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Disentangling acceleration-, velocity-, and duration-dependency of the short-
and medium-latency stretch reflexes in the ankle plantarflexors

Ronald C. van 't Veld,' Edwin H. F. van Asseldonk,’ Herman van der Kooij,"? and © Alfred C. Schouten'?2
'Department of Biomechanical Engineering, University of Twente, Enschede, The Netherlands and 2Department of
Biomechanical Engineering, Delft University of Technology, Delft, The Netherlands

Abstract

Motorized assessment of the stretch reflex is instrumental to gain understanding of the stretch reflex, its physiological origin and
to differentiate effects of neurological disorders, like spasticity. Both short-latency (M1) and medium-latency (M2) stretch reflexes
have been reported to depend on the velocity and acceleration of an applied ramp-and-hold perturbation. In the upper limb, M2
has also been reported to depend on stretch duration. However, wrong conclusions might have been drawn in previous studies
as the interdependence of perturbation parameters (amplitude, duration, velocity, and acceleration) possibly created uncon-
trolled, confounding effects. We disentangled the duration-, velocity-, and acceleration-dependence and their interactions of the
M1 and M2 stretch reflex in the ankle plantarflexors. To disentangle the parameter interdependence, 49 unique ramp-and-hold
joint perturbations elicited reflexes in 10 healthy volunteers during a torque control task. Linear mixed model analysis showed
that M1 depended on acceleration, not velocity or duration, whereas M2 depended on acceleration, velocity, and duration.
Simulations of the muscle spindle la afferents coupled to a motoneuron pool corroborated these experimental findings. In addi-
tion, this simulation model did show a nonlinear M1 velocity- and duration-dependence for perturbation parameters outside the
experimental scope. In conclusion, motorized assessment of the stretch reflex or spasticity using ramp-and-hold perturbations
should be systematically executed and reported. Our systematic motorized and simulation assessments showed that M1 and M2
depend on acceleration, velocity, and duration of the applied perturbation. The simulation model suggested that these depend-
encies emerge from: muscle-tendon unit and muscle cross-bridge dynamics, la sensitivity to force and yank, and motoneuron
synchronization.

NEW & NOTEWORTHY Previous research and definitions of the stretch reflex and spasticity have focused on velocity-
dependence. We showed that perturbation acceleration, velocity, and duration all shape the M1 and M2 response, often
via nonlinear or interacting dependencies. Consequently, systematic execution and reporting of stretch reflex and spasticity
studies, avoiding uncontrolled parameter interdependence, is essential for proper understanding of the reflex neuro-
physiology.

group la afferents; M1-M2 stretch reflex; motorized assessment; motoneuron pool

Introduction

Reflexes are an important mechanism within human
movement control to cope with external perturbations dur-
ing daily living. Specifically, the stretch reflex is the rapid
motor response to counteract an unexpected lengthening of
a muscle. Unfortunately, an exaggerated stretch reflex, that
is, hyperreflexia or spasticity, is often present in people with
brain or neural injuries, such as cerebral palsy or spinal cord
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injury (1, 2). Hyperreflexia contributes to the movement dis-
order observed in these people, limiting their functional
independence.

Motorized assessment of the stretch reflex involves impos-
ing a joint movement and measuring the subsequent
response in muscle activity. The advantage of motorized
above manual assessment is that the stretch perturbations
can be precisely controlled and standardized (3). After a sud-
den muscle stretch, three consecutive responses can be
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observed in the electromyography (EMG) in the lower
limb: the short-latency (M1), medium-latency (M2), and
long-latency (M3) response (4). Motorized assessment is
important to gain understanding of the stretch reflex, its
physiological origin and to differentiate effects of neuro-
logical disorders.

Previous studies concluded that stretch reflex responses
depend on several factors: task (5), predictability (6), and
background muscle activation (7). Moreover, ramp-and-
hold perturbation characteristics influence the M1 and M2
responses. Both M1 and M2 are reported to depend on
maximum velocity (8-15) and maximum acceleration (16,
17), whereas stretch amplitude does not affect either M1 or
M2 (9, 15). Stretch duration is reported to only affect M2
and not M1 (9, 14, 15, 18). However, the amplitude, dura-
tion, velocity, and acceleration parameters of a ramp-and-
hold perturbation are related, which warrants further
investigation of these observed dependencies.

The interdependence of the amplitude, duration, velocity,
and acceleration parameters is important to consider when
investigating the effect of perturbation characteristics.
Regarding these four parameters, perturbation signals can
only be designed based on three independent parameters.
For example, Dietz et al. (11) investigated the velocity-de-
pendence, but scaling of perturbation velocity was achieved
by scaling acceleration, creating a potential confounder. All
other studies that investigated the velocity-dependence also
potentially had acceleration as confounder, as none reported
the acceleration profile used (8-10, 12-15). Similarly, studies
on muscle spindle firing dynamics are subject to the same
interdependence. For example, Blum et al. (19) observed a
relationship of the Ia afferent response’s dynamic index with
stretch velocity and initial burst with stretch acceleration.
However, the simulated stretch velocity and acceleration
were varied with a perfect correlation, thus the observed
relations cannot conclusively be linked to either velocity or
acceleration. In general, wrong conclusions might have been
drawn in previous studies regarding the amplitude-, dura-
tion-, velocity-, and acceleration-dependence of muscle
spindle dynamics and subsequent M1 and M2 response.

The goal of this paper is to disentangle the duration-, ve-
locity-, and acceleration-dependence and their interactions
of the M1 and M2 stretch reflex in the ankle plantarflexors.
Ramp-and-hold perturbations with the amplitude parameter
as dependent variable are used to investigate M1 and M2.
Therefore, the amplitude dependency is not investigated.
Based on the previously reported dependencies, we hypothe-
size that the M1 response depends on velocity and accelera-
tion. Moreover, we hypothesize that the M2 response
depends on duration, velocity, and acceleration. The M2 du-
ration-dependence has only been reported in the upper limb
(17). To disentangle the perturbation parameters under
investigation, 49 unique perturbation profiles are used. In
addition, a biophysical simulation model of the muscle spin-
dle Ia afferents (19) coupled to a motoneuron pool (20) was
implemented. This simulation model was used to corrobo-
rate the experimental findings, investigate stretch reflex
dependencies across an extended set of perturbation param-
eters and gain a physiological understanding of the observed
dependencies. The outcome of this study aims to help
understanding of the stretch reflex and to stress the
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importance of a sound perturbation profile design in future
stretch reflex studies.

MATERIALS AND METHODS
Participants

Ten volunteers with no history of neuromuscular disor-
ders participated in the study: age 26.4yr (SD 1.9), two
women and eight men. The EEMCS ethics committee of the
University of Twente approved the study under reference
number RP 2018-58. All participants provided written
informed consent.

Apparatus

Participants were seated on an adjustable chair with the
right foot connected to a robotic manipulator fixed onto the
chair frame, see Fig. 1. The foot connection to the manipula-
tor used a rigid footplate and Velcro straps. The posture was
controlled for by supporting the upper body and leg using
the adjustable chair. The chair ensured that knee and hip
angles were fixed at 150° and 120°, respectively. Both knee
and hip were defined at 180° for a perfectly straight posture.
The starting manipulator position was set at a 90° ankle
angle, defined as the angle between shank and foot deter-
mined using a goniometer. The ankle and manipulator axes
of rotation were visually aligned at the start of the experi-
ment, minimizing knee translation due to the applied ankle
rotations.

A one degree-of-freedom (DOF) manipulator (Moog,
Nieuw-Vennep, The Netherlands) applied ramp-and-hold
perturbations stretching the ankle plantarflexors in the sagit-
tal plane. Ankle angle and velocity (i.e., angular velocity)
were represented by the angular position and velocity of the
footplate measured using the actuator’s encoder. Ankle tor-
que was measured with a torque sensor placed between the
actuator and footplate. Angle, velocity, and torque were
recorded at 2,048 Hz, all defined positive in dorsiflexion
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Figure 1. Overview experimental setup. Participants were seated on an
adjustable chair. A manipulator applied dorsiflexion, ramp-and-hold per-
turbations around the right ankle joint, while measuring the response in
muscle activity. Participants were instructed to keep a constant back-
ground torque using a feedback screen. The feedback screen showed a
(red) plantarflexion torque target around —3+0.1 Nm and a (blue)
smoothed history of the torque exerted by the participant.
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direction. The muscle activity of soleus (SOL), tibialis anterior
(TA), gastrocnemius medialis, and gastrocnemius lateralis
(GM and GL, respectively) were recorded at 2,048 Hz using a
Porti electromyography (EMG) device (TMSi, Oldenzaal, The
Netherlands). EMG electrodes were placed according to the
SENIAM guidelines (21).

Experiment Protocol

Participants were instructed to keep background torque
constant throughout the experiment using a feedback
screen, see Fig. 1. The feedback screen provided biofeedback
of a 65 history of the smoothed (moving average, 200-ms
window) measured torque and a —3+0.1 Nm torque target,
that is, the participant exerted a plantarflexion torque. The
torque task was used to ensure a constant background mus-
cle activation, uncorrelated to changes in perturbation pa-
rameters. As task instruction can influence the stretch reflex
response, participants were instructed to not respond to the
perturbations, similar to Finley et al. (17). Moreover, partici-
pants were instructed to generate background torque as if
rotating the ankle without using the upper leg. To support
these instructions, the influence of the ramp-and-hold per-
turbations on the torque feedback was attenuated. A con-
stant value was shown during each perturbation, equal to
the torque value shown just before perturbation onset.

Stretch reflexes were elicited using 49 unique perturbation
profiles. These 49 perturbation profiles were the combina-
tion of 2 acceleration levels (140 and 175rad/s?), 3 velocity
levels (2.0, 2.5, and 3.0rad/s), and 10 duration levels (30—
75ms with 5ms steps), see Fig. 2. As a result, stretch ampli-
tudes ranged from 0.031rad (1.76°) to 0.165rad (9.45°). The

=+ 50 ms - 3.0 rad/s - 175 rad/s*

experimental scope was limited to avoid excessive muscle fa-
tigue and participant loss of attention. As existing data sets
already focused on acceleration and velocity (12, 13, 16, 17),
we opted to include a broad range of duration levels.
Combining all levels would give 60 unique perturbations,
however 11 of these perturbations had an infeasible combina-
tion of parameters. Specifically, for short duration stretches,
high velocities cannot be reached given the chosen accelera-
tion levels.

Perturbation profiles were designed to disentangle the du-
ration, velocity, and acceleration parameters, see Fig. 2. The
acceleration levels (140 and 175rad/s®) were taken directly
from Finley et al. (17), as a clear M2 response was present in
the ankle plantarflexors at these levels. The acceleration pro-
file consisted of four smooth transition shapes (6 samples, si-
nusoidal) with a constant level in-between. The profile was
scaled linearly to achieve the chosen acceleration levels.
Moreover, changing the length of constant acceleration peri-
ods allowed to set velocity levels. The velocity levels (2.0, 2.5,
and 3.0rad/s) were chosen in a similar range to previous
experiments reporting velocity-dependency of the ankle
stretch reflex (10, 12, 13). Changing the length of constant ve-
locity periods allowed to set duration levels. The range of du-
ration levels (30-75ms) was defined based on the duration-
dependency shown in the wrist (14, 15). A small resolution of
5ms was chosen as the duration effect for M2 has not been
explored in the ankle before and nonlinear effects may exist
(14, 15).

The experiment consisted of 12 blocks with all 49 pertur-
bation profiles elicited exactly once per block. The order of
the perturbations was randomized for each block. The

75 ms - 2.0 rad/s - 140 rad/s’
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Figure 2. Stretch reflex perturbation design. Left: overview of all 49 perturbation profile parameters executed during the experiment. For each profile the du-
ration, maximum velocity, and maximum acceleration parameters were fixed with the amplitude as dependent parameter. Detailed time series are shown for
the two highlighted perturbation profiles (plus and circle). Right: commanded and measured angle, velocity, and acceleration for the two highlighted perturba-
tion profiles. The corresponding ensemble-averaged stretch reflex EMG response of a single representative participant are also shown. The maximum accel-
eration parameter was set by scaling the (blue shaded) sinusoidal shape transitions. The maximum velocity parameter was set by elongating the (red shaded)
period with maximum acceleration. The perturbation duration was set by elongating the (green shaded) period with maximum velocity. The stretch reflex
EMG response shows the (yellow shaded) 10-ms M1 window and 20-ms M2 window used to quantify reflex activity. DF, dorsiflexion; PF, plantarflexion.
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stretch reflexes were elicited with a random 3- to 5-s interval
between each perturbation. The blocks were executed with a
2-min break between each block and a larger 5-min break
between blocks 4-5 and blocks 8-9 to prevent fatigue.

Data Analysis

The correct execution of the torque task was checked for
each stretch reflex during data analysis. This check was nec-
essary as stretch reflexes were applied continuously, even
when participants did not maintain the desired torque. The
background torque was computed as the average torque over
the 200-ms period before perturbation onset. All stretches
with a background torque deviating more than +0.2 Nm
from the —3 Nm instructed were rejected from further
analysis.

EMG signals were high-pass filtered (2nd-order, 5Hz,
Butterworth) and rectified. For each muscle of every partici-
pant, the M1 and M2 analysis windows were determined via
visual inspection. The M1 and M2 windows were set using
the ensemble average of all stretch reflex responses of a par-
ticipant, aligned at perturbation onset. The M1 analysis win-
dow was set centered around peak M1 activity with a 10-ms
window width. A narrow window width was used as M1 tim-
ing was quite consistent across reflexes and to avoid contam-
ination with M2 activity (17). Across subjects, the SOL and
GM/GL M1 windows were placed starting at 39-53 ms (49-ms
median) and 39-49 ms (47-ms median) after perturbation
onset, respectively. The M2 analysis window was centered
around peak M2 activity with a 20-ms window width.
Contrary to M1, a wider 20-ms window was used for M2 to
reflect the larger variability in timing observed compared
with M1. The SOL and GM/GL M2 windows started at 54—
70ms (64-ms median) and 52-67 ms (62-ms median) after
perturbation onset, respectively. Figure 2 depicts this differ-
ence between M1 and M2 timing for a representative
participant.

For each stretch reflex of every participant, background
EMG activity as well as M1 and M2 response magnitude were
quantified. Background EMG should reflect an average activ-
ity over the period before perturbation onset. As a result, the
background EMG was computed as the mean EMG activity
over the 100-ms period before perturbation onset. M1 and
M2 response measures should reflect the true reflexive mag-
nitude, typically appearing as a double-peak shape due to
rectification. To compensate for background activity, back-
ground EMG was subtracted from the reflexive response and
the resulting signal was half-wave rectified. M1 and M2 mag-
nitudes were defined as the root mean square (RMS) value of
this half-wave rectified signal within the M1 and M2 analysis
windows, respectively. Finally, for each perturbation profile
the background EMG, M1 magnitude, and M2 magnitude
measures were averaged across all repetitions of that profile
within a participant.

Statistical Analysis

The statistical analysis was performed using linear models
(LMs) and linear mixed-effect models (LMMs) in R3.6.2 (R
Foundation for Statistical Computing, Vienna, Austria). An
LM was used to check the constancy of the background activ-
ity of all muscles and the torque to exclude potential
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confounding effects on any of the 49 perturbation profiles.
All background scores were standardized within-subject
using the Z-score. This standardization was required to avoid
heteroscedasticity due to different uV levels of background
EMG activity introducing unequal variances across-subjects.
An LM with perturbation identifier as fixed effect, that is,
using 49 nominal levels, was fit for each background activity
separately and the potential effect was evaluated using an
ANOVA F test.

LMMs, fitted for each ankle plantarflexor muscle (SOL,
GM, and GL) separately, were used to evaluate the depend-
ence of the M1 and M2 stretch reflex. All M1 and M2
responses were normalized within subject by dividing them
with the subject mean across all responses, thus expressing
M1 and M2 in %EMG,ean. This normalization avoided con-
vergence issues due to across-subject differences in response
magnitude and variance. A consistent model building strat-
egy was employed across all LMMs to minimize bias within
the presented results. First, the fixed effects models were
built, which always included an acceleration, velocity and
duration predictor to test the main hypotheses. For the M2
response models a two-piece linear predictor for duration
was used to fit any nonlinear effects, as observed previously
(14, 15). The two-piece linear predictor adds a discontinuity
to allow the predictor to have a different slope at both sides
of this breakpoint (22, 23). The breakpoint was placed by
minimizing the model residual error using a 5-ms resolution.
Such a breakpoint was not added to the M1 model, as we
hypothesized that no M1 duration-dependence would
appear. In addition, to avoid overfitting, interaction effects
were added in full sets per order. Thus, initially all first order
interactions, then all second order interactions, etc., as long
as model improvements were significant at o = 0.05 using an
ANOVA F test. Second, maximum random effects structures
were added to the LMMs to allow for between-subject varia-
tion of all fixed effects (24). Note, no random effect for inter-
cept was added, because the intercept for each subject was
exactly equal to 100%EMG e, due to the applied normaliza-
tion. The addition of a random effect for every fixed effect
induced convergence issues in all models. To achieve con-
vergence, the step-by-step recommendations of Brauer and
Curtin (25) were used, selectively removing covariances
between random effects as well as any random effect param-
eters equal to zero. As a result, exact random effect models
varied per LMM, for example, SOL M1 model included an
acceleration, duration, and acceleration by duration random
effect, whereas SOL M2 included an acceleration, velocity,
and nonlinear duration random effect.

The main hypotheses about acceleration-, velocity- and
duration-dependence of the M1 and M2 responses were eval-
uated by testing the respective main effects. Conditional
main effects, that is, those influenced by interaction effects,
were tested across a wide range of conditions to provide
insight into the stretch reflex dependencies. For M1, condi-
tional main effects were evaluated at all three velocity and
both acceleration levels, as well as the shortest (35-ms) and
longest (75-ms) duration. For M2, conditional main effects
were evaluated at all three velocity and both acceleration
levels as well as the shortest (35-ms), middle (55-ms), and
longest (75-ms) duration. The 55-ms duration was added for
M2, as the breakpoint for all LMMs was located at this point.
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The conditional main effects were tested using a Wald ¢ test
with Kenward-Roger correction for DOF and a Bonferroni
correction, applied to the P value, for multiple comparison
per fixed effect. Unconditional main effects and the interac-
tion effects were tested using a type-II ANOVA F test with
Kenward-Roger correction for DOF. Random effects were
not used for any statistical inferences and were solely
included to improve the DOF and standard error estimates
of the fixed effects model.

Simulation Model

A simulation model was implemented (MATLAB 2017b,
MathWorks, Natick, MA) to qualitatively support the
experimental results, in a similar fashion to a study by
Schuurmans et al. (15). In short, the experimental perturba-
tion profiles were applied to a muscle spindle model to
obtain the Ia afferent firing rate. Together with a constant
tonic o drive, the Ia firing rate was used as input for a moto-
neuron pool to simulate neural activity. M1 and M2 response
measures were extracted from the motoneuron pool output
as in the experimental protocol. The muscle spindle model
used within Schuurmans et al.’s study (15) by design lacked
an initial burst response after perturbation onset (26). Due to
the rapid timing of the stretch reflex response, this initial Ia
burst response has been considered as an important contrib-
utor to the stretch reflex and especially the M1 response, see
Supplemental Fig. S1 (https://doi.org/10.6084/m9.figshare.
13393724) (16, 17). Therefore, the muscle spindle model (26)
was replaced with a multiscale muscle mechanics model in
which this burst does emerge (19).

Equal to the experimental protocol, ramp-and-hold per-
turbations with decoupled acceleration, velocity, and dura-
tion parameters, as in Fig. 2, were used within the
simulation environment. The velocity of the entire muscle-
tendon unit (MTU), required as model input, was assumed to
scale linearly with perturbation velocity (15). The used scal-
ing factor ryuscie / Lmuscie X Lo consisted of the muscle
moment arm 7yusce (52mm) and muscle length Liuscie
(367 mm), based on the soleus muscle (27, 28), and initial
half-sarcomere length Ly (1,300 nm) (19). An extended set of
167 perturbation profiles was used within simulation to also
gain insight on dependencies outside of the experimental
scope. These 167 perturbation profiles were the combination
of 6 acceleration levels (87, 105, 140, 175, 240, and 300 rad/
s?), 6 velocity levels (0.5, 1.0, 2.0, 3.0, 4.0, and 5.0 rad/s), and
10 duration levels (13, 18, 23, 30, 35, 41, 44, 49, 52, and 64 ms).

A multiscale muscle mechanics model was used to obtain
Ia afferent firing rate based on applied MTU velocity, and o
and fusimotor drive inputs (19). The multiscale element
refers to the muscle spindle and muscle-tendon mechanics
included within the model. The model has been validated
qualitatively, not quantitatively, against well-known muscle
spindle firing characteristics in isometric conditions and af-
ter ramp-and-hold and triangular stretches (19). The vali-
dated model implementation and parameterization was
adopted without any changes. The o and fusimotor drives
were set to 15% and 70%, respectively, to allow for the initial
burst to appear within the Ia afferent response (19).

An integrate-and-fire motoneuron pool model, consisting
of 300 neurons, was used to obtain neural output based on Ia

J Neurophysiol « doi:10.1152/jn.00704.2020 - www.jn.org

firing rate, o drive (42.5 sp/s) and the transport delay (40 ms)
(15, 20, 29). To obtain a suitable model response, the normal-
ized Ia firing rate was scaled (arbitrarily) with a gain of 400
and o drive was set to achieve an approximate background
activity of 10 sp/s (15). To serve as input to each fiber of the
motoneuron pool, both Ia firing rate and o drive were con-
verted into spike trains via a Poisson process. The model
implementation and parameterization were taken directly
from studies by Schuurmans et al. and Stienen et al. (15, 30)
with only a single parameter adaptation. A refractory time
constant 1, of 5ms instead of 20 ms was used to better reflect
the relative timing of M1 and M2 observed experimentally.

Twelve repetitions of the perturbation profiles were simu-
lated at a 2,048-Hz discrete time frequency to match the ex-
perimental protocol. Motoneuron pool output was low-pass
filtered (2nd-order, 200Hz, Butterworth) to smooth the
results. M1 and M2 magnitudes were computed using the
same data analysis methods as in the experiment. The M1
and M2 analysis windows were placed at 42-57 ms and 57.5-
76 ms, respectively, to best accommodate the motoneuron
pool output.

RESULTS

We investigated the M1 and M2 stretch reflex response to
disentangle previously reported acceleration-, velocity-, and
duration-dependence. A total of 49 perturbation profiles
were used to elicit stretch reflexes, across 2 acceleration lev-
els, 3 velocity levels, and 10 duration levels. To study our
hypotheses, LMMs were fit for M1 and M2 response of the
SOL, GM, and GL muscles to these perturbations averaged
across 12 repetitions per participant. In addition, we studied
an extended set of 167 perturbation profiles within a qualita-
tive simulation environment in support of the experimental
findings.

Experiment Reflexive Responses

Participants were able to keep background torque con-
stant at —3 Nm (plantarflexion) throughout the experiment
as instructed. Across participants, 4.3% of all stretches was
rejected from further analysis, as background torque devi-
ated more than #0.2 Nm. Per participant, rejection rates var-
ied between 0.5% and 12.1%, similar to rates reported in the
study by Schuurmans et al. (15), with a minimum of 7 (of 12)
reflex responses used to average across repetitions. For all
muscles and the torque, variations in background activity
did not consistently differ for any of the 49 perturbation pro-
ﬁleS Wlthll‘l the LMs (SOL F4&441 = 0.874, pP= 0.71, GM: F48,441
= 1.05, P = 0.39; GL: F4g441 = 0.982, P = 0.51; TA: F45441 =
0.779, P = 0.86; Torque: Fg 441 = 0.663, P = 0.96).

Visual inspection of the time series of the ensemble-aver-
aged SOL reflexive response showed clear effects due to
acceleration and duration, see Fig. 3. The time series showed
that M1 magnitude increased with acceleration and, con-
trarily, that M2 magnitude decreased with acceleration.
Furthermore, M2 increased with duration for short dura-
tions up to around 50 ms. Visual inspection did not show
an M1 or M2 velocity-dependence, or M1 duration-depend-
ence. LMMs were used to confirm these observations
across all participants, muscles and the entire set of per-
turbation parameters.
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Figure 3. Ensemble averages (+SD, 7-12

repetitions) of soleus stretch reflex 6 )
responses for several perturbation pa- — " 175 rad/s
rameters for a single representative par- 400 140 rad/s?

—_
>
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Simulated Reflexive Responses

The stretch reflex arc model allowed for a double burst of
activity for both Ia firing rate and motoneuron pool output,
see Fig. 4. High acceleration (64ms, 4rad/s, 240rad/s%)
showed two Ia firing rate peaks, at 18 and 45 ms, also visible
within the bagl (“dynamic”) intrafusal yank profile. A lower
acceleration (140 rad/s®) only showed a single peak at 26 ms.
The motoneuron pool output showed a double peak output
for both accelerations with an M1 response around 49-52 ms
and an M2 response around 62.5-69 ms, similar to the exper-
imental results.

Visual inspection of the model time series showed effects
of acceleration, velocity and duration on the Ia firing rate
and both M1 and M2 magnitude, see Fig. 5. With increased
acceleration, the Ia firing rate slope steepened and both peak
and steady-state firing rate were reached earlier (Fig. 5A).
Moreover, M1 increased with acceleration, whereas M2
showed a nonlinear acceleration dependence (Fig. 5D). With
increased velocity, the ascending slope of the Ia firing rate
continued to rise longer and toward a higher magnitude,
because the perturbation had a longer period of maximum
acceleration (Fig. 5B). Both M1 and M2 increased with veloc-
ity, although M1 plateaued above 2.0 rad/s (Fig. SE). Stretch
duration only affected the final period of the Ia firing rate
with magnitude dropping and reaching steady-state at the
set stretch duration (Fig. 5C). Both M1 and M2 increased with
duration and reached a plateau value above 23 and 41ms,
respectively (Fig. 5F).

The simulations revealed that the relative timing of the
applied perturbation, Ia firing rate, and motoneuron output,
as well as motoneuron synchronization were instrumental
for the observed dependencies. M1 and M2 were simulated
with a 40-ms transport delay and quantified using windows
between 42-57ms and 57.5-76 ms. Therefore, M1 and M2
could only be causally influenced by the perturbation and Ia
firing rate between 0-17ms (M1) and 0-36 ms (M2), see M1/
M2 brackets, Fig. 5, A-C. For example, the Ia firing rate burst
around 45 ms observed for high acceleration could not influ-
ence either M1 or M2, see Fig. 4 and Fig. 5, A and D. Besides,
the plateau observed for the M1 velocity-dependence above
2.0rad/s could not be explained based on timing (Fig. 5E).
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The 2.0 rad/s and 4.0 rad/s perturbations had a different Ia fir-
ing rate within the O- to 17-ms window, see M1 bracket, Fig. S5B.
Yet, both M1 magnitudes were equal due to synchronization of
firing and refractory periods of all available neurons within the
motoneuron pool. Afterward, the increased Ia firing rate within
the O- to 36-ms M2 bracket for the 4.0 rad/s perturbation causes
an earlier second synchronized burst (M2) of motoneuron ac-
tivity with increased magnitude (Fig. 5E).

Short-Latency M1 Dependencies

Experimentally, the increase of SOL M1 magnitude with
acceleration was consistently present across participants
and perturbations profiles in the LMM, see Fig. 6A and
Table 1. The effect size of increasing acceleration ranged
from [0.53,0.81] %EMGpean/rad/s?® (P always <0.001). These
differences in effects size were due to the interactions of accel-
eration with both velocity (Fy 465 = 4.34, P = 0.04) and duration
(F1465 = 4.57, P = 0.03). The acceleration effect size translated
to a modeled difference of 25%EMGean between the 140 and
175rad/s? levels at 2.5 rad/s and 55 ms. The GM and GL showed
similar results, see Supplemental Tables S1-S4, and only
results different from the SOL will be highlighted here.

Contrarily, no consistent effects of both velocity (P =
[0.37,1]) or duration (P = [0.89,1]) on experimental SOL M1
magnitude were present in the LMM, see Fig. 6, B and C and
Table 1. The GL M1 response showed a deviation from the
SOL results with an unconditional main effect for duration
of —0.10%EMGyean/ms (SE = 0.046) (Fy 10,0 = 5.09, P = 0.05).
This duration effect size translated to a modeled difference
of only 4. 2%EMG ycan between the 35- and 75-ms levels.

For the simulation model, M1 dependence showed a split
between perturbations below or above the plateau values of
2.0rad/s and 23 ms, see Fig. 6, D-F and Fig. 8, A-C. Above
these 2.0rad/s and 23ms threshold values, M1 was unaf-
fected by stretch velocity (Fig. 6E and Fig. 8B) and duration
(Fig. 6F and Fig. 8C) and M1 increased with acceleration (Fig.
6D and Fig. 8A). The model results matched the experimen-
tal dependencies, assuming that the velocity and duration
plateau threshold translated to the experimental setting, see
Fig. 6, D-F. In addition, M1 showed a velocity- and duration-
dependence below these threshold values. M1 increased with
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Figure 4. Model simulation of stretch reflex arc for two typical perturbation
profiles with varying acceleration at 64-ms duration and 4 rad/s velocity.
st row: simulated joint angle. 2nd/3rd row: bag1 or dynamic intrafusal
muscle fiber force and yank. Intrafusal force and yank profiles emerge
from the muscle-tendon unit (MTU) and muscle cross-bridge dynamics in
response to the applied joint perturbation. 4th row: muscle spindle la affer-
ent instantaneous firing rate. la firing rate emerges directly from the
spindle sensitivity to the intrafusal force and yank profiles. 5th row: moto-
neuron pool neural output. Motoneuron output emerges from the neural
integrate-and-fire dynamics stimulated by the la firing rate and a tonic
supraspinal input. For all rows, the gray vertical lines show the relative tim-
ing of all events, with the lines shifted by the 40-ms transport delay within
the motoneuron pool toward the bottom row.

velocity for velocities below 2.0rad/s (Fig. 8B) and Ml
increased with duration for durations below 23 ms (Fig. 8C).
Below these threshold values, the acceleration-dependence
was limited especially for perturbations with low velocity
(Fig. 8A).

Medium-Latency M2 Dependencies

Experimentally, the decrease of SOL M2 with acceleration
varied depending on the velocity and duration levels, see
Fig. 7A and Table 2. The effect size of increasing acceleration
ranged from [—0.72,0.32] %EMGmcan/tad/s? (P ranged from
[<0.001,1]). As for M1, the variation was the result of the
interactions of acceleration with both velocity (F; 445 = 10.6,
P = 0.001) and duration (>55ms: F; 448 = 3.24, P = 0.07).
Specifically, for long durations (>55ms) and high velocities,
(3.0rad/s) SOL M2 decreased with acceleration. Contrarily,
for short durations and low velocities, no effects of accelera-
tion were present. The acceleration effect size translated to a
maximum modeled difference of —25%EMGean between
the 140 and 175 rad/s? levels at 3.0 rad/s and 75 ms.

The effect of increasing velocity on experimental SOL M2
magnitude depended on the acceleration and duration lev-
els, see Fig. 7B and Table 2. The effect size of increasing ve-
locity ranged from [3.1,69] %EMGyean/rad/s (P ranged from
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[<0.001,1]). The variation was the result of the interactions
with both acceleration, and short and long durations
(SSS ms: F1’448 =13.0, P < 0.001; >S5ms: F1’44g =6.00, P =
0.01). Specifically, for long durations (>55ms) SOL M2
increased with velocity, whereas no effects of velocity were
present for short durations. The interaction with accelera-
tion did not influence these dependencies. The velocity
effect size translated to a maximum modeled difference of
35%EMGean between the 2.0, 2.5, and 3.0rad/s levels at
140 rad/s? and 75 ms.

To investigate the effect of duration on experimental SOL
M2 magnitude a two-piece linear predictor was required, as
expected based on results of the upper limb (14, 15). The
effect size of increasing duration varied due to this nonli-
nearity and the reported interactions with velocity and accel-
eration. In general, an increase in SOL M2 with duration was
present for short durations (<55ms), which leveled off for
long durations, see Fig. 7C and Table 2. The positive effect
for short durations ranged from [3.0,5.2] %EMGean/ms (P
always <0.001), whereas no effect for long duration was
present (P = [0.16,1]). This translated to a modeled difference
of 77%EMG pcan between the 35- and 55-ms levels at 2.5rad/s
and 175 rad/s>.

The experimental M2 duration-dependence was clearly
confirmed within the simulation model, see Fig. 7F and Fig.
8F. The simulated M2 response showed a monotonic increase
with duration across all acceleration and velocity levels.
Simulated M2 was minimal for the shortest durations, given
that most of the Ia afferent response fell within the O- to 17-ms
M1 bracket, see Fig. 5C. Like the experimental results, M2 lev-
eled off for longer durations (41-49 ms) with the exact dura-
tion interacting with acceleration and velocity.

The simulated M2 velocity- and acceleration-dependence
did not clearly match experimental results, especially within
the experimental ranges of 2-3rad/s and 140-175 rad/s?, see
Fig. 7, D and E. In general, simulated M2 did show a mono-
tonic increase with velocity across acceleration and duration
levels (Fig. 8E). However, in the experimental range the de-
pendence on velocity was limited and sometimes even
decreased with velocity. Simulated M2 showed both increas-
ing and decreasing effects with acceleration across the veloc-
ity and duration levels (Fig. 7D and Fig. 8D). However, in the
experimental range, simulated M2 mainly increased with
acceleration, whereas experimental results showed a steady
or decreasing M2. Such a decrease was seen for simulated M2
at higher velocity and accelerations (4.0rad/s and 175-
300rad/s?). For both velocity and acceleration, simulated
dependencies were mainly observed for medium to long
durations, as M2 was minimal at short durations.

DISCUSSION

The goal of this paper was to disentangle the duration-, ve-
locity-, and acceleration-dependence and their interactions
of the M1 and M2 stretch reflex in the ankle plantarflexors.
Experimentally, M1 magnitude increased with acceleration,
whereas no effect of velocity or duration was present. These
experimental findings were qualitatively replicated with a
simulation model for moderate to high velocities and dura-
tions. For low velocities or short durations, not included in
the experimental protocol, the simulated M1 response did
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show velocity- and duration-dependence with a limited
acceleration-dependence. Regarding M2, a nonlinear effect
of duration was present experimentally as M2 magnitude
increased with duration until 55ms, above which the effect
leveled off. M2 magnitude decreased with acceleration and
increased with velocity at long durations (>55ms), whereas
no effect of acceleration or velocity was present at short
durations (<55ms). A monotonic increase in M2 response
with duration was replicated with a simulation model.
Moreover, the simulation model also showed M2 depend-
ence on acceleration and velocity, although the effect of
these dependencies and interaction effects did not clearly
match between experiment and simulation.

Short-Latency M1 Dependencies

The M1 response was measured between 49-59 ms experi-
mentally (SOL, median across-participants) and between 42—
57 ms in simulation, in line with previously reported laten-
cies (17, 31). As such, the stretch perturbation and resulting
Ia afferent response could only causally influence the M1
response until 19 ms (experiment) or 17 ms (simulation) after
perturbation onset, assuming a 40-ms transport delay (29).
The simulation model showed that within this window
acceleration, velocity and the shortest durations (<23 ms)
influenced the Ia afferent and M1 responses. Given the previ-
ous qualitative validation of the simulation model elements,
we expect these results to translate to the experimental set-
ting, although exact results and timings would require
detailed parameter optimization (15, 19, 20). Given the mini-
mum 35-ms duration used experimentally, no M1 duration-
dependence was expected to be measured. The SOL and GM
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muscles did indeed not show an experimental duration-de-
pendence, whereas the GL unexpectedly did show a small
effect. Overall, causality and timing support the lack of M1
duration-dependence generally observed in experiments,
also in previous studies (9, 14, 15, 18).

The observed acceleration-dependence of the Ml
response, both experimentally and in simulation, is in line
with previous results in the ankle (16, 17). The simulation
model showed that, through complex biomechanics,
increased acceleration caused a steeper slope and higher
magnitude of the initial burst in the Ia afferent response.
Thus, the M1 acceleration-dependence is linked directly to
this initial burst response and resulting motoneuron syn-
chronization as previously simulated and hypothesized (16,
17,19).

The observed lack of an M1 velocity-dependence for me-
dium to high velocities, both experimentally and in simula-
tion, contradicts previously published results (8-15).
Importantly, M1 velocity-dependence in the ankle plantar-
flexors was previously investigated at a larger, mainly
higher, range of velocities: 1.5-7.5rad/s (12) and 1.5-5.0 rad/s
(13). Notably, all studies that reported this velocity-depend-
ence did not explicitly keep stretch acceleration constant.
Specifically, a scaling of velocity was likely achieved by scal-
ing acceleration, as shown in a study by Dietz et al. (11). This
supposed covariation combined with the observed accelera-
tion-dependence in our results suggests that the observed
velocity-dependence at medium to high velocities in litera-
ture could be explained as actual acceleration effects.

The nonlinear M1 velocity-dependence observed in simu-
lation can be explained through the Ia afferent initial burst
response and motoneuron synchronization. The simulation
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Figure 6. Experimental soleus and simulated M1 stretch reflex response dependency on stretch acceleration, velocity, and duration. A—C: mean experi-
mental results across all 10 participants (markers) and LMM fits (lines). The LMM fits were generated using the full fixed effects model, including the accel-
eration, velocity and duration predictors and all interactions. Statistically significant main effects, as analyzed with the LMM, are highlighted (arrows),
when not displayed on the x-axis. D—F: mean simulated results across all 12 repetitions (markers/lines) for a set of perturbation parameters matching the
experimental parameters. To enhance visualization, small offsets along the x-axis were used for the individual data points in all subplots. A and D: M1
acceleration-dependence, split across multiple levels of duration (color lightness) and maximum velocity (lines/marker style). B and E: M1 velocity-de-
pendence, split across multiple levels of duration (color lightness) and maximum acceleration (lines/marker style). C and F: M1 duration-dependence, split
across multiple levels of maximum velocity (color lightness) and maximum acceleration (lines/marker style). Note, for A and B only the minimum, median,
and maximum duration levels (color lightness) are included in the legend, all durations are included in the plot. LMM, linear mixed-effect model.

model suggested that, due to timing of all events, M1 veloc-
ity-dependence at low velocity was linked to the Ia afferent
initial burst with the ascending slope continuing to rise lon-
ger toward a higher magnitude. This extends previous
results that mainly linked stretch velocity to the Ia afferent
dynamic index (19) and shows the importance of simulation
models in which this initial burst emerges (15, 19, 26).
Moreover, our simulation results suggested that the M1 ve-
locity-dependence plateau at medium to high velocities was
caused through synchronization of motoneuron firing and
refractory period (15). As such, the additional excitation due
to a higher velocity, at constant acceleration, did not
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increase M1 magnitude as it fell within a synchronized re-
fractory period of the simulated motoneurons.

Medium-Latency M2 Dependencies

The M2 response was measured between 64-84 ms (SOL,
median across participants) experimentally and between
57.5-76 ms in simulation in line with previously reported
latencies (17, 31). As such, the stretch perturbation and
resulting Ia afferent response could only causally influence
the M2 response until 44 ms (experiment) or 36 ms (simula-
tion) after perturbation onset, assuming a 40-ms transport
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Table 1. Linear mixed model results for soleus M1 stretch reflex response with perturbation parameter predictors

Fixed Effect Condition

Model Parameters Statistical Parameters

35ms, 2.0rad/s
35ms, 2.5rad/s
75ms, 2.0rad/s
75ms, 2.5rad/s
75 ms, 3.0 rad/s

Acceleration

Velocity 140 rad/s?, 35ms
140 rad/s?, 75 ms
175 rad/s?, 35 ms
175 rad/s2, 75 ms

Duration 140 rad/s?, 2.0 rad/s

140 rad/s?, 2.5 rad/s
140 rad/s?, 3.0 rad/s
175 rad/s?, 2.0 rad/s
175 rad/s?, 2.5 rad/s
175 rad/s?, 3.0 rad/s

Acceleration by velocity

Acceleration by duration

Velocity by duration

0.73+0.069 t (108)=10.7 P < 0.001
0.81+0.068 t(106)=11.8 P < 0.001
0.53+0.071 t(122)=7.42 P < 0.001
0.60+0.059 t(61.2)=10.3 P < 0.001
0.68+0.066 t(91.7)=10.4 P < 0.001
~31%3.1 t (465)= —0.994 P=1
4024 t (465)= —1.69 P=0.37
21£2.6 t (465)=0.795 p=
12426 t (465)=0.462 P=1
0.073+0.091 t(29.4)=0.799 P=1
0.062+0.089 t(26.3)=0.694 P=1
0.050+0.11 t(63.4)=0.450 P=1
~0.11£0.085 t(21.8)=—1.23 P=1
~0.12+0.076 t(14.1)= 153 P=0.89
~0.13+£0.097 t(37.0)= 131 P=1
0.15£0.071 Fiaes = 4.34 P=0.04
—0.0051+0.0024 Fiaes = 4.57 P=0.03
~0.023:0.10 Fi465 = 0.0506 P=0.82

Random Effect

Standard Deviation or Correlation

Subject acceleration
Subject duration
Subject acceleration by duration

0.097
0.18
—0.85

Model Fit: R*-marginal: 0.54; R*-conditional: 0.58; N=490

Model parameters are expressed as %EMGmean per fixed effect unit (+SE). Conditional main effects were tested using a Wald ¢ test with
Kenward-Roger correction for degree-of-freedom (DOF) and a Bonferroni correction, applied to the P value, for multiple comparison per
fixed effect. Interactions were tested using a type-II ANOVA F test with Kenward-Roger correction for DOF.

delay (29). Both experiment and simulation model showed
that within this window acceleration, velocity and duration
shape the Ia afferent and M2 responses. The M2 duration-de-
pendence leveled-off at 55 ms (experiment) and 49 ms (simu-
lation). The observed M2 duration-dependence is in line
with previous results in the upper limb (9, 14, 15) and can be
explained based on timing and causality, similar to Ml1. In
other words, the M2 response will follow M1 when the stretch
duration is applied long enough for a second synchronous
burst of activity (M2) to be elicited after the first synchronous
burst (M1) (15).

The M2 acceleration- and velocity-dependence observed
in experiment and simulation roughly matched, albeit at dif-
ferent quantitative values. For both experiment and simula-
tion, the acceleration and velocity dependencies appeared at
medium to long durations, as the M2 response was minimal
at short durations. The experimental M2 response showed a
decrease in magnitude with acceleration at high velocities
(3.0rad/s). This outcome is in line with Finley et al. (17),
which showed a nonlinear M2 acceleration-dependence with
a decrease between 140 and 175 rad/s%. The simulation model
qualitatively also showed this nonlinear dependency, how-
ever only at a higher velocity (4.0rad/s) and across a higher
acceleration range (175-300 rad/s?).

The experimental M2 response increased with velocity
and the simulated M2 response in general also showed a
monotonic increase with velocity. In previous studies, con-
tradicting observations were reported either observing an
M2 velocity-dependence (8, 10, 11, 13, 14) or not (10, 12).
Moreover, as discussed for M1, stretch acceleration was not
explicitly kept constant when changing stretch velocity in
previous studies, introducing the acceleration as potential
confounder. Overall, the simulation model suggested that
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the M2 acceleration- and velocity-dependence arise through
interaction between Ia afferent initial burst response and the
motoneuron dynamics. Specifically, the Ia afferent peak
response was often observed around the 17-ms M1 cut-off
threshold, thus falling within the synchronized refractory
period in the motoneuron pool given the 40-ms transport
delay. This mechanism may, for example, explain the M2
decreasing with acceleration as the Ia afferent peak falls ear-
lier resulting in less motoneuron input after the refractory
period. The quantitative differences between experiment
and simulation are also likely to emerge within this complex
physiological interaction. As such, a more detailed investiga-
tion of M2 acceleration- and velocity-dependence would be
valuable after extensive model parameter optimization.

Stretch Reflex Physiology

The stretch reflex arc consists of causally linked elements,
in order: applied stretch perturbation, stretch propriocep-
tion, neural transport, and muscle contraction. The simula-
tion model implemented in our study simplifies the arc by
using only the Ia afferent as stretch proprioceptor and a
monosynaptic motoneuron pool for neural transport. This
basic simulation model was able to qualitatively explain
most M1 and M2 perturbation dependencies observed exper-
imentally. Essential physiological elements of the simulation
model required to achieve these explanations were: MTU
and muscle cross-bridge dynamics, Ia afferent sensitivity to
intrafusal force and yank, and motoneuron synchronization.

The stretch perturbation at joint scale was translated to
the muscle spindle scale through simulation of MTU and
muscle cross-bridge mechanics (19). In addition, the result-
ing intrafusal force and yank profiles, not length, velocity or
acceleration, were considered to drive the Ia afferent
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Figure 7. Experimental soleus and simulated M2 stretch reflex response dependency on stretch acceleration, velocity, and duration. A—C: mean experi-
mental results across all 10 participants (markers) and LMM fits (lines). The LMM fits were generated using the full fixed effects model, including the accel-
eration, velocity, and duration predictors and all interactions. Statistically significant main effects, as analyzed with the LMM, are highlighted (arrows),
when not displayed on x-axis. D—F: mean simulated results across all 12 repetitions (markers/lines) for a set of perturbation parameters matching the ex-
perimental parameters. To enhance visualization, small offsets along the x-axis were used for the individual data points in all subplots. A and D: M2
acceleration-dependence, split across multiple levels of duration (color lightness) and maximum velocity (lines/marker style). B and E M2 velocity-de-
pendence, split across multiple levels of duration (color lightness) and maximum acceleration (lines/marker style). C and F: M2 duration-dependence,
split across multiple levels of maximum velocity (color lightness) and maximum acceleration (lines/marker style). Note, for A and B only the minimum, me-
dian, and maximum duration levels (color lightness) are included in the legend, all durations are included in the plot. LMM, linear mixed-effect model.

response (19, 32). Combined, these multiscale mechanics
determined the Ia afferent initial burst response, which dic-
tated the resulting M1 and M2 responses based on timing.
Changes in stretch acceleration and velocity converted to
changes in the Ia afferent initial burst, such as modulation of
the slope, peak magnitude, and timing, consequently chang-
ing M1 and M2.

Motoneuron synchronization of both motoneuron firing
and refractory periods translated the single Ia afferent burst
into two distinguishable burst within the neural output, M1
and M2 (15). Due to the synchronization, a long enough
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stretch duration is required to elicit Ia afferent input to trig-
ger the second burst, that is, M2 (15). In addition, the simula-
tion model also suggested that motoneuron synchronization
can explain the lack of M1 velocity-dependence for medium
to high velocities, as well as observed nonlinearities in M2
acceleration-dependence (17).

Despite general reproduction of experimental results,
additional physiological mechanisms could be added to
refine the match between experiment and simulation. The
monosynaptic Ia afferent pathway alone cannot explain sev-
eral M2 characteristics (15), such as M2 exceeding M1 (33) or
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Table 2. Linear mixed model results for soleus M2 stretch reflex response with perturbation parameter predictors

Fixed Effect

Condition

Model Parameters

Statistical Parameters

Acceleration

35ms, 2.0rad/s
35ms, 2.5rad/s
55ms, 2.0rad/s

55ms, 2.5rad/s
55ms, 3.0rad/s

75 ms, 2.0rad/s
75ms, 2.5rad/s
75ms, 3.0rad/s
140rad/s?, 35ms
140 rad/s?, 55 ms
140 rad/s?, 75 ms
175 rad/s?, 35 ms
175 rad/s?, 55 ms
175 rad/s?, 75 ms
140 rad/s?, 2.0 rad/s
140 rad/s?, 2.5 rad/s
140 rad/s?, 3.0rad/s
175 rad/s?, 2.0 rad/s
175 rad/s?, 2.5 rad/s
175 rad/s?, 3.0 rad/s
140 rad/s?, 2.0rad/s
140 rad/s?, 2.5 rad/s
140 rad/s?, 3.0rad/s
175 rad/s?, 2.0 rad/s
175 rad/s?, 2.5 rad/s
175 rad/s?, 3.0 rad/s

Velocity

Short (<55ms) duration

Long (>55ms) duration

Acceleration by velocity
Acceleration by short duration
Velocity by short duration
Acceleration by long duration
Velocity by long duration

Random Effect

Subject acceleration

Subject velocity

Subject short duration

Subject long duration

Subject short duration by long duration

0.32+0.15 t(367)=2.14 P=0.26
0.10+0.16 t(390)=0.612 P=1
0.024+£0.12 t(279)=0.196 P=1
—0.20+0.098 t (170)= —2.04 P=0.35
—0.42+0.12 t(256) = —3.62 P=0.003
—0.27+£0.13 t(310) = —2.10 P=0.30
—0.50+0.1 t(237)=—-4.43 P < 0.001
—0.72+£0.13 t(316) = —5.44 P < 0.001
19+12 t(30.0)=1.58 P=0.74
52+9.6 t (13.5)=5.36 P < 0.001
69+10 t(15.4)=6.93 P < 0.001
31+1 t(21.5)=0.281 P=1
36+9.7 t(13.8)=3.71 P=0.01
53+9.9 t(15.3)=5.37 P < 0.001
3.5+0.47 t(23.5)=7.54 P < 0.001
4.4+0.49 t(27.9)=8.90 P < 0.001
5.2+0.60 t(61.7)=8.58 P < 0.001
3.0+£0.42 t(15.8)=7.10 P < 0.001
3.8+0.41 t(13.9)=9.34 P < 0.001
4.7+0.51 t(33.3)=9.09 P < 0.001
—0.15+£0.31 t(72.8)=—0.489 P=1
0.28+0.26 t(37.0)=1.09 P=1
0.72+0.32 t(77.9)=2.26 P=0.16
—-0.67+0.31 t(68.5)=—-2.20 P=0.19
—0.24+0.26 t(34.7)= —0.936 P=1
0.20+0.32 t(76.2)=0.621 P=1
—-0.45+0.14 Fi445=10.6 P=0.001
—0.015+£0.010 Fi445 =2.08 P=0.15
1.6+0.46 Fi445=13.0 P < 0.001
—0.015+0.0083 Fi448 =3.24 P=0.07
0.87+0.36 Fi448 = 6.00 P=0.01
Standard Deviation or Correlation
0.068
27
11
0.49
0.97

Model Fit: R>-marginal: 0.66; R*-conditional: 0.79; N =490

Model parameters are expressed as %EMGnean Per fixed effect unit (= SE). Conditional main effects were tested using a Wald ¢ test
with Kenward-Roger correction for degree-of-freedom (DOF) and a Bonferroni correction, applied to the P value, for multiple compari-
son per fixed effect. Interactions were tested using a type-II ANOVA F test with Kenward-Roger correction for DOF.

separate modulation of M1 and M2 (34). First, within simula-
tion multiple bursts of Ia afferent activity emerged through
the multiscale muscle spindle mechanics, also matching pre-
vious experimental observations (35, 36). Previous simula-
tion studies with the muscle spindle model also showed
these multiple bursts at high stretch accelerations before a
more steady-state Ia firing rate is obtained (19). These multi-
ple burst likely emerge due to the cross-bridge cycling
kinetics included in the model. Although current timing and
causality links M1 and M2 completely to the initial burst,
model parameter optimization to experimental results
might change relative timing of events (19). Second, addi-
tional proprioceptive pathways can contribute to the
stretch reflex response. Specifically, multiple studies have
shown that the muscle spindle group II afferents are likely
to influence the M2 response (18, 37). The multiscale mus-
cle spindle model used within this study might offer an
interesting framework to also study this type of afferents
(19). Third, the M2 response is also likely to originate from
a mix of both spinal and transcortical contributions (5, 33).

These transcortical contributions were shown through M2
potentially exceeding M1, and M2 dependence on task (5)
and predictability (6).

Study Limitations and Application to Physiological and
Clinical Research

The interpretation and generalizability of both experimen-
tal and simulation model aspects of our study should be
done with care. The experimental perturbation parameter
space was limited to 49 unique profiles to avoid muscle fa-
tigue and participant loss of attention. As a result, aspects of
M1 and M2 perturbation dependencies were not caught in
the experimental data set, as shown through the extended
simulation study and other experimental studies, for exam-
ple, including an extended set of acceleration levels (17). The
simulation model was built as a mechanistic model, qualita-
tively validated with experimental data sets without any
additional tuning of the model parameters (15, 19). Our basic
simulation model misses several known physiological
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Figure 8. Simulated M1 and M2 stretch reflex response dependency on stretch acceleration, velocity and duration. Mean simulated results for M1 (A-C)
and M2 (D-F) across all 12 repetitions (markers/lines) for an extended set of perturbation parameters. For reference, the limited set of experimental pa-
rameters depicted in Fig. 6 and Fig. 7 is highlighted (gray-shaded area). To enhance visualization, small offsets along the x-axis were used for the individ-
ual data points in all subplots. A and D: M1/M2 acceleration-dependence, split across multiple levels of duration (color lightness) and maximum velocity
(lines/marker style). B and E: M1/M2 velocity-dependence, split across multiple levels of duration (color lightness) and maximum acceleration (lines/
marker style). C and F: M1/M2 duration-dependence, split across multiple levels of maximum velocity (color lightness), and maximum acceleration (lines/

marker style).

elements and the quantitative fit could be improved through
extensive parameter optimization. The combined limitations
show in the observed M2 acceleration- and velocity-depend-
ence, which did not fully match between experiment and
simulation.

Still, the M1 and M2 dependence on acceleration, velocity,
and duration do raise questions beyond the scope of the experi-
ment. Decoupling of perturbation parameters in physiological
and clinical research may lead to new or revised conclusions.
Most stretch reflex studies at joint level reported on velocity-
dependence (8-15), which was potentially confounded by the
underlying acceleration-dependence. Similarly, Finley et al.
(17) were unaware of any duration-dependency in the ankle

J Neurophysiol « doi:10.1152/jn.00704.2020 - www.jn.org

plantarflexors, therefore their study design did not control for
duration. Given that the duration parameter varied between 50
and 90 ms, thus including duration shorter than 55 ms, their
investigation of the M2 acceleration-dependence might have
been confounded. At the muscle spindle level, the Ia afferent
initial burst and dynamic index characteristics were linked to
acceleration and velocity, respectively (19). Applying the sys-
tematically designed perturbations to the same model showed
that both acceleration and velocity influence the initial burst in
distinctive manners.

The clinical evaluation and definitions of spasticity, that
is, an exaggerated stretch reflex, have focused on a velocity-
dependent resistance to passive muscle stretch (2, 38). A
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paradigm shift away from a sole velocity-dependence might
improve the current understanding of spasticity and its
influence on daily living (1). This paradigm shift is further
supported by the Ia afferent sensitivity to force and yank (19,
32) and successful force-based modeling of spasticity (39).
Toward clinical application, the systematic evaluation shows
that standardization of perturbation profiles in motorized
assessment prototypes is essential. The M1 acceleration-de-
pendence further confirms the hypothesis of Sloot et al. (3,
40) that variations in acceleration can account for differen-
ces in motorized and manual assessments. Without standar-
dized perturbations, clinical assessments would become
device- and protocol-specific, whereas the advantage of add-
ing motorized assessment to clinical practice should lie
within its precision and objectivity. This recommendation
for standardized tests and consideration of stretch accelera-
tion and duration generalizes to all spasticity evaluation
techniques under development, like velocity-dependent
stretch reflex thresholds (41) or velocity-based parallel-cas-
cade system identification (42).

Conclusion

Motorized assessment of the stretch reflex or spasticity
using ramp-and-hold perturbations should be performed
systematically. Experimental protocols should consider all
M1 and M2 duration, velocity, and acceleration dependen-
cies, and the interdependence of these perturbation parame-
ters. Using a systematic evaluation, we showed that M1
magnitude depended on stretch acceleration in experiment
and simulation. Perturbation parameters outside the experi-
mental scope also showed a nonlinear velocity- and dura-
tion-dependence in simulation, explaining the lack of
velocity- and duration-dependence observed experimen-
tally. Moreover, we showed that the M2 magnitude in the
ankle plantarflexors depended on stretch duration, velocity
and acceleration. The simulation model explained these
findings using MTU and muscle cross-bridge dynamics, Ia
afferent sensitivity to intrafusal force and yank, and moto-
neuron synchronization. The recommendation for system-
atic motorized assessment is important for both scientific
and clinical applications investigating the physiological ori-
gin or effects of neurological disorders on the stretch reflex.
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