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Abstract

Anticipatory postural adjustments (APAS) precede gait initiation and function to accelerate the
center of mass forward and towards the initial stance leg. Impairments in APA generation, such as
those seen in people with Parkinson’s disease (PD), can impact the quality of the first step. An
initial burst of activity in the dorsiflexor muscle (tibialis anterior) of the stepping leg is an
important contributor to the posterior excursion of the center of pressure that accelerates the center
of mass forward during an APA. Tibialis anterior activation can be diminished or absent in people
with PD; however, the neuromechanical consequence of this diminished dorsiflexor torque on
APA generation is not fully understood. Computational models of gait initiation that include
components of the neuromuscular system may provide additional insight. In this study, an inverted
pendulum model of the body generated from healthy young adult data was used to simulate
reduced dorsiflexor torque during an APA for gait initiation. Forward body lean angle and center
of pressure were assessed over various settings of decreased dorsiflexor torque and compared to
experimental data from a person with PD. Results from the model demonstrate that reducing the
peak dorsiflexor torque by as little as 8 Nm may alter forward body lean and the center of pressure
from their nominal trajectories. These results can help inform how much torque is needed from an
external device to effectively modulate APAs for gait initiation, as well as provide insight into
compensation strategies for reduced dorsiflexor torque in pathology.
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. Introduction

GAIT initiation is preceded and accompanied by a sequence of anticipatory postural
adjustments (APAs) that function to accelerate the body forward and laterally toward the
initial stance leg prior to the first step [1-3]. An APA starts with a reciprocal increase and
decrease in the vertical ground reaction forces underneath the stepping and stance legs
respectively, and excursion of the center of pressure backwards and laterally towards the
stepping limb. The stereotypical sequence of muscle activations that accompany this phase
includes an initial deactivation of plantarflexor muscles (gastrocnemius and soleus) and
activation of the dorsiflexor muscle (tibialis anterior) of both the stepping and stance legs
[1-3]. The magnitude of the initial tibialis anterior (TA) burst of the stepping leg and
posterior center of pressure excursion have been shown to be highly correlated with gait
initiation velocity [2, 4]. After this initial phase of an APA, forces are generated by the
plantarflexor muscles of the stepping leg to accelerate the center of mass towards the stance
foot and forward. Lastly, the dorsiflexor muscle (tibialis anterior) of the stepping leg is
activated to lift the stepping leg off the ground for the first step [1-3]. Alteration in the
timing or magnitude of this sequence can have detrimental effects on postural stability and
the execution of the first step.

Impaired capacity to generate APAs during gait initiation has been reported in a variety of
neurological disorders. One of the best characterized examples of APA impairment is in
people with Parkinson’s disease (PD). A variety of studies have shown that ground reaction
forces and center of pressure shifts during self-initiated forward stepping are diminished in
magnitude and prolonged in duration when participants are in the off-medication state [5-8].
The initial TA burst of the stepping leg can often be diminished or absent, resulting in a
decreased excursion of the center of pressure in the sagittal plane, reduced dorsiflexor
torque, and slower gait initiation velocity [5-7]. However, the neuromechanical significance
of this behavior has yet to be fully understood. Some have proposed that the decreased
center of pressure excursion may be a way of maintaining stability by reducing the forward
acceleration of the center of mass relative to the base of support [9]. On the other hand,
diminished TA activation could also be due to impairment in muscle recruitment caused by
dysfunction of the basal ganglia in PD [10, 11]. For instance, the inability to appropriately
scale muscle activation to intended movement amplitude has been observed in PD [11]. A
model of diminished TA activation during gait initiation could be utilized to better
understand its neuromechanical significance and guide the development of modulation
strategies for gait initiation in persons with PD (e.g., cues or externally applied mechanical
assistance).

Currently, no computational models exist for how deficits in dorsiflexion might affect gait
initiation. Inverted pendulum models have been widely used for studying upright standing
postural control [12-14], including for persons with PD [15]. These models contain terms
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that effectively model the physiology of the human body, including the neuromuscular
system (e.g., sensory feedback, neural controller). Inverted pendulum models have also been
used to calculate the mechanics of gait initiation in healthy individuals [16, 17]. However,
these gait initiation models do not include elements specifically related to the neuromuscular
system. In this study, we aimed to utilize the neuromuscular components of postural control
inverted pendulum models to effectively model an APA for gait initiation in persons with PD
using healthy young adult data. We also aimed to investigate the neuromechanical
consequences of reduced dorsiflexor torque on overall forward body progression and
anterior-posterior excursion of the body’s total center of pressure. The model was then
compared to experimental data from a person with PD.

[I. Methods

A. Experimental Data

The model was defined using ten self-initiated (uncued) trials from a healthy young adult
participant (male, age 30, ht 180 cm, wt 86 kg). These data were compared to seven self-
initiated trials of an individual with PD (male, age 65, ht. 168 cm, wt. 77 kg). The individual
with PD was tested after a 12-hr. withdrawal from Parkinson’s medication (i.e., levodopa).
Participants stood on two force platforms (AMTI, Watertown, MA at UIUC and Kistler
Instrument Corporation, Novi, MI, at UMN) and were instructed to initiate gait. To ensure
that the participants did not step in response to the ready tone the young healthy participant
was asked to initiate gait starting with the right foot approximately 3-5 seconds after hearing
the tone (80 dB, 1 kHz). Similar instructions were given to the individual with PD except for
he was asked to initiate gait with his left foot 3-8 seconds after hearing the verbal command
“anytime.” If the person did not wait enough time after the ready tone (or verbal command),
the trial was redone. Ground reaction forces and moments were collected at 1000 Hz in both
cases and full body kinematic data were collected using motion capture systems (Qualisys
North America, Inc., Buffalo Grove, Illinois, USA, Simi Motion Systems, GmBH,
Unterschleissheim, Germany) at 200 Hz (healthy individual) and 120 Hz (individual with
PD). All data collection and procedures were approved by the University of Illinois at
Urbana-Champaign and the University of Minnesota Institutional Review Boards (IRBs).

B. Model Definition

To study the effects of reduced dorsiflexor torque, the upright body during gait initiation was
modeled as a single-link inverted pendulum in the sagittal plane (Fig. 1). It was assumed that
both ankles pivoted around the same point and the feet were anchored to the ground [4]. The
equations of motion for the body segment pivoting around the ankles were:

Y F, =R () =mpag (0 (1)

ZFZ = R (1) —mpg = mpap (1) 2
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where R, and R,were the reaction forces at the ankle joint, /mgwas the body mass
(excluding the feet), agy was the acceleration of the body segment in the horizontal
direction, ag,was the acceleration of the body in the vertical direction, g was acceleration

due to gravity, J, = %mBLf9 was the moment of inertia about the ankles (under the

assumption of the body being a uniform rod), and Lgwas the body length. L gwas defined
as the Euclidian distance between motion capture markers placed on the left acromion
(shoulder, L 4cp) and lateral malleolus (ankle, L, pz4) Of the healthy young adult participant.
T ank Was the torque applied at the ankle by the person (plantarflexor defined as positive),
and 7z was the torque due to gravity of the body. Body lean angle (6) and torque due to
gravity (7g) were calculated using equations 4 and 5:

o) = - (arCtan(LACRz ~LimazLacre— LLMAx) - %) @

T () = mpgL -y SinO(t) = mpgL0()  (5)

where Lacry Limax Lacrs LiaazWere the horizontal and vertical positions of the
motion capture markers placed on the left acromium and lateral malleolus, and L cppsWas
the position of the center of mass (assumed to be half of L g because the pendulum was
assumed to be a uniform rod). Small angle approximation was used for equation 5. The
transfer function from applied ankle torque ( 74,4 to body lean angle (600 in the
Laplace domain was derived from equation 3;

gModel(s) _ 1
Tyl g

(6)

2 mpgL
BS —Mp8lcom

C. Neuromuscular Terms

Multiple terms related to the neuromuscular system were included in the model in order to
calculate 74,4 (Fig 2). First a feed-forward ankle torque (77 was calculated based on
solving equation 3 for 74,4 and setting it equal to 72

..2
TF(t) = JBeref(t) - mBgLCOMeref(t) Y]

The nominal trajectory (Erep) Was generated using equation 4 from the average behavior of
10 self-initiated gait initiation trials (right foot steps) from the healthy test participant.
Several experimental studies and computational models have demonstrated that the nervous
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system develops a predictive feedforward model for movements that can make online
corrections with delayed sensory feedback within a neural circuit that involves the
cerebellum [18, 19].

Similar to postural control inverted pendulum models [13, 15], sensory feedback detecting
body lean angle (e.g., vestibular, proprioceptive) was modeled using position feedback (Fig
2). Stiffness (Kp), integrative (Kj), and damping (K;) feedback gains were included to model
corrective torques generated by the neuromuscular system based on sensory feedback. The
delay of sensory transmission in the central nervous system was modeled with a time delay
block (7, of 0.171s [13, 15]. The feedback gains were heuristically tuned to reduce the sum
of squared error between experimental (6 and simulated (6p0q¢) body lean angle data.
The sum of four neuromuscular terms equals:

TAnk(t) = TF(t - Td) + Kp[eref(t - Td) - eModel(l - Td)] (8)

t
+K; / [gre A= T4) = Optoqeilt - Td)]dt + Kd[ére A= Tg) = Opgoqelt = Td)]
0

Lastly, the maximum amount of dorsiflexor torque available for 74,4 was limited using a
saturation value (7 defined in equation 9. At each time step, the value of 77, , was

compared to (7pemax- Tsa7), Where Tpemax Was an integer value slightly greater than the
maximum experimentally-observed dorsiflexor torque and the value of 7g47was
incrementally increased by 2 Nm (starting at 0 Nm). For example, from the experimental
data of the pilot test participant, the maximum dorsiflexor torque was —22.3 Nm, then

T pFmax could be set to —22 Nm. The resultant value based on equation 9 ( 7 4,4) was fed into
the transfer function for the body (equation 6). This saturation procedure effectively
modeled the diminished or absent TA activation by the central nervous system in people
with PD.

All simulations were performed using Simulink software (MathWorks Inc. Natick, MA).

__ Tk if e < (T prmax = T'sar) ©)
Ank = e
(Tprmax = Tsar) i Tam = (Tppmax = Tsar)

D. Center of Pressure

Along with body lean angle (E/04e), another biomechanical measurement that has been
calculated in other postural control models is the center of pressure (COP), or the point at
which the total resultant ground reaction force (GRF) is acting on the feet, in the sagittal
plane [13, 15]. The position of the COPwas calculated using the following equation derived
from the equations of motion for the feet and body:
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~J 500104el0) + M 8L 0D + Mgy — mpap ()2

COP() = mpap (1) + mpg + mpg

(10)

where mgmass of the feet, zzheight of the ankle joint, xzhorizontal distance between ankle
joint and foot center of mass. The last three terms (/525 Xg) were based on values for an
average adult male used by Maurer and Peterka (2005).

[ll. Results

Prior to presenting the results, a clarification about the convention used to create the
presented plots of 74, is needed. Dorsiflexor torque was defined as positive within the
model for 74,4 (equation 8) in accordance with positive theta; however, 74,4 was plotted
(Figs 3 and 4) with plantarflexor positive to follow the typical biomechanics convention (i.e.,
extensor moments are presented as positive values).

A. Model Results

With 7547= 0 (no limit on dorsiflexor torque), the model simulation for body lean angle and
ankle torque matched the experimental data for the healthy young adult participant (Fig 3).
Heuristic tuning of the feedback gains (to minimize the difference between experimental and
simulated data) resulted in gain values of K, = 1 Nm rad™!, Kj=194 Nm s rad™%, and Ky
=10 Nm s rad™L. Using these gain values, the general behavior for body lean angle was
almost identical in the simulation, starting from a slight forward lean of 3.3 degrees
progressing to 5.2 degrees at heel-off (Fig 3). Due to a slightly forward lean at the
beginning, 33 Nm (of plantarflexor torque) was the initial ankle torque value. As the APA
was generated, the model achieved the lowest torque (most dorsiflexor directed) at 22.3 Nm.
Finally, the model went into increasing plantarflexor torque before heel-off (Fig 3). The only
subtle differences in the simulated ankle torque existed after 0.4 seconds, but the general
behavior was the same as the experimental data. Overall, the model was able to accurately
simulate the experimental data for body lean angle and ankle torque.

Application of the saturation block ( 7547 # 0) revealed a possible threshold for decreased
body lean angle and center of pressure excursion (Fig 4). Limiting the dorsiflexor torque up
to 6 Nm (7s47< 6 Nm) did not result in large differences in body lean angle or ankle torque.
However, when the dorsiflexor torque was limited by 8 Nm, a decrease of body lean angle
(0.3°) became apparent and the posterior excursion of center of pressure was decreased by
0.9 cm. When dorsiflexor torque was almost fully limited with a saturation of 10 Nm (33
Nm (starting ankle torque) — 22.3 Nm (max dorsiflexor torque) = 10.7 Nm), the body lean
angle was nearly a degree less (0.7°) than the no saturation condition, and the center of
pressure excursion was diminished by 1.1 cm. Consequently, reduced dorsiflexor torque
resulted in diminished forward progression and decreased posterior excursion of center of
pressure.
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B. PD Experimental Data Results

The experimental data from the PD participant demonstrated a range of different APA (ankle
torque, lean angle, and COP) behaviors across the seven trials (Fig 5). These varied results
matched well with the behaviors observed in the model predictions. In general, diminished
or absent dorsiflexor torque before heel-off, which can be observed by the lack of a
downward deflection in the net ankle torque (as demonstrated by the trials highlighted with
dashed blue and dotted red lines, respectively), resulted in slower forward progression of the
center of mass, increased duration to heel-off, and decreased posterior COP excursion. When
a dorsiflexor torque was generated (as demonstrated by the solid black line trial), the rate of
forward progression was faster, and the COP demonstrated a posterior excursion. Note that
trials with an increased forward lean at the onset of the APA (as demonstrated by the darker
grey lines) were associated with higher initial ankle torques, due to an increased contribution
of the gravitation torque about the ankle, and either a markedly diminished or absent
dorsiflexor torque during the APA.

IV. Discussion

In this study, an inverted pendulum model of an APA for gait initiation was developed.
Furthermore, simulations of reduced dorsiflexor torque during an APA were performed. The
findings highlight the possible consequences of dorsiflexor torque limitations, including
diminished forward progression and posterior excursion of the center of pressure (Fig 4).
Specifically, limiting the dorsiflexor torque up to 6 Nm did not result in large differences in
forward body lean angle or center of pressure excursion. However, limiting the dorsiflexor
torque by 10 Nm resulted in a reduced forward body lean angle and center of pressure
excursion similar to the APA profile observed in an individual with PD (Fig 5). Furthermore,
the PD experimental data demonstrated that changes in the initial body lean angle may alter
the magnitude and profile of the ankle torque. Ultimately, this APA model provides an initial
basis for understanding the neuromechanical factors that may be important for gait initiation
modulation paradigms and potential strategies that people with PD use to compensate for
reduced dorsiflexor torque.

Without any limitation of dorsiflexor directed torque (7547 = 0), the model was able to
simulate the experimental body lean angle of the healthy young adult participant. The
combination of feedback gains (K, =1 Nm rad~%, K;= 194 Nm s™! rad™%, K;= 10 Nm s rad
1) and the addition of a feedforward torque ( 7,9 resulted in a low amount of error between
experimental and simulated body lean angle and ankle torque profiles. Physiologically, a
similar online modification of the feedforward movement command through delayed
sensory feedback has been demonstrated in several experimental studies [20]. By
comparison to postural control models, our proportional (K,,) and derivative (K) gains were
smaller and the integrative gain (Kj}) was larger. For example, the same three gains in a
healthy postural control model were K}, = 957 Nm rad™}, K;=34 Nm s~*rad™%, and Kz=
277 Nm s rad~1 [13]. Another study that only used proportional (Kp) and derivative (Ky)
gains were K, =773 Nm rad~! and K;= 286 Nm s rad™ for healthy individuals and Kp=
667 Nm rad~1 and K;= 286 Nm s rad™! for people with PD [15]. A key difference between
these previous postural control models and the model of this study is the desired movement.
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For postural control, the reference trajectory is set to zero (no body lean angle) because the
goal is to maintain standing posture. Consequently, per the feedforward torque equation for
T£(equation 7), the feedforward torque would also be zero and the movement would be
controlled with larger proportional (K}) and derivative (K) gains. In our model, the
feedforward torque was able to generate the desired forward body lean (8 o9 with a small
amount of error that accumulated due to the sensory time delay. Thus, a higher amount of
integrative gain (K} was needed to eliminate the error. The difference in gains between these
types of models may suggest that feedback gains are different for postural versus volitional
movement. Overall, the APA model of this study was able to track the nominal trajectory
with a minimal amount of error due to the inclusion of a feedforward torque.

The simulations of the reduced dorsiflexor torque were also able to reproduce the range of
APA behaviors observed in an individual with PD. Trials with reduced dorsiflexor torque
were associated with decreased posterior excursion of center of pressure and prolonged time
to heel-off. Interestingly, the simulations suggest that there might be a threshold for
decreased dorsiflexor torque before the body lean angle was considerably reduced. Between
a 0-6 Nm reduction of dorsiflexor torque, body lean angle at the time of heel-off remained
nearly the same as the nominal trajectory. However, when the dorsiflexor torque was limited
by 8 Nm, forward body lean angle at heel-off was slightly decreased and the posterior center
of pressure excursion was diminished. At 10 Nm of limitation, forward body lean was
almost one degree less than the nominal trajectory and the posterior center of pressure
excursion was diminished. Furthermore, the behavior of ankle torque remained relatively
constant across different values of saturation aside from the dorsiflexor torque limitation
(Fig 4). These results suggest that a certain amount of reduced dorsiflexor torque is
allowable before it has a considerable effect on forward progression. Moreover, these
findings give insight into the amount of external assistance that might be needed during an
APA from an ankle torque device (e.g., a powered ankle-foot orthosis) to maintain a desired
nominal trajectory for body lean angle and posterior center of pressure excursion.

The implications of a reduced capacity to generate a dorsiflexor torque during the APA were
demonstrated in the experimental data obtained in an individual with PD. Trials with a
diminished or absent dorsiflexor torque were associated with a relatively large forward lean
and more anterior positioning of the center of mass relative to the ankle joint center prior to
the APA. This behavior likely reflects a strategy whereby, in the absence of a sufficient
dorsiflexor torque, the individual leverages the torque created by the gravitational force to
generate the anterior acceleration of the body. The consequence of this strategy is a delayed
heel-off, which may require a shortened first step in order to arrest the forward angular
momentum of the body. Due to the assumptions of our model, we could not investigate what
would happen after heel-off of the stepping foot. Future models would require more degrees
of freedom (i.e., hip, knee, and ankle joints) and separated feet. This type of model could
further predict the consequences of leaning further forward before the APA on step
execution.

Future studies could further utilize the model to design and predict the effects of
interventions that restore dorsiflexor torque via increases in strength (e.g., with medications)
or by external assistance, such as a powered ankle foot orthosis [21]. For example, oral
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dopamine replacement therapy and deep brain stimulation have been shown to increase
dorsiflexor strength in people with PD [22]. Similarly, medication has been shown to
significantly improve the magnitude and timing of APA generation [5]. Accordingly, the
model may provide estimates of the amount of dorsiflexor strength increase required to
improve gait initiation.

Several limitations of our model should be considered for interpreting the results and
developing models of gait initiation in the future. First, only the ankle joint was modeled, so
alternative strategies for producing forward body lean through other joints (e.g., the hip
joint) were not investigated. For example, a common symptom of PD is a forward body lean
around the hip joint. Furthermore, we assumed that all motion was produced around the
ankle joint and the feet did not move through the APA up to heel-off. It is possible that as the
model approached heel-off that the model lost approximation of the true behavior of both
limbs [4]. Finally, future models could investigate different values of sensory time delay. The
time that was used in our model was based on previous postural control models (0.171 s)
[13, 15]; however, it is possible that the sensory time delay during gait initiation would be
different, especially in response to external assistance. Previous mechanical perturbation
studies have demonstrated that adaptations could occur as fast as 88 ms depending on when
the perturbation is provided in the APA [23]. Overall, our model provides an initial basis for
future studies, but several factors should be considered in the development of APA models.

V. Conclusions

In conclusion, an inverted pendulum model of an APA was created using neuromuscular
components. Moreover, the consequence of reduced dorsiflexor torque in people with PD
was simulated. The results suggest that there may be a threshold of diminished dorsiflexor
torque that results in diminished forward progression and posterior center of pressure
excursion. Future models could investigate the consequences of these diminished APA
behaviors to the subsequent step execution phase.
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Fig 1:

InSerted pendulum model. List of terms: Lacr left acromion marker, L pma left lateral
malleolus marker, © forward body lean angle, xg horizontal position of the body center of
mass, mg the mass of the body without the feet, Lg length of the body, Lcon length of the
body up to the center of mass, zg vertical position of the body center of mass, mg mass of
the foot, zg height of the ankle joint, xg horizontal position of the center of mass of the foot,
COP position of center of pressure, GRF vertical ground reaction force, Tank applied ankle
torque generated by the neuromuscular system, and Tg torque due to gravity of body
segment. The reaction forces at the ankle joint (Ry and R;) are not pictured.
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Fig. 2:
Block diagram of inverted pendulum model of gait initiation.
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Body lean angle and ankle torque for simulated and experimental data from the healthy adult
participant. Note the simulated data are based on the no-saturation condition ( 7547 = 0).
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Fig. 4:

Simulated body lean angle, ankle torque, and center of pressure (COP) at different
dorsiflexor torque saturation values.
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Fig. 5:

Experimental data for body lean angle, ankle torque, and COP across all trials for the PD
participant ending at heel-off. The sample trials with dorsiflexor torque present (black),
diminished (blue), and absent (red) are highlighted. All grey lines are the remaining trials.

IEEE Trans Neural Syst Rehabil Eng. Author manuscript; available in PMC 2019 November 01.



	Abstract
	Introduction
	Methods
	Experimental Data
	Model Definition
	Neuromuscular Terms
	Center of Pressure

	Results
	Model Results
	PD Experimental Data Results

	Discussion
	Conclusions
	References
	Fig 1:
	Fig. 2:
	Fig. 3:
	Fig. 4:
	Fig. 5:

