicle
models, the only observed changes in accuracy were increases in accuracy of the MTU
model in ASE conditions in both individual-trial and fixed-coefficient fits, contrary to

predictions.

4.2 Model Accuracy in a Physiological Context
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These three models offer differing insights into muscle spindle behavior, but the
force and yank model offers a more mechanistic explanation. While muscle spindles have
been classically understood as muscle length sensors, the firing properties of muscle
spindles imply a far more complex relationship to muscle mechanics than simply length
and velocity, as shown in the comparisons between groups in Fig. 3. Within the encoding
region of the muscle spindle, receptor currents result from deformations in the cell
membrane due to local length changes. However, the strain within the encoding region is
determined by the stiffness of the intrafusal muscle fibers. Thus, the firing behavior of
muscle spindles can be reproduced by estimations of fascicle force [13] or by whole muscle
force [12], as intrafusal muscle fibers and extrafusal muscle exhibit similar properties in
the passive state [18-23]. Intrafusal fiber properties also describe the qualitative similarities
between muscle spindle firing and muscle force-producing properties, such the increased
response of muscle spindles that coincides with short-range stiffness in muscle fibers and
rate relaxation of spindle firing that coincides with decreases in force when held at a
constant length [12]. Further, a crossbridge-based model of intrafusal muscle reproduced
qualitative observations of spindle behavior by estimating driving spindle currents based
on the development of force within intrafusal muscle in response to imposed length
changes. It has been suggested that spindles acting as force sensors would make them
redundant, as Golgi tendon organs are well-described by their force-sensing properties.
However, the unique firing properties and connections to the central nervous system of
muscle spindles indicate that although they may also respond to force, their role is not the
same as that of Golgi tendon organs. For example, the balance-correcting response

associated with spindle feedback detailed by Lockhart and Ting [4] coincided with the
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acceleration of the center of mass of the cat. Additionally, muscle responses during postural
sway in humans have shown to occur before maximum center of mass displacement,
indicating that force- and yank-sensitivity of muscle spindles, as well as the presence of
initial bursts at the onset of stretch that are not observed in Golgi tendon organs, may make
them well-suited for detecting the onset of perturbations and responding more rapidly than

if they responded to muscle length or velocity.

Although the length and velocity and nonlinear velocity models did not produce
decreases in accuracy with the addition of series elasticity, this may largely be due to the
mechanical properties of the muscle. Fig. 3 shows the relationships between MTU force
and estimated fascicle force with respect to fascicle length change. Both relationships are
approximately linear during the lengthening phase of stretch, when spindles are the most
responsive. Thus, if spindles respond to the force and yank within the muscle fascicle,
during the sinusoidal stretches analysed here, it follows that length-based and velocity-
based predictions of spindle firing would produce accurate estimations of spindle firing as
well, both in the experiments analyzed here and in prior literature. This is also shown in
the relationship of IFR to fascicle stretch in Fig. 3, where an approximately linear trend can
be observed until the fascicle begins to shorten, where the effect of tendon compliance can
be seen. This may also explain the observations in the nonlinear velocity models. In the
control condition the stretch velocity of the fascicle with respect to the MTU was increased,
and thus the MTU velocity may have failed to account for differences in MTU and fascicle
dynamics. At the lower stretch lengths and velocities in the ASE condition, these

relationships were more similar, and thus the nonlinear MTU velocity model was more
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accurate, and the nonlinear fascicle velocity model was similarly accurate across

conditions.

While an increase in effective tendon compliance served to decouple fascicle lengths
and forces from those of the MTU, the decoupling effect was not sufficient to fully tease
apart spindle firing from muscle mechanics. Sinusoids were utilized as they were more
similar to steady-state locomotion than triangle or ramp-and-hold stretches, however Fig.
3 shows that the relationships between mechanical variables of the MTU and fascicle are
still approximately linear. Prior work comparing force- and length-based models utilized
the dynamic responses of spindles to ramp and triangle stretches, and sinusoidal stretches
offer less information for training these models. Prior work has also shown relationships
between muscle spindle initial bursts and short-range stiffness in muscle. In this current
study, initial bursts and short-range stiffness were present in some trials but were not
consistent across trials or afferents. It’s been shown that shortening muscle fibers can
eliminate short-range stiffness, so it’s possible that initializing these stretches in the
shortening phase resulted in some spindles losing short-range stiffness and others not due
to unequal distributions of force between fascicles and fibers. It would be useful in future
work to use the dynamic responses of spindles in ramp and triangle stretch paradigms to
train models in conjunction with sinusoidal stretches, or to initialize sinusoids in the

lengthening phase to elicit more consistent short-range stiffness from the whole muscle.

Due to the close relationships of muscle length and velocity and force and yank in
passive stretches (especially sinusoidal stretches), it remains difficult to tease apart these
variables. Prior work comparing force-based and length-based models relied on evoking

dynamic responses from muscle spindles (initial bursts, tonic relaxation, and history
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dependence), and the current experiments were designed to analyze responses during
steady-state conditions. As previously mentioned, these experiments also included stretch
cycles with alpha motoneuron stimulation to recruit extrafusal muscle without activating
the gamma motoneurons that innervate muscle spindles. These experiments incorporating
muscle activation and ASE will offer a more rigorous test of force and yank models in

future work.
4.3 Congruence with Literature

Overall, this work is in agreement with prior work describing the behavior of muscle
spindles with respect to MTU length, velocity, and force. Due to the relationship between
imposed length changes and force on muscle fascicles, length and velocity models can
suitably predict muscle spindle feedback during steady-state behaviors, as was shown here
and in Prochazka and Gorassini 1998 [16]. However, in conjunction with Blum et al 2017,
Blum et al 2019, and Blum et al 2020 [11-13], this work demonstrates that models of
intrafusal force and yank are better predictors of muscle spindle feedback in both steady-
state and dynamic stretch paradigms. Discrepancies in nonlinear velocity model accuracy
from Prochazka and Gorassini 1998 [16] likely arise from differences in experimental
design. The model proposed resulted in an R of 0.94 for a locomotor cycle with a duration
of approximately 1 s, a much slower frequency than the 2 Hz sinusoids compared here. At
a slower frequency, nonlinear MTU velocity models may predict spindle firing more
accurately. For individual-trial fits, the mean kp was 0.61, compared to 0.6 in Prochazka
and Gorassini 1998. The mean ky and by values were 13.7 and 48.1, respectively, compared

to 4.3 and 82 previously.
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This current work indicates that tendon compliance affects muscle spindle feedback,
contrary to the findings of Elek et al in 1990 [30]. In this prior work, MTU length and
spindle responses were recorded during locomotion in cats and reproduced with imposed
length changes of the MTU, following the same pattern with and without alpha and gamma
motoneuron stimulation. Using spindle firing as a measurement of fascicle length change
to estimate the compliance of the tendon, it was concluded that tendon compliance had
little effect on the relationship of spindle firing and MTU length as fascicle and MTU
length did not differ significantly between active and passive stretch cycles. This work
demonstrates clear effects of tendon compliance on muscle spindle behavior, with the
added benefit of directly measuring fascicle length change. The current analysis as well as
the nonlinear relationship between muscle length and spindle firing described by Matthews
and Stein [14] demonstrate that muscle spindle firing is not an accurate measure of fascicle
stretch. Additionally, Elek et al reported no difference in spindle firing with alpha
motoneuron stimulation during stretch, which is contradicted in this current study. As
previously mentioned, the trials analysed here were passive cycles isolated from trials of
sinusoidal stretches with alpha motoneuron stimulation, and in these trials, extrafusal
muscle activation by alpha motoneuron stimulation often has a silencing effect on muscle
spindles, with no firing during active lengthening. Thus, it may be that gamma motoneuron
stimulation affected the responsiveness of muscle spindles during the active lengthening

cycles in Elek et al 1990 [30].
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4.4 Clinical Implications

It is unclear whether tendon compliance may directly affect the neural control of
movement via decreased stretch responses from muscle spindles. No significant decrease
in spindle firing across all afferents was observed here with the addition of series elastic
elements. However, peak and mean firing rates decreased in all but one afferent, so a larger
sample size may be needed to reach a conclusive answer. It has been observed in older
adults that balance control shifts from more automated, subcortical mechanisms to more
cortical control [31] and that a loss of muscle spindle and Golgi tendon organ feedback
result in a reduction of sensorimotor activity in amputees [9], so it is plausible that sensory
feedback loss may significantly affect motor control in humans. However, it is also possible
that a loss of stiffness in the tendon may be accounted for by increased activation of the
muscle to retain the stiffness of the MTU. It’s been shown that older adults simultaneously
contract slow muscle fibers in the tibialis anterior and medial gastrocnemius during
standing balance tasks, a possible compensatory mechanism to retain stiffness about the
ankle joint [32-34]. This may be a strategy to increase the resting stiffness about the joint
by activating muscle tissue via alpha motoneurons, however the central nervous system
may also be activating gamma motoneurons in tandem to simultaneously increase the
responsiveness of muscle spindles. However, whether co-contraction of agonist and
antagonist muscles is an effective compensation for potential sensory loss is a question that

warrants further exploration.

In conjunction with prior work, this analysis demonstrates that force and yank best
describe the firing behaviors of muscle spindles in both dynamic and steady-state

behaviors. It has been shown previously that different contributions of force and yank to
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spindle behavior can predict observed spindle responses in different neurological
conditions [11], and this work shows that a force and yank model can generalize across
mechanical conditions as well. With an understanding of both the mechanical and neural
contributions to spindle behavior, it would then be possible to develop mechanical
solutions to neurological problems. For example, a condition such as cerebral palsy that is
associated with hyperactivity of stretch reflexes [26, 27, 35, 36], a mechanical intervention
to dampen the force and yank experienced by the muscle has the potential to improve motor

function.
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CONCLUSION

In this present study, we aimed to study the effect of tendon compliance on muscle spindle
feedback and test the hypothesis that muscle spindles respond to the force and yank exerted
on intrafusal muscle fibers by testing mathematical models of spindle behavior in passive
stretches of the rat medial gastrocnemius MTU with and without added series elasticity.
We alternatively tested models of muscle spindle behavior based on measured MTU length
change and velocity and fascicle length change and velocity measured via sonomicrometry.
The utilization of sonomicrometry offered a novel opportunity to directly compare MTU
and fascicle dynamics in a manner not previously seen in the literature. Not only did force
and yank-based models accurately predict spindle IFR, but predictions also generalized
across mechanical conditions with no loss in prediction accuracy, supporting the
hypothesis that spindles respond to force and yank on the spindle. Length and velocity-
based models equally generalized across conditions but were less accurate predictors of
muscle spindle firing rate. Ultimately, this work demonstrates that tendon compliance
affects sensory feedback from muscles and decouples relationships between MTU and
fascicle mechanics, and in conjunction with prior work, that models of the force and yank
on intrafusal muscle can accurately predict muscle spindle feedback in steady-state and

dynamic conditions.
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