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ABSTRACT
MUSCULAR PROPERTIES AND BALANCE CONTROL IN OLDER ADULTS
SEPTEMBER 2009
CHRISTOPHER J. HASSON, B.S., UNIVERSITY OF DELAWARE
M.S., BALL STATE UNIVERSITY
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Graham E. Caldwell

The goal of this dissertation was to understand the role of age-related cimanges
muscle mechanical properties in the control of upright posture in humans. First, a
methodology for estimating subject-specific muscle properties in healting and older
individuals was developed. Magnetic resonance and ultrasound imaging were used in
conjunction with dynamometer experiments, musculoskeletal modeling, and numerica
optimization to estimate the properties of the dorsiflexor and individual pliexiarf
(gastrocnemius and soleus) muscles for 12 young and 12 older adults (balanced for
gender). With aging there were declines in maximal isometric stramgk increases in
series-elastic stiffness in the male subjects, but no differencesfentiake subjects.
Regardless of gender, there were age-related changes in the shaperottheléxity
relation, such that the older subjects produced less relative force during baghtdonc
and eccentric muscle contractions. The second study tested the balaries abilie
same subjects under a variety of static (quiet stance, leaning forwéxdévdyrand
dynamic (swaying at preferred/imposed frequencies, maximal reaexiegnal

perturbation) conditions. The older adults performed more poorly on most of the balance
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tasks. While maximal isometric force made a smaller than expectedocbiotmito

predicting balancing ability, the force-length, force-velocity andef@axtension

properties of the muscles were all predictive of the age-related daadlibaksnce

control, explaining ~40% of the variance as independent predictors and ~50% when these
factors were combined. Finally, a feedback-driven inverted pendulum model of postural
control was developed, which incorporated realistic representations of young and old
dorsiflexor and individual plantarflexor muscles using the previously estimated
mechanical properties. A sensitivity analysis was performed by mamiguiae

properties of the plantarflexor muscles. The balancing ability of the modehosts
influenced by the optimal length of the contractile component and the slack length of the
series elastic component of the plantarflexor muscle models. The quiet stadel
highlighted the importance of the force-length relation of muscle to theizsdibih of

upright posture. This dissertation demonstrated that there are age-relaigeisanahe

dorsi- and plantarflexor mechanical properties, and these changes areessuthathe

declines in postural control that accompany aging.
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CHAPTER 1

INTRODUCTION

Muscles produce force. This fact has intrigued scientists for centuries and has
been the subject of hundreds of research studies. Muscles are engineerelg, mar
possessing an array of properties that allow a wide range of functions arddoers
adaptability. Muscles are capable of producing very small or very large erce.
Muscles can produce force while shortening, lengthening, or at a constant length.
Muscles can change the maximal amount of force that they are able to produce i
response to repetitive loading. Muscles can even change their stiffnessaidan
existing man-made materials that can accurately replicate tb@sofi human muscles,
which is a testament to their complex design.

Although muscle is remarkable even in isolation, it is when multiple muscles
work together that the human body’s potential for movement truly becomes apparent.
Humans can coordinate their muscles for extremely precise movements fugadisg
a needle, extremely fast movements such as throwing a baseball, oredxfierceful
movements such as lifting a refrigerator. Having multiple muscles magbssvide
variety of movements possible. One important question that currently occupiesitise mi
of movement scientists is “How is such a complex array of muscles contfodedivers
to this question are of great value to a wide range of individuals, from atigicia
rehabilitating patients to the design and control of artificial limbs.

Much is known about the control of muscles at the neural level (Basmajian and

De Luca 1985). Each muscle receives inputs in the form of one or more control signals



from the central and peripheral nervous systems. These control signals arise from
voluntary and involuntary activations of alpha motor neurons in the spinal cord. The
motor neurons transmit the control signals in the form of electrical impulsemn(a
potentials), which are modulated in their amplitude and frequency by recruiting more
motor neurons or by causing already active motor neurons to transmit impulses more
rapidly. These control signals have a direct influence on the production of force by
muscles.

Thus, at the neural level the amount of “effort” required for a particular migscle
specified by only two parameters (recruitment and firing-frequencyjusicle were a
simple input-output “actuator”, these control signals would be the sole determinant of
muscle force. The same control signals would always produce the samevelce le
irrespective of the current state of the musculoskeletal system. Saotr@ scheme
may impose limitations on the ability of the human body to coordinate complex
movement. Another consideration is that the transmission of control signals is not
instantaneous, and requires a finite period of time depending on the conduction velocity
of the motor neurons, which has been shown to increase with aging (Merletti et al. 2002).

Humans possess an additional “control system” based on the properties of the
muscle-tendon units. Each muscle contains an array of geometrical and mechanical
properties that alters the relationship between the input (neural control) and forgm)t (
signals - often in beneficial ways. For example, if someone standing in line is
accidentally and unexpectedly perturbed from behind, the stiffness of the postural
muscles provides an instantaneous level of stabilization. Without this mechaneys, de

in the transmission of the nervous signal may not reach the correct mustles filorta



stabilizing response, as ankle tendon-tap reflex latencies have been showade aver
about 35 ms in healthy individuals (Frijns et al. 1997). This is just one example of the
many properties of muscle that influence how muscles are coordinated during mbveme
Muscular “properties” can be separated into three areas: architectura
geometrical, and mechanical. Architectural properties of muscle consesttofes that
define the number and orientation of muscle fibers within a muscle, including fib#r leng
and pennation angle. Geometrical properties refer to how a muscle is posititmad wi
the skeleton, including the number of joints crossed and the relation between muscle
length, muscle moment arm, and the angular positions of the joints crossed by the
muscle. The mechanical properties of muscle are defined as the mechanical
characteristics of muscle influencing force production. The amount of force prbdyc
a muscle in response to a neural input is dependent on a number of factors: theractivati
level of the muscle, the length and velocity of the muscle fibers, the prioryhidtibre
state of contraction, and muscle physiological cross-sectional areae@Geal and
architectural properties are largely fixed; alterations are onlyldessnder unusual
circumstances such as tendon transfer surgery (Delp et al. 1994). Mechaniadigsrope
on the other hand, have been shown to experience change with use, disuse, injury, and
age (Blanpied and Smidt 1993, Doherty and Brown 1997, Frontera et al. 2000b, Larsson

et al. 1997, Ochala et al. 2004a).

1.1 Musculotendon Mechanical Properties, Aging, and Postural Control

Muscular properties have been shown to change with aging, especially beyond 60

years (Ochala et al. 2004a, Vandervoort 2002). In general, muscles become weaker



(reduction in cross-sectional area) (Narici et al. 2003), slower (lowenrabcontraction
velocity) (D'Antona et al. 2003), and less elastic (Ochala et al. 2004a). Ghamgascle
properties seem to affect the lower limbs to a greater degree than the mntyser li
(McDonagh et al. 1984). In most cases, these changes are detrimentaltctionihg
of the neuromuscular system, causing reductions in maximal force capatllithekays
in the rate of force development. These alterations may place older individuals at a
increased risk for injury - especially in situations where rapid force dawelot is
needed, such as coping with a threat to postural stability.

One of the most basic requirements for the execution of many activitiedyof dai
living is the successful maintenance of posture. In comparison to younger adults, older
individuals have been shown to generally have a higher amplitude of postural sway, as
well as higher sway velocities and either increased or decreased svadylitgr
depending on the population studied (Prieto et al. 1996, Prieto et al. 1993). Older adults
are generally less stable than younger adults, and are more prone to eg@efahc
(Shumway-Cook et al. 1997, Tinetti et al. 1988), which can result in significant injury or
even death. In light of the increasing proportion of older adults in our population, fall-
related injuries require the expenditure of a significant amount of time and rimoney
rehabilitation (Titler et al. 2005).

Despite the evidence for alterations in muscle properties and postural toatr
occur with aging, there have been no investigations into a possible association between
these changes. Therefore, the purposes of this dissertation were to: 1) Measure and
compare muscle mechanical properties in young and old individuals, 2) Explore the

association between age-related changes in muscle mechanical prepetfestural



control, and 3) Develop and evaluate a musculoskeletal model of postural control. By
investigating the muscle mechanical properties and postural controlrg woa old
individuals, specific changes in muscle properties that directly impactenusc

coordination and postural stability can be identified.

1.2 Specific Aims

1.2.1 Chapter 2: Muscle Mechanical Properties and Aging

The purpose of the first study was to describe and compare the mechanical
properties of the primary muscles controlling the ankle joint in healthy yanaglder
adults. For each participant, magnetic resonance imaging was used tortetauscle
volume, physiological cross-sectional area, and moment arm length, wrakoutd
imaging was used to measure series elasticity. Dynamometerregpesiwere
performed to determine individualized relationships between joint torque, joint andle,
joint angular velocity for the ankle joint. The data from these experimearts w
incorporated into musculoskeletal models, where numerical optimization techniegges w
used to obtain subject-specific muscle mechanical properties. It was hypadhbst the
optimized mechanical properties would differ with age, with the older subjects
demonstrating lower maximal isometric force capabilities, stiftestie characteristics,

and slower contractile properties.

1.2.2 Chapter 3: Mechanical Properties and Postural Control

The second study examined the relationship between age-related changes in

muscle mechanical properties and postural control. The balancing abilitressafrhe



subjects that performed the experiments in Chapter 2 were evaluated witsageri
postural tests. These included static (quiet stance, leaning) and dynamimosndit
(swaying, reaching) and external perturbations. Variables relatedter o pressure

and center of mass motion were computed and used as measures of posturallstability.
was hypothesized that the older adults would have poorer postural control than younger
subjects, and these deficits would be associated with the age-related changssle

mechanical properties.

1.2.3 Chapter 4: Musculoskeletal Model of Postural Control

In the third study, a musculoskeletal model was developed and used to evaluate
the role of muscle properties in the control of quiet stance. The model included a two-
segment inverted pendulum skeletal model, a foot-floor interaction allowing movement
of the foot relative to the ground, and Hill two-component muscle models representing
the major ankle muscles. The model was controlled by proportional-derivativé neura
controllers that used time-to-contact information to send excitation signile muscle
models, which accounted for noise and delays within the nervous system. Numerical
optimization was used to find the neural controller gains that would allow the todel
perform quiet stance with minimal muscular intervention. Both “young” and “old” quiet
stance models were created using the mechanical properties measureden Z fzaqut
their performance was compared. A sensitivity analysis was perfornasddes effects
of changes in individual muscle mechanical properties on the performance of tHe mode

during quiet stance.



1.3 Summary

The central question of this dissertation is how age-related changes in muscle
mechanical properties influence postural control. This question is important &ecaus
muscle is responsible for transforming neural commands into muscular force, and
therefore, it is crucial that we understand how this “transfer” may bedliétie

advancing age. This may explain why individuals become less stable with age.



CHAPTER 2

MUSCLE MECHANICAL PROPERTIES AND AGING

2.1 Introduction

Muscles possess an array of mechanical properties that influence tioesblpat
between the neural command and the force produced. These include nonlinear dependence
of active contractile force on length (force-length relation) (Gordoh &96é6) and
velocity (force-velocity relation) (Hill 1938), and a nonlinear relation leetwforce and
the elongation of series elastic structures within the muscle-tendon corfigpéex (
extension relation) (Bahler 1967). Because muscle mechanical propettiiés daw
nervous system input is translated into muscle force, age-related changss iortperties
may have a large impact on muscle function and movement coordination (Hof 2003).
Although much is known about neural and physiological changes with aging (Delbono
2003, Doherty 2003, Porter et al. 1995b, Vandervoort 2002), less research has examined
age-related changes in muscle mechanical properties. However, it hahbe®nthat
single muscle fibers (both type | and type IIA) have significantly lawaximal isometric
force capabilities in older men compared to younger men (Frontera et al. 200@&p). Ot
studies have demonstrated that single muscle fiber contraction velocityséscrealder
adults (Hook et al. 2001, Korhonen et al. 2006, Larsson et al. 1997).

As an alternative to the invasive naturerovitro single muscle fiber studies,
researchers have also examined the mechanical properties of muscle muoupasing
dynamometers to elucidate torque-angle and torque-angular velocitgneladilder

subjects exhibit shifts in the torque-angular velocity relationship tovedmdeer velocities



(Lanza et al. 2003, Poulin et al. 1992), have generally slower muscle contractile psoperti
(Gajdosik et al. 1999), and have increased resistance to fatigue (LanZ208dal.Studies
investigating muscle-tendon series elasticity using a quick-refealseique have shown
increases in stiffness with age (Blanpied and Smidt 1993, Ochala et al. 2005, ®ahala e
2004b), and these findings are supported by evidence from single muscle fibeka (@c
al. 2007a). In contrast, Onambele et al. (2006) showed an age-related deciease in t
stiffness of the external Achilles tendon using ultrasound. These differengdserdae to
measurement techniques; the quick-release technique measures the ¢stalasticity,
including elasticity of the internal aponeurosis and elasticity within thelmtibers
(Bressler and Clinch 1975), while the ultrasound technique used by Onambele et al.
measures the elasticity of the external tendon at the local measusti@érf 2003).
Age-related increases in the series elasticity measured using theeaase technique
could be due to greater fiber stiffness per unit force (Galler and Hilber 1998;Hiliet al.
1995, Ochala et al. 2007a), while age-related decreases in external tendors stiffnes
measured using ultrasound may arise from increases in elastin and typagércand
decreases in extracellular water and mucopolysacharide content ZB{&ErTuite et al.
1997).

Although it appears that muscle properties change with aging, knowledge of how
the mechanical properties ioidividual muscle-tendon complexes are altered with aging is
particularly sparse. This is partly because of the difficulty in detengpitme force in an
individual musclan vivo due to the over determined nature of the human muscular system
(Bernstein 1967). It is even difficult to measure the contributions of isolated agurssle

groups due to antagonistic co-activation, which is rarely accounted for in egptaim



studies (Gajdosik et al. 1999, Lanza et al. 2003, Poulin et al. 1992). These challaenges ca
be overcome through the use of musculoskeletal models that can model the behavior of
individual muscles, without employing highly invasive techniques of direct muzcdie f
measurement (Komi et al. 1987).

Thelen (2003) performed simulated muscle contractions while alteringifausc
parameters to mimic age-related changes. The “aged” simulation modetgulediduced
power output along with prolonged contraction and relaxation times. Of note, the paramete
values used were based solely on literature sources, chosen from a rangeaatlidie
different subject populations. It is possible that the specified combination of model
parameters would not exist in any single human. Nevertheless, the importance of
accounting for age-related changes in muscle mechanical propertiesides, especially
when considering dynamic task performance (e.g. walking) or responding torenental
influences (e.g. standing in a moving bus).

Accurate knowledge of muscle mechanical properties is important for fesesarc
who use muscle models to estimate the contribution of individual muscle forces to the net
moment at a given joint. Many studies have demonstrated that muscle model output is
sensitive to the parameters defining the mechanical properties (Buatala®004, Heine
et al. 2003, Herzog 1985, Out et al. 1996, Raikova and Prilutsky 2001). Therefore,
inaccurate model parameters may lead to erroneous conclusions on force distribution.

The aim of this study was to combine experimental, modeling, and optimization
techniques to assess individual muscle mechanical properties in young and old adults
Magnetic resonance and ultrasound imaging were used in conjunction withris@nd

isovelocity muscle contractions to obtain subject-specific estimateg of¢chanical
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properties of the major muscles contributing to sagittal-plane movement at th@oartkle
(dorsiflexors [DF], gastrocnemius [GA], soleus [SO]). Hill-type mus@&ndon models
were used to represent each muscle. In each model, the active contractile cof@@pent
produced force according to stimulation-activation, force-length, and ¥etoeity
relations, and the passive series elastic component (SEC) responded acoatslifogde-
extension relation. The parameters representing these mechanicali@sapfehe

individual muscle models were found through a numerical optimization processlfior ea
subject. It was hypothesized that the optimized muscle model parametedsciianlwith
age, with the older subjects demonstrating lower maximal isometricdapabilities,

stiffer elastic characteristics, and slower contractile proggertie

2.2 Methods

2.2.1 Overall Experimental Design

Twelve young and twelve older adults participated in the experiments. All &ibjec
were healthy and were without musculoskeletal or neurological impairmémie Were
equal numbers of male and female subjects in each age group; subject chacachesi
listed in Table 2-1. The older subjects were all independent community-cgsv8lidsjects
attended multiple experimental sessions including: 1) isometric contractioasjunction
with ultrasound measurements to determine musculotendon elasticity, 2) isometric
contractions at varying ankle joint angles on a dynamometer to measure togtpie-a
properties, 3) isovelocity contractions at various ankle angular velocitiesyoraadmeter
to measure torque-angular velocity properties, and 4) measurements of volistie,

cross-sectional area, and moment arm using MRI. During the first vibijpaaiicipant was
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provided with an overview of the experimental procedures for the study. Participaahts r
signed an informed consent document approved by the local University ethics sEmmit

Physician’s clearance was obtained for all older subjects.

Table 2-1.Subject characteristics.

. | Age (yrs) Height (m) Mass (kg)
Subject Group N Mean £ SD Range Mean + SD Range Mean + SD Range
Young Male 6 273 21-30 1.81+£0.06 1.70-1.85 9#68.2 68.3-87.5
Young Female 6 26+3 21-31 1.65+£0.08 1.52-1.74 7.2%6.6 49.9-65.8
Old Male 6 735 67-79 1.77 £0.08 1.68-1.88 9%+.70.3 74.0-101.5
Old Female 6 70+5 66-78 1.66 + 0.09 1.70-1.60 67217.0 77.4-59.3

Note: N = number of subjects; SD = standard dexiati

2.2.2 Ultrasound Experiment

2.2.2.1 Experimental Setup

To estimate the series elasticity of the dorsi- and plantarflexarlesysnkle torque
was measured as subjects performed a series of ramped maximal effettisom
contractions at a fixed ankle angle. During the contractions, the movememeshif t GA,
and SO muscles were imaged using a real-time ultrasonic scanner (Acusorn WadXaP
linear-array probe (7.5 MHz, 50 mm scanning length, B-mode [brightness mode]). A
transmission gel was used for acoustic coupling. The probe was orientated almmdy the
sagittal axis of each muscle. Ultrasound images were sampled at 30 Hweaddcs
magnetic tape.

The isometric contractions were performed on a dynamometer (BiodexnSyste
Medical Systems, Shirley, NY); participants sat in a padded chair, witHdfideg

extended in front of them and their right foot resting on a support. The left knee was full
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extended, and the ankle was at an angle of 90° (between the tibia and the surfaceobf the f
plate). This position has been reported to correspond to a minimal amount of passive
resistance about the ankle joint (Siegler et al. 1984). The ankle joint centasually

aligned with the center of rotation of the footplate. The foot was secured to the feot pla
using Velcro straps across the dorsal surface of the foot. The torque datarwglexisat

900 Hz using a personal computer. An analog pulse (0-5V step function) was used to

synchronize the ultrasound video with the force data.

2.2.2.2 Protocol

During the experimental session, subjects performed a block of 5 dorsiflealen tr
which was preceded (followed) by a block of 5 plantarflexion trials, with the ofdkee
blocks randomized. Within each block, two three-second maximal voluntary contractions
(MVCs) were performed while torque measurements were taken; a twoemastitvas
provided between the contractions. After the MVCs, subjects performed aiset of f
ramped contractions while force and ultrasound measurements were taken. Over a 30-
second trial, subjects were required to slowly ramp up their level of torque byifglaw
predefined template, which was scaled as percentage of the highestdordededuring
the two preliminary MVCs. The template included a green line representiraygie¢ force
level, which exponentially increased from 0-30% MVC, and then increased Yirfeeml
30 — 100 % MVC (Figure 2-1C, solid line). Red lines bounded the target force level on
each side (Figure 2-1C, broken lines), which were used as guides indicatingepahble
variability at each torque level. During each trial, a black line was drapresenting the

subject’s applied force level (in real-time). The subjects were insttuatfollow the green
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line as closely as possible and, although some variation was expected, they should try t

stay within the red boundary lines.

2.2.2.3 Video Capture and Preprocessing

The ultrasound video was parsed into individual trials and converted into digital
format (AVI, 720 x 480 pixels) using a personal computer based video capture system
(Studio MovieBox USB, Pinnacle Systems). The raw force video data were gucess
using custom software written in Matlab (Version 7, The MathWorks, Natick MA9. T
raw force data were downsampled to equal the sampling rate of the ultrasoun@®®ideo (
Hz). In each trial, the ultrasound video and force data records were searchedigng
edge of the synchronization pulse, and the two measurements were synchronized by

shifting the data so that the synchronization pulse occurred in the same frame.

2.2.2.4 Tracking of Aponeurosis

To compute the elongation of the DF muscle two sets of eight points were
identified: a set of superficial reference points evenly spaced near thengkanchuster of
points along on the distal portion of the central aponeurosis of the DF (Figure 2-1A). Two
similar sets of points were identified for the GA and SO. Each point was autaligatic
tracked throughout the contraction using a two-dimensional cross-corretatkimg

algorithm (Loram et al. 2004).

2.2.2.5 Data Processing

The horizontal and vertical displacements of the tracked points and torque data

were imported into MTLAB ™ and smoothed using a Butterworth digital filter. Optimal
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filter cut-off frequencies were determined by performing a resmhalysis and power

spectral analysis (Winter 1990). The horizontal and vertical displaceofehts eight
reference and eight aponeurosis points were averaged to give a siagiagefand
aponeurosis displacement time-series (Figure 2-1B). The displacemieatrefdrence

point was subtracted from the movement of the aponeurosis point to adjust for movement
of the ultrasound probe relative to the skin. The scalar magnitude of the adjusted
displacement vector was computed and transformed into extension by making the
displacement magnitude equal to zero at the start of the trial (at reeoAdsorder
polynomial was then fit to the torque vs. extension data (Figure 2-1D). This polynomial
had the form:

T=a, X* + PraX (3.1)
whereT is the net ankle joint torquey,, is a coefficient that controls the rate of increase
of torque with increasing extension (larger values represent a stitidonship), 5;,, is a
coefficient that specifies the linearity of the torque-angle relalaogdr values give a more

linear relation), and is the displacement of the aponeurosis.
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Figure 2-1. Methodology for measuring musculotendon series elasticity. A: Ultrasoilladrein the start (left) and end (right, at
MVC) of a dorsi- (top) and plantarflexion (bottom) ramped trial. The white dotsatedpoints of interest, including a set of reference
points near the skin, and a set of points on the central aponeurosis of each muscle. The thetjmwirds was tracked using an
automated cross-correlation algorithm. B: Example of the horizontal dispdate of the set of reference points (top) and points on
the central aponeurosis for a dorsiflexion trial (thick line = average). Cvishal torque-time template (left) and the actual
dorsiflexion torque produced (right). D: The resulting torque vs. extension plot. A sedengolynomial was fit to the torque up to
60% MVC, and then extended up to MVC (dashed line).



2.2.3 Dynamometer Experiments

2.2.3.1 Experimental Setup

For the determination of joint torque-angle and torque-angular velocityoredati
a series of isometric and isovelocity muscle contractions were pedamine same
dynamometer used for the ultrasound measurements (the dynamometerasetiog w
same). The torque exerted on the dynamometer and the angular displacertinents of
lever arm were sampled at a rate of 1000 Hz with a personal computer using a 16-bi
analog-to-digital converter and custom data acquisition software.

The myoelectrical activity of the DF, GA, and SO were monitored during al
isometric and isovelocity trials using bipolar pre-amplified (35x) Ag/AgCutar
surface electrodes with an interelectrode distance of 20 mm and an input impddance o
25 MQ at DC and >15M at 100 Hz (Theraputics Unlimited, lowa City, 1A). EMG
signals were further amplified (model RMG-544 amplifier / processing rap8idldB
common mode rejection ratio at 60 Hz, frequency response 20 — 4000 Hz). The gains of
the individual EMG amplifier channels were adjusted for each participant tom cheai
best resolution without clipping the signal. EMG data were sampled at a (41800Hz.
Skin preparation for impedance minimization included shaving the electrode site,
abrading the skin with an abrasive paste, and cleaning with alcohol. Electrer@es w

affixed along the orientation of the underlying muscle fibers.
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2.2.3.2 Protocol

Maximal effort isometric and isovelocity dynamometer contractions dene on
separate visits to the laboratory to minimize fatigue. For both sessionsiaiwovire
performed at each joint angle and angular velocity. The order of the trigls wa
randomized. A 30 s rest was provided between all trials. At the start of eaom sess
subjects warmed up on the dynamometer by performing sub-maximal norestyvel
contractions, and the range of motion of the ankle joint was determined and the
dynamometer movement limits were set.

In the isometric session, passive joint torque was measured by having thé subjec
relax and the dynamometer slowly (15°/s) moved the ankle joint through its engee ra
of motion. Maximal effort dorsiflexion trials were performed with the kneediat 100°
(full extension = 180°), and the ankle at 70 - 110° (neutral = 90°) in 10° increments.
Maximal effort plantarflexion trials were performed with the knee at 180°, anduthe s
range of ankle angles as in the dorsiflexion condition.

In the isovelocity session, dorsiflexion and plantarflexion trials were pegfbrm
with the knee fixed at 100° and 90°, respectively. Concentric trials, where the
dynamometer moves at a fixed angular velocity in the same direction asivieganot
torque, were performed at angular velocities of 15°/s and 30 - 240°/s in 30°/s increments.
Eccentric trials, where subjects must resist against the dynamdhsgter moving in the
direction opposite to the active joint torque, were performed at angular \esaufitil 50,

-60, and -30°/s.
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2.2.3.3 Data Reduction and Analysis

The maximal isometric joint torque at a given ankle angle was taken as the
highest torque value of the two trials, and used to construct a torque-angle reilations
For the construction of torque-angular velocity relationships, the velocity of the
contractile component (rather than muscle-tendon velocity) is of intereshgDha
isovelocity contraction, the velocity of the contractile component is not constant and is
generally unknown except for the instant at which the peak torque is achieved (or more
specifically, where the slope of the torque vs. time curve is zero), where dlogywef
the series elastic component is zero, and thus the contractile component valgtity m
equal the total muscle velocity. Therefore, for each isovelocity trial tietpeque and
the corresponding joint angular velocity were used to construct a torque-angodatyvel
relation. For both the isometric and isovelocity data, the passive and inertial torque

contributions were subtracted from the measured torque data.

2.2.3.4 Adjusting for Co-Activation and Torque-Angle Effects

Adjustments were made to the measured experimental torque-angle and torque-
angular velocity data to account for antagonistic co-activation. The relapsrisetween
agonist muscle torque and the percentage of antagonist muscle co-activagdragsed
on the data of Simoneau et al. (2005), which showed similar linear relationships for
young and older adults. Adjustments were also made to the measured experimenta
torque-angular velocity data to account for torque-angle effects and to enaamegt
between the torque-angle and torque-angular velocity data. See Appendix failsrate

these adjustments.
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2.2.4 Magnetic Resonance Imaging (MRI)

2.2.4.1 Experimental Setup

Magnetic resonance images were taken of each subject’s left loy&.[e. Sigma
EchoSpeed Plus; 1.5 Tesla). Axial images were taken using a spacing of 4mm (T
weighted spin echo images; TR = 5000 ms, TE = 17 ms, pixel resolution 512x512, field
of view 300 mm). Two sets of axial images were taken, one proximal, and one distal. A
marker bead was placed on the surface of the leg so that the two image sets could be
aligned. Sagittal-plane images were also taken for measurement offfgaotaand

dorsiflexor muscle moment arms.

2.2.4.2 Data Reduction and Analysis

Custom interactive software was written imfas ™ to identify muscle cross-
sectional areas (CSAs) and to separate muscle tissue from other tisswhFsubject,
the proximal and distal sets of lower-leg axial images were sorteddaugto the slice
locations and joined together using the marker bead that was placed on the skin. This
composite set of axial images was then loaded into the software for anahgsis. T
perimeters of the anterior compartment (containing the dorsiflexordigiarderior,
extensor hallucis longus, extensor digitorum longus, peroneus tertius) (Gray h873), t
soleus (SO), and the medial (MG) and lateral (LG) heads of the gastrocnemeus we
outlined in every other slice (Figure 2-2, Left). The male data set from time amiage
repository for the Visible Human project was used as a primary reference

(http://www.nlm.nih.gov/research/visible/visible human.html
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The CSA of each muscle compartment in each analyzed slice (every other
measured slice) was computed, multiplied by an 8 mm slice spacing (2 x 4mdm), a
summed together to give muscle volumes. In pilot work, the muscles were ailsedutl
in every slice for six young subjects. The mean absolute differensesdretising every
slice and every other slice were 1.97, 2.61, and 1.f§amthe total volume estimates of
the DF, SO, and GA (heads combined) muscles. At worst, this represented a difbérence
about 2%, but resulted in a significant savings in analysis time. We therefoectchze
every other slice for the muscle volume computations.

In each analyzed slice, a histogram representing the pixel interhsitibe area
within the leg boundary was created. The lower pixel intensities repsénal bone
and tendon; the high intensities represent trabecular bone and adipose tissue; muscle
tissue lies between these intensity regions. The pixel intensity threébiotdparation of
these regions were initially chosen by identifying the peak intensitye@epting
muscle), and then finding where the slope to either side reaches zero (Figure 2-2). The
interactive MRI analysis program then colored the corresponding MRI sliex baghe
chosen thresholds (bone/tendon = blue, muscle = red, adipose tissue = green). The
thresholds were then manually adjusted until an optimal separation of the massee t

was reached.
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Figure 2-2. A: Example of reconstructed muscle volumes of the dorsiflexoFs), (D
gastrocnemius (GA), and soleus (SO). B: An axial MRI imaljestiating the
identification of the muscles of interest (left). Inverted im&gght) C: Pixel intensity
histogram showing the separation of cortical bone/tendon (1), m{§¢land trabecular
bone/adipose tissue (llI).

2.2.4.3 Plantarflexor PCSA Calculations

The ratio between the optimal fiber length (84 and muscle length (ML) was
computed for the DF muscle (Spoor et al. 1991), and for the soleus (SO) and medial
(GM) and lateral heads (GL) of the gastrocnemius (Out et al. 1996). The/ME
ratios were: DF = 0.209, SO = 0.150, GM = 0.101, GL = 0.135. For each subject in the
present study, the muscle length was computed at the same joint angles asusieet by
al. for their muscle length estimation (Ankle at 95°; Knee at 135°), and then mdlbplie
the MRop/ML ratio, to give subject specific estimates of d-The muscle lengths were

computed using polynomials from the SIMM anatomical model (Delp et al. 1990).
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Muscle fiber pennation angleBIF,) were estimated by averaging the data for the
three cadavers presented in Wickiewicz et al. (1983). Althighcould have been
estimated for some muscles from the ultrasound data, we chose to useditahtes
due to our limited ultrasound measurements. Mainly, ultrasound images were not
obtained for the other muscles in the anterior compartment (besides thestdnmddigor),
the medial head of the GA, and for the SO. Therd¥tffg could not be measured for
these muscles. The GM and GIFopr andMF, values estimated from the literature were
then averaged to give a combined estimate for the gastrocmenius (GAdléthyal

cross-sectional areas (PCSAs) was computed for the DF, SO, and GA masscles

M
PCA= Mlé/(l cosMF, (3.2)

oPT

whereMyo, is the volume of the contractile tissue determined from the MRI data. The

relative PCSARPCSAge.), relating the SO and GA PCSAs, was computed as

PCHA ~PcA, (3.3)

2.2.4.4 Moment Arm Measurement

The shapes of the muscle moment arm vs. ankle flexion-extension angle
relationships for the DF, GA, and SO muscles were based on a SIMM (Delp et al. 1990)
musculoskeletal model of the lower leg. The individual muscle moment arm refg®ns
for the lateral and medial heads of GA and the SO were averaged togeihgragi

average moment arm vs. ankle flexion-extension relation for the Achilles tenden. Thi
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average moment arm was used for both the GA and SO muscle models. The average
percent difference between the “average” moment arm relation and the indivickcié m
relations was 1.96%.

MRI was used to obtain a series of sagittal-plane images of the ankle joint. An
interactive computer program was written for identification of muscle moarers. The
following were identified on the MRI image (Figure 2-3), based on the methods of Rugg
et al. (1990): 1) the ankle joint center, 2) the lines of action of the DF and Achilles
tendons (for PF muscles), and 3) shank and foot segments. The DF and GA/SO moment
arms were measured as the perpendicular distance from the lines of action amd the joi
center. The ankle angle was computed between the shank and foot segments. This
measurement process (loading the blank MRI image, and then identifying theejutie,
lines of action, segments, and moment arms) was repeated three timesdmé¢he
investigator. The moment arms and corresponding joint angles were then averaged
together. For each subject, the average moment arm and ankle angle valuesdvire us

scale the moment arm vs. ankle flexion-extension angle relationships fktih Sl
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Figure 2-3. Example of the calculation of the dorsiflexor (DF) and plantarflexor (PF)
moment arms (MA) from a sagittal plane MRI image. The pixel intensitis inverted
for clarity (right).

2.2.4.5 Moment Arm Correction for Retinaculum Stretch

It has been demonstrated that the moment arm of the DF muscles become greater
with increases in muscular force, due to the stretching of retinaculum (Mesgainal.
1999). Using the data presented in Maganaris et al., we calculated the averagg mom
arm increase across four different ankle angles from rest to MY & garcentage of the
subjects’ resting moment arm lengths) as 35.6 = 4.3%. To account for these changes i
the DF moment arm for the subjects in our study, we assumed that our subjects would
show similar changes, in terms of the percentage change in the moment arms as a

function for the force expressed across the tendon. We assumed a linear belatieen
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the increase in moment arm and the force expressed across the tendon. The amount of DF

moment arm increase at MVC V\(aTsMA,,VC)computed as

T MAuvc =1 MAge: * MA, (3.4)

whereT MA... = 0.35€ (Maganaris et al. 1999) andlA, is the resting DF moment arm
(measured from MRI data for each subject). The amount of moment arm incraase at

given DF muscle force levéll MA) was determined by

TMA=T MA,, . [gj (3.5)
If T™™A > TMA, ., then TMA=MA,, . (3.6)

where P is the force generated by the DF muscle, Bnid the maximal isometric force

of the DF (computed in the muscle model, see below).

2.2.5 Modeling, Simulation, and Optimization

From the experimental data analysis, the dorsi- and plantarflexor torgleg-an
torque-extension, and torque-angular velocity relationships were obtained. Tled desir
mechanical properties governing the force-length and force-velotatyores of
individual muscles were found by optimizing the performance of a musculoskeletal
model to match the experimental data. The values that are found for each sutnjegtt thr
the optimization procedure were constrained by the subject’s experimenéalbured
muscle properties, allowing each set of muscle properties to be tailorednditihdual

subjects.
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2.2.5.1 Model of Musculotendon Dynamics

The dynamics of the DF, GA, and SO muscle-tendon units were represented by
Hill-type models (Hill 1938). Each muscle model incorporated a contraotihgonent
and a series elastic component, and was similar in concept to that used by&oest a
Bobbert (1993). The behavior of the contractile component was characterized by
nonlinear stimulation-activation, force-length, and force-velocity aiahips. The
behavior of the series elastic component was represented by a nonlineaxfensea

relationship. A detailed explanation of the muscle model can be found in Appendix B.

2.2.5.2 Muscle Excitation and Activation

We assumed that there were no age-related differences in the ability ofstjec
maximally excite their muscles, in either the isometric or isovelod#g t(Klass et al.
2005). Therefore, for the isometric simulations, muscle excitation and awtiveds
assumed to always be maximal; for the isovelocity simulations, musclatexcivas
assumed to start at zero and then instantaneously increase and remain atusmbewén
(100%). The timing of this step increase in muscle excitation was deternyivesuhbl
inspection of rectified EMG data recorded during the experimental isovelocity
simulations. A threshold of 3 standard deviations above the baseline EMG level was used
as a guide to identify excitation onsets. The muscle excitation time hssizere
converted to muscle activation (see Appendix B) using an exponential with a time

constant of 15 ms for rising activation (Winters 1995).
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2.2.5.3 Construction of Model Torque-Angle Curve

For each subject, torque-angle relations were constructed as part of the
optimization process (Figure 2-4A). Construction of a single model torque-angle curve
entailed multiple simulations, with each simulation occurring at the sakie amgle as
the experimental data for a given subject. Simulations were performedtegpaone
for the dorsiflexors (DF) and one for the plantarflexors (GA & SO). Based on the
experimental isometric joint angles, the musculotendon lengths were cadcuing a
scaled SIMM model. In each simulation, the contractile component of each muasige m
was initially at rest (zero force). The contractile component was thamrally
stimulated for 3 s. The force that the contractile component produced at the esd of thi
isometric simulation was multiplied by the muscle’s muscle moment armgdive
ankle joint torque. In the two-muscle model case (plantarflexion) the two mosples
were summed. This gave a single point on the torque-angle curve. This proceslure wa
repeated at all joint angles tested, resulting in a model torque-angle Thevaodel
torque-angle curve did not have antagonistic muscle contributions, and was therefore

compared to the co-activation-adjusted experimental data (which accoonteid)t

2.2.5.4 Construction of Model Torque-Extension Relation

In conjunction with the dorsi- and plantarflexion model isometric simulations,
calculations were performed to construct a model torque-extension relatiare(Fig
2-4B). For each subject the aponeurosis extension Algja ) from the block of 5

experimental torque-extension ultrasound trials were averaged togeadhiapanto the
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series elastic component force-extension equation (used in the muscle mbél)yvas

solved for the forces generated by the contractile component of each r(nlaos):ie

2
p,2 <2a0lSEC 2 +ﬁ) _ p,28?
p— lskc

4Py 2a (3.7)

wherea and [ are the coefficients defining the series elastic force-extensitiorel

Lgis the series elastic component slack lenghs the maximal isometric force, and

| is the length of the series elastic component, computégdas L + Al . For
dorsiflexion, the forces predicted in the DF muscle were multiplied by timatésd DF
moment arm (corrected for retinaculum stretch), giving an estimate of tjuetor
produced by the DF muscles, producing a model dorsiflexor torque-extension relation.
For plantarflexion, the forces predicted for the GA and SO muscles were radlbyl

the estimated Achilles tendon moment arm, giving estimates for the torquiéuiiors
from the GA and SO muscles. These plantarflexor torques were summed, gividigla m

plantarflexor torque-extension relation.

2.2.5.5 Construction of Model Torque-Angular Velocity Curve

The simulations used to construct the model torque-angular velocity relation
(Figure 2-4C) was similar to that described for the torque-angle dataykowmon-
isometric conditions were simulated and the experimental EMG data were sgetify
the timing of the onset of muscle excitation. This was done because the subjetiigs
may not be fully activated in the high-velocity trials (Bobbert and van Ingkartau

1990). The peak joint torque throughout each simulation was taken, yielding a single
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point on the torque-angular velocity curve. Multiple simulations were performed at
different joint angular velocities (corresponding to the experimental viele)cio make

up a complete curve based on the given set of muscular parameters.

2.2.5.6 Optimization Procedure

For each subject, a genetic algorithm (Storn and Price 1995) was used to find the
combination of muscle model parameters that minimized the differences between
predicted model and experimental data (torque-angle and torque-anguléy\elde
chose to use a genetic algorithm because it has been shown that gradient-based
optimization methods do not always converge due to the highly nonlinear chatiasteris
of musculoskeletal models (Pandy et al. 1992, van Soest and Casius 2003). At the start
of each optimization an initial population was created; each population member
possessed a set of “genes”, which in our case, consisted of the parameterg thefini
behavior of the muscle models (the genetic makeup of each member in the initial
population was chosen randomly). The number of population members in each generation
was equal to ten times the number of parameters (genes). The “fithesghafember
was determined by performing a set of isometric and isovelocity simulasinds
computing the difference between the model and experimental data. Smadiemdiés
corresponded to members with higher fithess levels, which had a greatex thpass
their genes (muscle properties) to the next generation. Random mutations in the genes
allow the optimization to move “uphill”, preventing the procedure from gettingKsinc
local minima (a non-optimal solution). This process repeats, generatiogexitation,

until all of the population members have similar genes (model parameters), no furthe
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changes are observed, and a maximally fit population is obtained (when all population
members differed by less than 0.001 Nm from each other and from the latest optimal
solution value).

Two optimizations were performed for each muscle group (dorsi- and
plantarflexor). The optimization procedures are summarized in Figure 2-4irSthed f
optimizations (Phase 1) found an optimal set of isometric muscle model pasgameter
including: one parameter specifying the maximal isometric contractigonent force
(Pp), two specifying the contractile component force-length relafign ), and three
specifying the series elastic component force-extension relahgomc(, A ). The second
set of optimizations (Phase 2) used the previously optimized isometric parsuaet
inputs and found an optimal set of dynamic model parameters specifying the dentract

component force-velocity relatio®(R, ,b/L, ,¢).
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Figure 2-4. Schematic of isometric (Phase 1) and isovelocity (Phase 2) optimization
flows. See text for details.

2.2.5.7 Muscle Model Parameter Constraints

For the dorsiflexion isometric optimizations (Phase 1), no restrictions waredol
on the values foP,. For the plantarflexion isometric optimizations (Phase 1), the relative
PCSAs of the GA and SO muscles were used to congyaialues. The PCSA ratio
(SO/GA) was allowed to vary by +15% of the value chosen for the GA. Forpéxaifn
the SO PCSA was 140% greater than the GA PCSA, the,3@s constrained to be 140
+ 15% of the GAP,. The width of the force-length relationshipg) was allowed to vary
between “wide” (0.6 to 1.4,) and “narrow” (0.8 to 1.2,) widths, representing

muscles with a uniformly parallel or highly pennate architecture, respbc{iNVoittiez et
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al. 1983). Values for the force-velocity coefficia;‘tP0 were constrained to be between

0.1 and 0.6, based on the range of values reported in the literature (Bobbert and van Ingen
Schenau 1990, Close 1972, Hof and Van den Berg 1981). Valub,él.fpwere

constrained to be between 0.05 and §Bobbert and van Ingen Schenau 1990). Finally,

the eccentric plateawe() was limited to be between 1.01 and 2, which is a slightly larger

range than the 1.1 to 1.8 range used by Epstein and Herzog (1998).
2.2.5.8 Fitness Criteria (Minimizing the Cost)

2.2.5.8.1 Phase 1

A maximal fithessf ()I( ) was obtained by minimizing the costs associated with
the differences between the model- and human-generated torque@p@al(ld torque-
extension datal, ), respectively. For the plantarflexion optimizations, an additional
cost was addecQQGL\), which was related to the deviation of the model SO and GA

maximal isometric force rati()PoSO / POGA) from the ratio of experimental PCSAs

(PCSA,/PCA,,) estimated from the MRI data:
£(X)=Crp+Cra [+ Conpen ] (3.8)
where X is the vector of isometric model parameters (one vector for each muscle):
X =[P, L, Ls,, 5] (3.9)
A second order polynomial was fit to the model generated torque-{iﬁ@bedata points,
and the polynomial was evaluated at 1° ankle angle increments over the santd range

joint angles as the experimental torque-angle data. Similarly, a secd&dpolynomial

was fit to the model torque-extensihAL ) data, and evaluated at 1% increments from
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zero to 60% of the series elastic component slack length. The Phase 1 cospuakie

the root-mean-squared difference between the model and experievahiated data:

N
Conn = Z TMOD _ TEXP 2
VA o) (3.10)
i=1
N
Cor: = 2 TMOD _ TEXP)?
TAL i=1( TAL; TAL; (3.11)

where Ty, is the maximal isometric torque at joint angl&r,,, is the torque produced at
series elastic componenet extengioandN is equal to the number of evaluated data
points. The superscripts MOD and EXP represent data from the evaluated tfiks f
model and experimental data, respectively. @eg N depended on each subject’s ankle
range of motion, f0|CrAL, N was always 60. The additional cost for the plantarflexion

optimizations was given by:

PCsA, P*
"o "posa, RY

(3.12)

which penalized the model for choosing maximal isometric forces for the SOAatithG
were different from the measured ratio between the SO and GA PCSAs. This cost
discouraged the optimization from setting the maximal isometric force of one
plantarflexor muscle very high, and setting the value for other plantarflexolovery

(within the £15% range).

34



2.2.5.8.2 Phase 2

For the second optimization, a maximal fithess was obtained by minimizing two

functions. The first was associated with the differences between equationthé
model and experimental torque-angular velodaya (see next paragraptt; ), and the
second was associated with the deviation of the model data points from a fitted equation
(c2):

f()'():ciw+cfw (3.13)
where the parameters for each muscle model include:

X =[a/R,,b/Ly ] (3.14)
A rectangular hyperbola fit to the concentric (Hill 1938) and eccentrizHEgh 1977)
portions of the model torque-angular velocity data over the interval -200°/s (ecctntri
300°/s (concentric). The Phase 2 cost was equal to the root-mean-squareakcdiffere

between the model and experimental torque-angular velocity fits at 1°/s isterva

ct = \/i(Twﬁ“’D -12°)’ (3.15)

i=1

whereT,, is the maximal torque produced during the constant angular velocity period for
velocityi. For the isovelocity simulation$ is equal to the number of evaluated data
points (N = 500). The second cost was equal to the root-mean-squared difference between

the fitted model datz{TwMOD) and the model data poirﬁféu“i"o'D ):

n

Cr, = \/ Y (T e )’ (3.16)

i=1

where n is equal to the number of model-generated data points.
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2.2.5.9 Comparison with Experimental Data

For the purposes of this study, the most important typaldaity is “predictive
validity”. This relates to how well the model, once tailoredriandividual subject,
predicts the performance of the subject. For a given dubijecoptimization procedure
fit a series of discrete joint torque data points, which wasedh on events occurring
during the isometric and isovelocity dynamometer trials. Thaeetghould give a
reasonable prediction of the time-course of net joint toofpagges - given experimental
joint angle, joint angular velocity, and muscle excitation time hesoldeally, these
inputs should come from data that were not used in the optiotizprocess. Lacking
such independent data, the next best thing is to use tledsity dynamometer data, and
compare the entire time-course of joint torque changes thatdtel predicts with the
experimentally measured data. The latter procedure wdsrusige present study.

To compare the net joint torque time-series predicted fremplimized model
with the experimental data, the model must be modified to inthedeffects of
antagonistic co-contraction, since the original experimentaligictaded these
antagonistic contributions (which were accounted for in tiggnad optimizations). To
this end, isovelocity dorsiflexion and plantarflexion simulatioesenperformed;
however, each simulation included antagonist muscle modedseXditation levels of the
antagonistic muscles was set to be a percentage of thetagasddes, using the same
linear equations as used to adjust the experimental torqueaarthterque-angular

velocity data for co-activation in the original optimizations (Apgig A).
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2.2.5.10Statistics

The main purpose of the statistical analysis was to test wtiagrerwere age-
related differences in the various experimental measureas@lind, MRI, dynamometer
data) and the predicted muscle mechanical propertiesefaiffierent muscles. Effects of
gender were also considered.

All statistical analyses were done with R (R Version 2.8unEation for
Statistical Computing) (2008). Normality was assessed graphicsing quantile-
guantile plots; data that were not normally distributed werafitamed by rank-ordering.
For the analysis of the experimental dynamometer data araptimized muscle
property data, MANOVAs were first performed to asse&gall main effects and
interactions. These were followed by separate three-way\A®¢dage x gender x
muscle) on each of the dependent variables, with two lemeted muscle factor (DF &
PF) for the dynamometer data and three levels (DF, GBO&for the muscle property
data. The dependent variables for the dynamometer exgesnmcluded three variables
describing the torque-angle relationship: the peak toffy)ethe ankle angle at which
the peak torque occurred, and the width of the torque-agigligonship, and three
variables describing the torque-angular velocity relationghkipandBr, shape
coefficients, and the eccentric torque plateawtl Note that this data analysis focused
on the co-activation adjusted data for comparison to the optirmzésidual muscle
mechanical properties; although results for the non-co-activatjusted data will be
presented graphically. The dependent variables for theaneal properties predicted
from the optimization included nine properties for each muscle:

P.W, L, Ls,a,B,a/P, b/L, .
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For assessment of the series elasticity data measureduitréseund
experiments, separate three-way ANOVAs was performedagith gender, and muscle
(DF and PF) as factors and the maximum aponeurosissextemaximum torque, and
coefficients describing the shape of the torque-extensiatior as the dependent
variables @+, , . ). For the analysis of data measured from the MRI ixgats,
separate three-way ANOVAs (age x gender x muscle (8%,SO]) were performed
with PCSA, total muscle volume, and muscle-only volume perident variables. Four-
way ANOVAs were performed to assess differences imét@ptimization costs; the
independent factors included age, gender, muscle (P¥F)and contraction type
(isometric or isovelocity).

Effect sizes for the ANOVAs were determined using Cohestatistic (Cohen
1969). Although the effect sizes will not be discussed expli¢iily are listed in tables
so that the reader can make informed interpretations oésludts. Effect size measures
the strength of the observed differences. For effeetasiough guide for interpreting
Cohen’sf is that for a small effedt= .1, a medium effedt= .25, and a large effett
4. Multiple comparisons were used for post-hoc analgspsvalue of .05 was used as a

guide for judging statistical significance for all tests.
2.3 Results

2.3.1 Ultrasound Experiment

The shapes of the experimental torque-extension relatiershawn in Figure
2-5; the corresponding shape coefficients, maximal extesisiond maximal torques are

presented in Table 2-2. Although the statistical analysis levsaynificant effects of age
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and muscle (discussed below), there were no main etifegender on the maximal
extension (p =.111), maximal torque (p = .228), or Hapse coefficientsxr (p = .286)
andg (p = .279).

Overall the older adults demonstrated smaller aponeurosissexis, as there
was a significant main effect of age (p < .001). Theais also an interaction between age
and muscle (p = .015). Here, the older subjects hadisayily smaller extensions in the
plantarflexors compared to the dorsiflexors (p = .017)ti@mother hand, there were no
differences between the maximal extensions of the dordiplamtarflexors for the
younger subjects (p = .388).

In general, compared to the older subjects, the younpgrcss were able to
generate larger torques (an age main effect; p < .@0d)the plantarflexor muscles
produced larger torques in both age groups (a musdieefiact; p < .001). There was a
significant interaction between age and muscle (p < .8LBj that the younger subjects
had greater maximum torques in both dorsi- and plantafiekut the age-related
difference was much larger for the plantarflexors (pG3).

The older subjects had stiffer muscles, as there wasificagt main effect of
age for the shape coefficient;,, (p =.042), which defines the rate of increase in
stiffness with extension. On the other hand, there wasaio effect of age fof;,, (p =
457), which mainly affects the linearity of the torque-agien relation. For both
coefficients(ay, . Bra ) there were significant main effects for muscle group, sah

the plantarflexors were stiffer (larges;,, ; p = .022) and had a more linear relation

(larger B;,.; p < .001).

39



Dorsiflexion Plantarflexion
150 -

50 1
45
40

35 1

100 ¢

30 1

Torque (Nm)
Torque (Nm)

0 0.5 1 1.5
Extension (cm)

Extension (cm)

Figure 2-5. Second-order polynomial fits to the young (solid black lires) older
(broken gray lines) torque-extension data from the ultrasexperiments. The mean +
SD extensions at the peak torque are shown (dot and.cross

Table 2-2.Parameters describing fits to experimental torque-extensian da

Group MUs. Max. Extension Max. Torque (VANE: ﬂTAL *
(cm) (Nm)
Young DF 8.4+1.0 42.7+5.3 491x3@2.21x16 1096 + 1409
Male PF 11+35 99.1 +58.6 8.35x186.97 x 16 21983 + 3554
Young DF 8.0+1.8 26.9+3.4 3.86 x1@1.94 x 16 577 + 550
Female PF 7.8+3.0 77.9+30.9 8.09x187.33x 18 4641 + 4172
Older DF 8.5+4.7 29.4+14.6 578 x186.17 x 16 893 + 815
Male PF 35+1.4 38.7+18.2 4.64 x 185.58 x 16 1095 + 1228
Older DF 6.0+1.8 224 3.4 8.09 x 186.78 x 16 197 + 402
Female PF 47+20 43.6 £19.1 1.68 x 481.59 x 16 16298 + 5192
Cohen’sf 0.53 0.48 0.33 0.23
Main Effects A A M A M M
Interactions AXM AXM

*Coefficients describing the torquidrt) vs. extensionrf) relation: Torque Wy X Py X
Significant main effects and interactions are shéovrage (A), and muscle (M)
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2.3.2 Magnetic Resonance Imaging (MRI)

The results of the MRI analyses are presented in TaBléviale subjects had
larger PCSAs, total muscle volumes, and muscle-only volwom@pared with the female
subjects. Significant main effects of age were foundPfoBA and muscle-only volume
(p =.002 and p = .011, respectively), such that thegeusubjects had larger PCSAs
and muscle-only volumes. Significant effects for genddrrauscle were found for
PCSA (gender: p =.017, muscle: p <.001), total volureadgr: p < .001, muscle, p <
.001), and muscle-only volume (gender: p < .001, mupcte.001). Post-hoc analysis
revealed significant differences between all three muscle€®A, total volume, and
muscle-only volume (p < .01 for all comparisons), sueh e SO had the largest

values, followed by the GA, and DF.

Table 2-3.Measured individual muscle volumes, estimated physiologicas«sectional
areas (PCSAs), optimal fiber lengths, and pennation angises are Mean £ SD.

Group Mus, Total Vol. Mus. Vol. Opt. Fib. LeA  Pen. Ang® PCSA
~ (cm) (cnr) (cm) ) (cnr)
Young DF 276 + 32 257 + 28 6.3+0.3 5 40.7 £ 3.7
Male GA 414 +80 397 +75 5.0+0.3 125 77.5%+12.6
SO 443 + 60 424 + 53 42+0.2 25 91.3+11.0
Young DF 209 + 48 191 +44 5.8+0.5 5 33.2+7.9
Female GA 342 +£79 326+ 79 46+0.4 125 70.2+£18.9
SO 410 + 65 390 + 66 3.9+04 25 91.6+17.6
Older DF 306 £55 266 + 44 6.3+0.3 5 41.9+6.0
Male GA 372 +60 306 +73 5.0+0.2 125 59.7 £ 14.7
SO 540 + 183 406 + 164 43+0.2 25 86.1+33.4
Older DF 203 + 36 169 + 35 6.0+0.3 5 27959
Fernale GA 267 =37 224 + 35 48+0.2 125 454 +6.5
SO 400+ 70 349 +51 41+0.2 25 779+11.2
Cohen’sf 0.40 0.40 - 0.28
Main Effects G, M A G M - - A G M
Interactions

Muscle Abbreviations: DF = dorsiflexors; SO = s@pGA = gastrocnemius

Significant main effects and interactions are shéwrage (A), gender (G), and muscle (M)
%0ptimal fiber length estimated from literature (¢ext for details)

PBased on literature (see text for details)
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2.3.3 Dynamometer Experiments

The average torque angle and torque-angular velocity medafo the young and
older subjects are shown in Figure 2-6, which shows @esared and co-activation
adjusted data, the latter of which was used as inputs fonukeuloskeletal models. To
fully appreciate the variability of the data between subjdetsindividual co-activation
adjusted torque-angle and torque-angular velocity cumeeshewn in Figure 2-7.
Summary statistics for the parameters describing the catiotivadjusted relations are
presented in Table 2-4. The MANOVA, which considersdifferent parameters
defining the co-activation adjusted torque-angle and torqgekanvelocity relations
collectively(T,,Width, A, ,B;, ,T... ). revealed a significant overall main effect for
muscle group (dorsi- vs. plantarflexion; p <.001). Nerailt main effects were found for

age (p =.126) or gender (p = .800).
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Figure 2-6. Average young (solid lines) and older (dashed lines) eemgle (left) and

torque-angular velocity (right) curves. For each subjemtigrthe measured (thicker
lines) and co-activation adjusted (thinner lines) are shown.
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Isometric Isovelocity (Scaled)

100 + 180
90 1 T 160
20 1 140
g 701 g 120 -
["2]
— SD 1 -
L v % 100
S 50 4
Qg = o |
° 40 1 X
=~ 60
30 YAl ]
20 G g 40
o
10 1 = 20
0 0 . ; . .
- 200 -100 0 100 200 300
200 - 180
! — 160
180 =
160 - % 140
£ 1407 E 120
Z 120 @
w o % 100
o S 1004 [}
T . = 30 -
5 1 2
= s =
60 | o %
O = >
40 ¥ =" o 40
<)
20 - = 20
0 0
- -200  -100 0 100 200 300
Dorsiflexion <«—————> Plantarflexion Eccentric < » Concentric
Ankle Angle (deg) Ankle Angular Velocity (deg/s)

Figure 2-7.Equations representing the best fit between the co-actiadjosted
experimental data and second-order polynomials (isometricjectangular hyperbolas
(isovelocity) for young (solid black lines) and older (daspeay lines). The solid circles
positioned on the isometric curves represent the peak isonugtiiee. For some subjects,
the peak did not occur within the subject’s range of moiiothese cases the solid circle
is position at the end of the range of motion. The isovelditstare scaled to the peak
isometric torques (solid circles).
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Table 2-4.Parameters describing fits to the experimental co-activatjiostad torque-
angle and torque-angular velocity data.

Torque-Angle Torque-Angular Velocity
Group Mus.
T, Anglé® (°)  Width (°) A, t B, Teee
Young DF 61 +28 7+9 96 +32 27+6.7 117 £ 25 148 £0.31
Male PF 128 + 62 -89 102 + 26 14.8 + 30.7 122 £ 61 1.33+£0.21
Young DF 408 11+£9 102 £ 13 9.9+12.9 132 £ 23 1.53+0.28
Female PF 81 + 26 -2+15 118 + 64 9.3+15.9 91 £41 1.43 £0.27
Older DF 42 £7 13+7 111 +48 1.3+20 7516 1.30+£0.12
Male PF 74 + 35 -12+9 117 + 33 52+7.4 113 +59 1.41+£0.29
Older DF 44 + 14 7+8 95+9 0.5+£09 91 +17 1.39+£0.27
Female PF 81 + 27 -12+13 110+ 34 3.2+7.6 75+ 57 1.38 £0.33
Cohen’sf 0.40 0.21 0.16 0.21 0.34 0.18
Main Effects M M - - A -
Interactions AxG - - - GxM -

Significant main effects and interactions are shéwrage (A), gender (G), and muscle (M)
tNon-normal distribution.

®The ankle angle at which the peak torque occuDedsiflexion = Negative; Plantarflexion = Positive

For the maximum isometric torque predicted from the coactivattjusted
torque-angle curvelf), no significant main effect for age was found (p = )063
however, a main effect for muscle (higher torques \wevduced for plantarflexion; p <
.001) and a significant interaction between age and gevadefound (p = .040). To assist
with interpretation of the interaction, interaction plots are shiowsigure 2-8 (Left). In
the females, there were no differences between agegfouhe dorsi- (p = .820) or
plantarflexors (p =.999). In the males, although there\akso no age-related
differences in the dorsiflexors (p = .308), the plantadiexvere significantly stronger in

the young males (p = .005) compared to the older males.
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Figure 2-8.Interaction plots for the maximal isometric torqiig left) and the
coefficientBy,, for the co-activation adjusted torque-angular velocity reldtight).

The maximum dorsiflexion torque occurred in a plantarflep@sition, and the
maximum plantarflexion torque occurred in a dorsiflexed pos{see Table 2-4). There
was a main effect of muscle group for the angle at wiielpeak torque occurred; the
maximum dorsi- and plantarflexion torques occurred aifggntly different angles (p <
.001). There were no effects of age (p = .315) adge(p = .954) on the peak torque
ankle angle. There were also no significant main effectthéwidth of the torque-angle
relation with respect to age (p = .655), gender (p =),299nuscle (p = .244).

There were no effects of age (p = .533), gender.@96), or muscle (p =.712) on
the A, coefficient, which is similar to the Hiy/ P, coefficient, primarily affecting the
shape of the concentric portion of the torque-angular-itgloelation (see
Figure 2-11 for a schematic depicting the effects of chagnty@ Hill coefficients). Also,
for the eccentric platead {.. ), there were no significant main effects of age (p 8).,36
gender (p = .490), or muscle (p =.601).

There was a significant main effect of ageBgy, such that the value of the
coefficient was greater for the younger subjects (p €).0this coefficient is similar to

the Hill b/L, coefficient, which affects the overall shape of the coneatd eccentric
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portions of the torque-angular velocity curve; the largerevaiithe young subjects
indicates a higher concentric shortening velocity and sleap (steep) transition
between the concentric and eccentric portions of the clihere was also a significant
interaction between gender and muscle group (p = .0gi#)rihg age (in the interaction),
B, was greater for plantarflexion in the male subjects, whBjlewas greater for the

dorsiflexors in the female subjects (Table 2-4).

2.3.4 Modeling Results

As expected, several of the muscle property parametgescorrelated (see
Appendix C). In particular, the maximum series elastic carapbextensior{ ALy, )
was correlated with the coefficients defining the force-extensitation(«, ). In
addition, the maximal contractile component shortening velo¥®ity,() was correlated
with the coefficients defining the shape of the force-vigioelation (@/P, ,b/Ly).

Therefore, ALy, and V. were not included in the MANOVA.

2.3.4.1 General

The optimized force-length, force-extension, and fordeeity relationships are
shown in Figure 2-9. The results of the MANOVA perfornoeecthe muscle mechanical
properties defining the aforementioned relationships (Tabler@vealed overall
significant main effects for age (p = .012), gender (p25), and muscle (p <.001). The
results from separate ANOVAs on each mechanical profmityv. To assist with
interpretation, variables listed in Table 2v&h significant main effects are displayed in

Figure 2-10. The individual costs for Phase 1 and 2 optimoimare in Appendix C.
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shown. The thin gray lines represent data from individugjkests, while the thick black
lines represent the mean of the young (solid) and oldhéddsubject groups. Note that
x-axis scales are different for the three muscles to allaav fesolution of the curves.
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Table 2-5.0ptimized muscle mechanical properties.

Force-Length (FL)

Force-ExtensionA[E)

Force-Velocity (FV)

Group Mus. P 1
o® Loem  W(%L,) a s Ls(em) a/Rt  bLEY  &f
Young DF 976 + 403 154+5.4 52.2+11.8 370 £165 #16.0 149+3.4 0.102 £ 0.002 0.757 £0.309 8k®M.39
Male GA 1423 £ 695 20.7+7.6 58.6 £11.1 630 + 299 19.2+13.4 24723 0.380+0.117 0.854+£0.554 1.42+0.40
SO 1616 + 739 14.8+9.7 53.2+12.7 404 + 284 13.3+14.6 16407 0.267 £ 0.150 0.532 + 0.587 1.31+£0.31
Young DF 679 +128 142+2.3 579+12.4 689 + 645 9833 14.1+£1.2 0.300 £ 0.230 0.736 £0.152 k@032
Female GA 873 £ 584 20.0+£6.7 63.4+£10.9 954 +1055 .12823.6 21.5+4.0 0.399 £0.151 1.011 £ 0.479 .641 0.32
SO 1113 + 658 13.9+4.0 51.9+10.5 898 + 973 25.8 +23.8 13109 0.270 £ 0.136 0.258 £ 0.120 1.53+0.43
Older DF 623 + 62 15.3+4.6 53.6 £13.4 969 + 795 w14 15.7+£2.7 0.105 £0.012 0.514+0.217 7k®.19
Male GA 718 £ 149 23.0+6.1 54.3+14.2 1575 + 910 .3109.5 20674 0.395 £ 0.203 0.594 £ 0.359 271 0.37
SO 1053 + 343 21.5+6.0 525+11.4 1800 + 859 8.7+14.0 #35 0.237 £0.128 0.270 £ 0.226 1.28+0.25
Older DF 721 £ 255 16.0+£2.0 45.2+5.9 1412 +£1237 0453.5 13.0+£2.2 0.112 £0.029 0.596 £0.210 4k4.29
Female GA 775+ 225 23.7+8.6 50.9+7.8 1093 + 590 24237.9 19.2+£7.0 0.432 £ 0.059 0.735+0.311 48k 0.44
SO 1301 + 356 17.7+4.0 57.1+12.9 736 + 529 25.2 £23.0 10234 0.285+0.110 0.205+0.154 1.41+0.43
Cohen’sf 0.43 0.24 0.21 0.47 0.25 0.22 0.19 0.27 0.30
Main Effects A, M - - A G,M - M AM A
Interactions AxG - - AxG GxM - - - -

Note: Main effect and interaction abbreviations=AAge, G = Gender, M = Muscle

Note: Muscle property abbreviation% = Maximum isometric force capability;0 = Optimal CC Iength;|_S = SEC Slack LengthW = Width of force-length relation€¥ , ﬂ = Coefficients

defining force-extension relatio®/ P, b/L, = Coefficients defining force-velocity relatiod; = eccentric force plateau
tNon-normal distribution (for DF only)

T Non-normal distribution (all muscles)
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Figure 2-10.Effects of age, gender, and muscle on selected muscleamical properties.

2.3.4.2 Maximal Isometric Force

With aging there were declines in maximal isometric f@%e) of the male subject
group, as there was a significant main effect for age.(d9), but an interaction between
age and gender (p = .006). To quantify the interactionywey ANOVAs were performed
separately for each gender group, with Age and Mwcfactors. These showed that the
older male subjects were significantly weaker than the youngkes (i.e. an Age effect; p

=.002). However, the young and older female subjectsimailar strengths (p =.751). In
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these separate ANOVAs, there were also main effects stletype, such that SO muscle

was stronger than the DF for both the male (p = .025femdle subject (p = .015) groups.

2.3.4.3 Force-Length and Slack Length

There were no significant main effects of age on tharpaters describing the
force-length relationl(,: p = .05415: p = .165W: p = .145). Nor were there any
differences between the gendeks:(p = .567L5: p = .275W: p = .896) and muscled :

p =.355l: p=.448W: p = .664).

2.3.4.4 Force-Extension Shape Coefficients

In general, the force-extension relations were stiffer iroltier male subjects and
more linear overall in the female subjects. Fordtferce-extension coefficient, which
controls the rate of increase in stiffness (larger valgtffer), there was a main effect of
age (p =.001), such that the older subjects had largealues (stiffer muscles). However,
there was also an interaction between age and gende®43);: which warrants
consideration. Separate two-way follow up ANOVAs (Agduscle for each gender
group) revealed that was greater in the older male subjects compared to the goung
males (p < .001), but was not different between the yandglder females (p = .432).

Overall, the female subjects had more linear force-extemelations(T ,8). The
statistical analysis fof revealed main effects of gender (p = .034) and mpcte.031),
but also an interaction between gender and muscle (®3 -D3ere was no main effect for
age (p =.986). With respect to the gender main effectethale subjects had more linear
relations, while post-hoc analysis on the muscle type eféacot revealed that the GA had

a significantly more linear force-extension relation than thenbiscle (p = .023). In terms
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of the gender and muscle interaction, the female GA fortamsion relation was more
linear than the female DF (p =.006) and the male SO relgfons027).

In general, subjects who were young or male tendedv dgr@ater maximal series
elastic component extensions (Table 2-6), as there weneaffiacts for age (p = .009) and
gender (p = .007), but not for muscle type (p = .1&hgre was no interaction between age
and sex (p =.055). When normalized to the series elastipanent slack length, there
were no main effects for age (p =.072) and gender.Q&0). However, there was a main
effect for muscle (p =.022); the DF extended to a grestierentage of its slack length

compared to the GA muscle (p =.016)

Table 2-6.Maximal extensions and shortening velocities.

Group Mus. ALyax (mm) Al (Q0g) Vi (Mis) Vi (Lo/S)
DF 6.3+25 41+1.0 1.05+0.38 75+3.1
Yﬁ;lrég GA 72426 31+1.2 0.39+0.14 24+18
) 7.0+3.6 4.4+21 0.24 +0.15 24422
DF 5.0+1.5 3.6+0.9 0.67 +0.56 5.0+4.1
g:r‘j]g?e GA 48+18 23+0.8 0.50+0.18 29+17
) 3.1+6.0 24+08 0.14 +0.06 11405
DF 5.4+3.4 3.4+24 0.74 +0.29 5.0+2.3
f\’/l'gg GA 49+19 25+0.8 0.50 + 0.51 26+3.3
) 28+17 2.4+0.9 0.30 £ 0.25 15+13
DF 41+17 3112 0.87 +0.31 5.6+2.4
Older GA 4.0+2.3 2.0+0.8 0.52 +0.22 17407
Female
) 3.6+1.9 3.0+15 0.14 +0.13 0.7+0.5
Cohen'sf 0.51 0.36 0.11 0.18
Main Effects A G M M M
Interactions - - - -

Note: Main effect and interaction abbreviations=8ge, G = Gender, M = Muscle
ALMAX = maximum series elastic component (SEC) exterisiasolute units (mm)

ALMAX(%LS): maximum SEC extension as a percentage of theskiek length
Vyax = maximum CC shortening velocity

Vi (Lo/S) = maximum CC shortening velocity in optimal fibengths/s( L, /S)
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2.3.4.5 Force-Velocity

The two scaled Hill coefficients control the shape of thegfa@ocity relation. The
first, a/ P, , primarily affects the shape of the concentric portibtihe curve, such that
greater values draw the curve out to higher concentricitiel¢Figure 2-11). There was
no significant effect of age (p = .194) or gender (22) ora/P, . However, there was a
significant main effect for muscle (p <.001), WE%PO being the greatest for GA, followed
by SO, and then the DF.

The second Hill coefficient)/ L, , has a large influence on the overall shape of
both concentric and eccentric portions of the force-velacitye; large values tend to
flatten out the curve and increase the maximal shorteningityglwhile small values
create a much sharper transition between concentriccardtec sides and a decrease in
the maximal shortening velocity (Figure 2-11). In contrasa/ta) , there was a significant
main effect of age fob/ L, , such that the values were greater in the younger suljjects
.013). There was also a main effect for muscle; the sdtwreDF and GA were both higher
than SO (p <.001), however DF and GA were not diffe@e = .798).

There was a main effect of age (p = .047) for thergdceplateau of the force-
velocity relation ¢ ), such that the plateau was lower for the older subjeceseMeere no

main effects of gender (p =.175) or muscle (p = .061)
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Figure 2-11.Effects of changing the coefficients describing the Hill regtdar hyperbola.
Left: effect of varyinga/P, from 0.1 to 0.6 while keeping/L, constant at 0.45%s Right:
effect of varyingo/Lo from 0.02 to1.22 Swhile keepingg/P, constant at 0.25. Both Sides:
The optimal fiber lengthL() was set to 0.15 m and the eccentric plateau was equal to 1
Po. The increment between each line is 0.01.

For the maximal CC shortening velocityyM, Table 2-6), there was a main effect
for muscle type, whether in absolute units (p < .001)pomalized to the optimal CC
length (p <.001). Post-hoc analysis revealed that theddFRa higher Max than both the
GA (p <.001) and SO (p < .001). However, this resuiutd be interpreted with caution,
as the values chosen for the BFP, were up against the lower boundary (0.1) for most
subjects. Smaller values fGl/PO will lead to progressively largergéx values. When the
lower boundary was decreased beyond 0.1, the optimizzimse even smaller values for
a/ P, as this gave better solutions. These improvements wererambinal though, and in
this case we would only be “curve fitting”, a$Po values below 0.1 have not been
observed in experimental studies on mammals. We did notietes this behavior with the
plantarflexor muscles, as the values choserafd, in the optimization were well within

the limits. In absolute units, the GA had a faster shortenilogitaethan the SO (p = .016).
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On the other hand, this difference was not significant vex@nessed in relative units (p =
.277). There were no main effects of age or germtehe maximal shortening velocity in
absolute (p =.940 and p = .264, respectively) aladive units (p =.202 and p = .187,

respectively).

2.3.4.6 Comparison with Experimental Data

The joint torque time histories for a representative young#tet subject, as well
as the results from simulations using the optimized mechammaéties, are shown in
Figure 2-12. Qualitatively, the model predictions are in ggydeanent with the
experimental data. However, there were differences inhyees of the predicted net joint
torques. Upon muscle excitation, the muscle forces/joint tomgeegelatively quickly for
the model, compared with the slower rise in the experimental @ais is likely based on
the assumption that once the model's muscles are excitesti(baghe onset times of the
experimental EMG data), they instantaneously rise to a méagixo#aation level. However,
it should be noted that although the excitation signal to the muscéased
instantaneously, the force producing capability did nottdu excitation-activation
relationship with a rising time constant of 15 ms (See ApgeB)d In the present study,
we use the term “activation” for this force producing capabuithich accounts for the
various physiological delays that occur after the nervousis{ggxcitation”) reaches the
muscle, such as the release of calcium from the sasmjaeticulum. Bobbert and Van
Ingen Schenau (1990) demonstrated that substantial eorddshe introduced in the high-
velocity isovelocity contractions when the excitation-activatiorticeiahip is not

accounted for. In the present study, it is likely that sorbgests did not fully excite their
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muscles initially, which may be responsible for the discrepanowever, as shown in
Figure 2-12, this discrepancy usually occurs before mew, and therefore did not
influence the results, as the model was not allowed to clpeadetorques occurring
outside the isovelocity movement period ( i.e. before mowéimegan, and after the

movement ended).
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Figure 2-12.Comparison between experimental net joint torque-time histoadscqrves)
and the net joint torques (black curves) predicted usingptimiaed muscle properties for
a representative young and older subject. The top pamelghan the dorsiflexors were
acting as agonists, and the bottom panels are when therfiatas were agonists. The
vertical lines denote periods of a constant rate of changescle length.
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2.4 Discussion

The main purpose of this study was to determine whether were differences in
the mechanical properties of the dorsiflexors and individugtt@enemius and soleus
plantarflexor muscles between a group of healthy yoadg#der community-dwelling
adults. In general, our hypothesis that there would beedgted decreases in the maximal
isometric muscle strength, increases in series-elastic stifenegslower contractile
properties was supported. However, only the male sulieatsnstrated significant
decreases in muscle strength and increases in musclesstifiita age. With regard to the
velocity-dependent properties of the muscles, there wereedated changes in the shape
of the force-velocity relation in both genders, such thatrelative force could be
produced during both concentric and eccentric muscle @biotna for all three muscles.
However, the maximal shortening velocity was not differetwben the age groups.

To obtain these mechanical property estimates for the in@ivibhusi- and
plantarflexor muscles, we combined experimental ultrascamdiMRI, and dynamometer
data with musculoskeletal modeling and numerical optimizatiomigebs. The modeling
efforts used the experimental data as “inputs”, which wWesggned to constrain the
outputs of the model (the muscular properties). Since theriexgntal measurements had a
great influence on the resulting muscle property estimatesxpierimental data will be

discussed first, followed by a discussion of the optimizedaleunechanical properties.
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2.4.1 Experimental Studies

2.4.1.1 Ultrasound Experiments

Stiffness as measured in the ultrasound experiments reldteschange in the
length of the series-elastic components within a muscle withrasponding change in
joint torque. This stiffness was characterized by a secofet-polynomial that was fit to
the torque-extension data, which was defined by two stagféicients. The first term
(a4 ) reflects the overall stiffness, such that larger valuessaecited with a greater
rate of increase in torque as the series elastic compomersiseiched. The secolg;,, )
reflects the linearity of the torque-extension relation, sudidhger values are associated
with a more linear rise in torque with extension. Rather thanacterize the series elastic
stiffness in this fashion, in terms of torque and extensasgarchers have computed the
series elastic stiffness as the slope ofithes-extension relation in the linear region at high
force levels, i.e. the final 10% (Kubo et al. 2003). Wesehnot to do this for several
reasons. First, it involves estimating the moment arms toecotihe measured torque to
force, and second, the stiffness measures would leel loasonly the small, highly variable
portion of the force-extension relationship at large forcedeVée also did not compute
Young’'s modulus, as these computations require assumptaorsrning the length and
cross-sectional area of the series-elastic components, intrighlity reside in many
different locations (e.g. internal and external tendon, witherctbss-bridges). Finally,
these scaling procedures were unnecessary, as the-extgmsion data were used as
inputs to a musculoskeletal model, which made its own predsctibthe series elasticity
(force-extension) within the individual muscle models (i.e. it matsnecessary to compute

Young’'s modulus).
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The results of this study clearly demonstrated that the widefiduals had stiffer
(T oarAL) torque-extension relationships for both dorsi- and plantarflewuscle groups,
based on an analysis using ultrasound imaging to meiasux® displacements of the
internal aponeurosis. These results agree with other repantsreased plantarflexor
stiffness with aging (Blanpied and Smidt 1993, Ochala e08k&, Ochala et al. 2005).
However, to the author’s knowledge, there have not begstadies performed to
determine changes in the dorsiflexor stiffness with aging.

Another overall finding was that for both age groups, thgui-extension relation
was stiffe|(T oarAL) and more Iinea(rT ,HFAL) for the plantarflexor muscles, compared with
the dorsiflexors. Although data in the literature are varidbre is support for the
differences between the muscle groups. For young indigd¥aung’s modulus has been
reported to range from 530-1200 MPa for the dorsiflekitoset al. 1998, Maganaris and
Paul 1999), and 1108-1806 MPa for the plantarflexorgfason et al. 2001); this
equates to a difference of 109% for the lower end 4@6l & the higher end of the range.
In this study the mean;,, for the younger subjects was twice as large for the
plantarflexors compared to the dorsiflexors (a 99% difieggragreeing closely with the
lower ranges in the literature.

Overall, the younger subjects reached higher maximal tamgjues and had greater
maximum extensions than the older subjects. In the oldercssittie maximum extension
of the plantarflexor muscles was lower than the dorsiflefloFs ~7.3 vs. PF: ~4.1 mm),
while the opposite was true for the younger subjects (DR v8.PF: ~9.4 mm). This can

be explained by the varying magnitude of the torque differe between the age groups, as
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the torque performance of the older subjects was relatil@g to the younger subjects in

dorsiflexion, but much lower than the younger subjects intatflexion.

2.4.1.2 Magnetic Resonance Imaging (MRI)

MRI was used to obtain measurements of the volume ofamibe material in the
dorsi- and plantarflexor muscles for each young aneradbject. Our analysis revealed
that the muscle-only volumes and PCSAs were larger indheger subjects, compared
with the older subjects (for male and female subjects). Tassexpected, and supports
previous studies showing reductions in muscle size with inogeage (Aniansson et al.
1980, Frontera et al. 2000a, Frontera et al. 1991)rdiega of gender (Young et al. 1985,
1984) or whether the muscle is in the upper or lower extydirynch et al. 1999).

There was no effect of age on total-muscle volume, wihidibdes the muscle
volumes occupied by tendon and fat. This suggests tisamportant to consider the
increasing amount of non-contractile tissue that appears vétraad that the size of the
muscle is not necessarily predictive of the force generatipgcity of a muscle (which is
related to the PCSA calculated from the muscle-only volui®3.is supported by studies
demonstrating weak relationships between muscle cross-se@iea and strength (Sipila
and Suominen 1994, Young et al. 1985). Another finding thvat the total muscle
volumes, the muscle-only volumes, and the PCSAs wererlarghe male subjects
(regardless of age), and were different between thelesysuch that the SO had the
greatest volume and PCSA, followed by the GA, and fina#yDR. These results are again

consistent with our expectations and the literature (Wickiewiaz é0683).
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2.4.1.3 Dynamometer Experiments

An important feature of the present study is that the dynatesrdata were
adjusted to account for the effects of antagonistic co-activaftioe main purpose of
performing this adjustment was so the torque-angle and tamgdar velocity
relationships of the separate muscle groups, free frorga@mstic influences, could be
guantified and compared. Thus, the rest of the discusslibiocus on the results for the
co-activation adjusted data. This adjustment was also doimetoporation into the
musculoskeletal model, which did not include antagonistic mgscigibutions in the

optimization algorithm.

2.4.1.3.1 Torque-Angle Properties

Overall, the maximal isometric torques measured from thetweation adjusted
dynamometer daid, ) decreased with aging in the male subjects, but did not clatige
female subjects. This suggests that there are differert@edn the genders with respect
to the loss of joint strength with aging. For the dorsiflexitrsse gender differences are
supported by Kent-Braun and Ng (1999), who showetyitnang men were able to
generate significantly more dorsiflexor torque than olden,nbut there were no
differences between young and elderly women. In addiltatter et al. (1997)
demonstrated a greater loss in upper extremity strengéhdierly men compared with
elderly women. Some caution should be exercised in intergrine gender differences
found in the present study, as the gender sub-groapsmelatively small (N = 6), and our

findings could be related to random subject selection.
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The maximal isometric torque was higher for plantarflexi@n for dorsiflexion.
This is consistent with the larger PCSAs that were measurédef@lantarflexors. The
average maximum co-activation adjusted dorsiflexor torqguthéyoung (~50 Nm) and
old (~43 Nm) subjects in the present study are higherttizae reported by Lanza et al.
(2003), which averaged about ~36 Nm and ~28 Nm fangand old subjects respectively
(males + females). This discrepancy can be explainedthge@nistic co-contraction, which
was not accounted for in Lanza et al., and would causa¢lasured dorsiflexor torques to
be underestimated. In terms of the magnitude of the differbatween the age groups, the
older subjects in the present study produced about 18%okegie than the older subjects,
while the difference in Lanza et al. was about 21%.

The vast majority of studies in the literature reporting torapugle data for the
plantarflexors have only used male subjects. In the presaty, the maximal co-
activation adjusted isometric torques averaged 128 Nm ahtin/#r young and older
male subjects, respectively. Maximal isometric plantarflexioguies have been reported
as ~175 Nm (Sale et al. 1982), ~166 Nm (non-dominanegrg et al. 1987), and ~210
(dominate leg; Oberg et al. 1987) for younger med,~&20 Nm for older men (Ferri et al.
2003). Thus, the maximal plantarflexor torques of the maltd® present study are lower
than those in the literature, even with the co-activation adjusifwaith increased the
agonist torque values). There are many factors that nmagitmate to this discrepancy,
which are related to the data collections on the dynamonigterestimation of the agonist
torques can be caused by not fixating the upper bodpr $ubjects “cheating” by using

muscles groups other than the ones of interest (Obelgl®&8). In addition, subjects in
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the present study used their left leg, which is likely the mamudate leg for the majority of
subjects.

A recent study by Anderson et al. (2007) measured thémal isometric
plantarflexor torques in younger and older males and famid@vever, their results are
only reported in units that are scaled to body weight aightid-or comparison with the
results of the present study, the results of Andersonweed. un-normalized based on the
average subject body weights and height reported in tiely.sAfter doing these
calculations, the results are somewhat curious: young mdl&8 Nm and females = 102
Nm, older males = 156 Nm and females = 128. Thusltler subjects in the Anderson et
al study were stronger than the younger subjects. Thig eanrartifact of the un-
normalization procedure, as their normalized values showgatine pattern.

There were no differences between the young and sidgects with respect to the
ankle angle at which the peak co-activation adjusted isontetgues occurred, but there
were differences between the muscle groups. The maxuhousiflexor torque occurred
while the ankle was more plantarflexed (~9.5°, relative teudral ankle angle), in
agreement with other studies (Belanger et al. 1983, Browah £999, Lanza et al. 2003,
Marsh et al. 1981). On the other hand, the maximal plantarfterque occurred with the
ankle in a more dorsiflexed position (~ -8.5°, relative teatral ankle angle), also
consistent with other reports (Belanger et al. 1983, Bolainek van Ingen Schenau 1990,

Ferri et al. 2003, Sale et al. 1982).
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2.4.1.3.2 Torque-Velocity Properties.

The ability of the subjects to generate torque at differecgrdric and concentric
angular velocities was captured by first scaling the datactmuat for torque-angle effects,
and then fitting a rectangular hyperbola, which was the smmation that was used to
describe the force-velocity relationships of the individual msg&ee Appendix B).
Finally, the torque values were adjusted to account foganistic co-activation. There are
four parameters that described the shape of this torqueésamnvglocity curveTo, Ary,, Bro,
andTecc. The discussion will focus on the latter two parametsrthafirst parameteir()
has already been discussed, and the sedafg,(showed no differences between the age,
gender, or muscle groups.

In the younger subjects, values Bayt, were significantly higher than they were for
the older subjects, indicating that the younger subjects téadee larger torques during
concentric contractions. The meaning of this differenceasshgraphically for the force-
velocity relation (for individual muscles) in Figure 2-11, whghows that larger values of
the scaled “b” force-velocity coefficie(tt/L, ) signify higher torques across the concentric
velocities (the same holds true #f, when looking at the torque-velocity relation, since
the equations are the same). It is important to note thagéieetated differences in the
Br,, coefficient reflect differences in the scaled torque-angdhrcity relation, which
therefore takes into account differences in the maximal isamerque capabilities of the
subjects. These age-related differences in the concemtyicetcapabilities are consistent
with the findings of other studies, which showed age-reld¢etines in maximal torques
across all concentric velocities (also accounting for torauggeaeffects) for the

dorsiflexors (Lanza et al. 2003) and knee extensorgi@idaand Bassey 1990).
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To the author’'s knowledge, previous studies have not sigewder related
differences in the torque-velocity relation. However, in tfesent study the male subjects
were able to generate more relative torque during concetritarflexion compared to
dorsiflexion (PPBr, > DF By,), while the female subjects generated more relative torque
during concentric dorsiflexion compared to plantarflexiér By, < DF By,,). Note that
these differences are for the scaled torque-velocity satdifferences in the strengths of

the male and female subjects, and between the dorgplamarflexors are accounted for.

2.4.2 Individual Muscle Mechanical Properties

Collectively, there were significant changes in the individuaetauproperties with
aging, as well as differences between the genders ardeaswithese general findings are
based on the results of the multivariate analysis of variina&lOVA) performed on the
complete set of muscle properties defining the maximal isonfetde( R, ), force-length
(Lo, W), force-velocity(a/P, ,b/L,,¢), and force-extensidie, 5, L) properties. Of note, is
that a similar multivariate analysis on fleet properties (based on the dynamometer data)
only revealed significant overall effects for muscle gr@dgrsi- or plantarflexors).

Therefore, the analysis of individual muscle properties reveal ed some age and gender

differences that were absent at the joint level.

2.4.2.1 Maximal Isometric Force

In broad terms, the predicted maximal isometric foRgg for the individual
muscles was significantly lower for the older subjects,pamed with the younger subjects,

supporting the hypothesis that the older subjects would bkereThis finding is
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consistent with the PCSA data, which are closely associatedh& maximal isometric
muscle force (Gans 1982). However, some restrainidth@uexercised in this general
interpretation, as there was an interaction between age addrgsuch that the older
males had significantly weakBp values than the younger males, but there were no
differences in strength between the young and older femalether words, the gender-
related differences in strength tended to disappear in thesaldgcts. Because the model
data were based on the dynamometer measurementsjét@see consistent with the age-
related changes seen in the maximal isometric torque data.

Due to the difficulty of measuring muscle foréesivo, researchers have employed
a number of different methods to arrive at estimates ahteemal isometric force. A
representative sampling of these studies, along with thiése$tihe present study are
presented in Table 2-7. To facilitate comparison with thdesud Table 2-7, only the data
on the younger subjects from the present study are ingladeadmost no simulation
studies have tried to measure/estimate the maximal isometrcifootder adults (besides
the present study). One of the only studies to report mé&isoraetric muscle forces based
on direct measurements is Arndt et al. (1998), who insartaaptic fiber through the
Achilles tendon. Other studies have made direct forcesunements, but during dynamic
activities and not during maximal isometric contractions (Komi €it@82, Komi et al.
1987). Arndt et al. (1998) report a maximal isometric farice3000 N for the
plantarflexors of a young male subject, which is very dogbe average of the young
male subjects in the present study. In contrast, it appearsdny studies have used
relatively large maximal isometric force values, which mighbwerestimate the strength

of “average” individuals; especially for the plantarflexor oies (see Table 2-7).
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No studies have reported direct force measurementstfremiorsiflexor muscles,
presumably due to the difficulty of attaching a buckle transdor inserting an optic fiber
through the smaller dorsiflexor tendons. Neverthelesgdoas the trends seen in
estimating the plantarflexor maximal isometric force, valued t@ethe dorsiflexors in the
literature might be considered on the high side. Howevehnotild be considered that the
results of the present study were all taken from the lefilbirh is likely the non-
dominant side for most subjects - values for the dominannsayebe larger.

Muscle maximal isometric force is one of the most influentiasécte model
parameters, as previously shown in models of individualggiMaganaris 2004, Out et al.
1996), jumping (Nagano and Gerritsen 2001, Pandy e®80)1land running (Scovil and
Ronsky 2006) have been shown to be sensitive to this ptaar®f note however, is that
jumping and running are very vigorous movements, wineney muscles would be
expected to operate for brief periods near their maxtayadcities. Simulations of
submaximal movements, such as upright standing may rag Sensitive to maximal
isometric muscle force, although the control signals sent tmtiseles of a weaker older
musculoskeletal model will necessarily be larger than if thectawas stronger. In
general, considering the age- and gender-related chantpesmaximal isometric muscle
force observed here, it is important to consider the implicabbnsing general estimates

rather than subject-specific values in musculoskeletal modahdgimulation.
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Table 2-7.Maximal isometric forceRp) for dorsi- and plantarflexor muscles reported in theditee and the present study.

Subjects Method TA DF GA SO PF
Males (21-30 yrs) - 976 1432 1616 30487
Present Study Females (21-31 yrs) 8 : 679 873 1113 1986t
Arndt et al (1998) Male (26 yrs) 2 - - - ~3000
Wickiewicz. et al. (1984) Males & Females (20-38)yr 1 - 792 - - 2769
Bobbert et al. (1986) Males (23 * 4 yrs) 4 - - 3000 3000 6000t
Brand et al. (1986) Male Cadaver (37 yrs) 7 535 8134 688 1008 1696
Bobbert et al. (1990) Males (23 + 3 yrs) 4 - - 2430 2430 4860t
Hoy et al. (1990) None (Data taken from literature) 3 - 1400 2372 4234 66067
Pandy et al. (1990) None (Data taken from litergtur 5 1400 - 2370 4235 6605
Raasch et al. (1997) None (Data taken from liteegtu 9 1375 - 2225 3549 5774
Anderson et al. (1999) Males (26 + 3 yrs) 6 1003 - 1651 3016 4667

1: Divided measured torque by moment arm estimatelpn-excursion method)

2: Measured using optic fiber through Achilles tend

3: Maximum isometric force of muscle models pregtictising CSA from Wickiewicz et al. (1983), muligal by a scaling factor to match
experimental torque from Sale et al. (1982) andddat al. (1981)

4: Forces in muscle model predicted by best-fitperimental torque-angle data (assigned GA and&®ae value)

5: Estimated from data reported by Wickiewicz e{#983) and Brand et al. (1986)

6: Estimates from Delp (1990) were adjusted texjperimental maximal isometric torques

7: Predicted using static nonlinear optimizatiomimize muscle stresses, used measured PCSAsus inp

8: See methods section.

9: Data from Delp (1990) were used

®Adjusted upwards from 2790 N based on submaxintalaon

®Summed values given for all dorsiflexors (inclugegensor hallucis longus, extensor digitorum longesoneus tertius)
tAdded GA an SO values in table together

TA: tibialis anterior; DF: dorsiflexors; GA: gastnmenius; SO: soleus; PF: plantarflexors



2.4.2.2 Force-Length

No differences in the parameters describing the forceHaetation were found
with respect to age. These parameters include the optimahciietcomponent length
(Lo) and the width of the force-length relatiofY)( These results are supported by studies
of isolated rat muscle and human skeletal muscle, whichdieowen that both the
optimal fiber length and shape of the force-length relatiomedaéively unchanged with
age (Brown et al. 1999, Larsson et al. 1997). Howewany previous studies have
shown that the performance of both Hill muscle models ammiotion simulations are
sensitive to the values chosen for the optimal contractile coempéength (Lloyd and
Besier 2003, Lloyd and Buchanan 1996, Manal and BuohaA04, Out et al. 1996,
Scovil and Ronsky 2006, van den Bogert et al. 1998 ®an these past studies, the
force-length properties of muscle should be selected withvelaen simulating human
movement with musculoskeletal models; however, the data freqrésent study
suggest that it may not be crucial to account for age-rettfedences in force-length

properties.

2.4.2.3 Series Elasticity

There were age-related differences in the stiffness cfa@hes elastic components
of the muscle models, such that the rate of increase afestifix ) with increasing force
was greater in the older male subjects. However, therenwesach differences in
stiffness in the female subjects, and no age-related diffesan the degree of linearity
of the force-extension relationshif) ©r the series-elastic slack length ) in either

gender group. In general, these results are consistenhwittata from the ultrasound
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experiments, where the older subjects had stiffer torgtezsson relationship, although
there was no interaction with gender present in the ultrastatad Our findings of
increased stiffness with age are also supported by repahts literature (Blanpied and
Smidt 1993, Ochala et al. 2004a, Valour and Pousson 2A808itional support is
provided based on Ochala et al. (2007a), who demoedtsggnificant age-related
increases in the stiffness of single muscle fibers obtdinedmuscle biopsies of the
vastus lateralis.

The gender-related differences in stiffness may be expléipelifferences in the
overall physical condition of the older subject gender groéitisough all of the older
subjects were healthy, active, community-dwelling individualspttier females may
have been in better physical condition. This is supportatéulifferent age-related
changes in muscle strendth ) between the gender groups, such that the strength of the
female subjects didot decrease with aging, compared to significant decreases in
male subjects. Therefore, the series elastic stiffness afdlesubjects’ muscles may
have increased to offset the strength loss, allowing a tigbtgrling between muscle
activation and force production, “counterbalancing the etitaging” (Ochala et al.
2007Db). In the literature, results of studies on aginggemdier differences in stiffness are
equivocal. For instance, Ochala et al. (2004a) showedhiaiantarflexor stiffness of
older males is decreased compared to older females.udovgurgess et al. (2008)
demonstrated no differences between genders in more ald®readults - providing
additional support for physical activity as a moderator ofcteustiffness in older adults.

Along with the results of the present study, these observatiguest that age and
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gender related differences in the stiffness of musculotecoimplexes should be

considered when modeling the movements of older individuals

2.4.2.4 Force-Velocity

In the present study, there were no differences bettheesige groups or genders
for a/R,, which mainly controls the shape (concavity) of the cotrieside of the force-
velocity relationship (Figure 2-11). On the other hand etlnaare age-related changes in
b/L0 , Which was greater for the younger subjects comparedtétblder subjects. The
parametet/ L, affects both concentric and eccentric portions of the foetecity
relation; a larger value dj/ L, causes the force-velocity curve to “flatten out”, increase
the maximum shortening velocity, and enables larger faccbe produced at high
velocities (Figure 2-11). The values for the eccentritealaa(g) of the force velocity
relation were lower for the older subjects, compared todhager subjects, suggesting
that the capacity to produce eccentric force is reducedagitiy.

Although there were no differences between the age aleggmnoups foa/F,
there were differences between the muscles, wiﬂ% being the largest on average for
the GA (0.40), followed by the SO (0.27), and then thg@E5). Close (1972) stated
that values ofa/ P, for mammalian muscles are generally in the range of-00130
(Close 1969, 1964), and are higher in the faster cdimgamuscles compared to slower
ones. However, other studies have suggested valuesdhagher than Close’s upper
limit. For instance, with regard to individual muscles, valuesdbtibialis anterior of
0.36 were given by Wells (1965), while Phillips and Petrof4980) reported values

greater than 0.5 for cat lateral and medial gastrocnemiusadeals. Concerning
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experiments on muscle groups, Wilkie (1950) reported vdtueanging from 0.20 —
0.48 in five male and female subijects for the elbow flexehaw and Darling (1999)
reported even larger values between 0.5 - 0.6 in mdléeamale subjects performing
wrist flexion. Finally Bobbert and Van Ingen Schenau 9%ed values as low as 0.12
for a “slow” model of the triceps surae, which they estimétat measurements made
by Hof and Van Den Berg (1981). Thus, the averag% values for the GA and SO
estimated in the present study seem reasonable, as théovaheGA should be higher
than the SO, based on the proportion of fast-twitch Typriscle fibers (GA has about
50/50 Type | and Type Il) (Johnson et al. 1973); (8©®hostly Type | [89%])
(Gollnick et al. 1974, Johnson et al. 1973). The relatilelyvalue for the DF also fits
expectations, as the dorsiflexors have a large propastistower Type | muscle fibers
(for TA: 76% young, 84% old) (Jakobsson et al. 1988).

In the literature, values fdm/ L, are reported far less frequently thﬁ’o :
Bobbert and Van Ingen Schenau (1990) used a vaﬂda;/trg of 5.2 §', calculated from
the data of Spector et al. (1980) for the cat medial gasnaias. Wells (1965) reported a
values of 2.25or rat tibialis anterior, and 0.40'$or rat soleus. Unfortunately, as
pointed out by Wickiewicz (1984), it is difficult to compare \edwacross studies, since
the value depends on the definition of muscle length. Botht&pet al. and Wells used
thein situ lengths of the muscles as the “standard length”. In treeptetudy, the Hill
b coefficient was normalized to the optimal contractile compbleagth (L) of the
Hill muscle model(b/L,), which is very different than the lengths of the small ahima
muscles used in Spector et al. and Wells. Despite the signifiga-related differences

in b/ L, in the present study, these may not have a large impalee sasults of
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simulation studies, as Scovil and Ronsky (2006) showed thaeslts of an isolated
muscle model simulation and walking and running simulations wsensitive to the
values ofb/L, .

Finally, the force-velocity eccentric plateau cons(aljwfor the older subjects
(average = 1.34) was lower than for the younger subj&d$), suggesting that the
capacity to produce eccentric force is reduced with agihig. agrees with reports
showing that eccentric strength is decreased with age babisatute and relative (to the
isometric maximum) units (Hortobagyi et al. 1995, Klass €2@05, Porter et al. 1995a,

Porter et al. 1997, Poulin et al. 1992, Vandervoort etS80L

2.4.2.5 Maximal Shortening Velocity

The results of the modeling and optimization revealed noaaggender-related
differences in the maximal shortening velocM£x), which is frequently expressed in
optimal fiber lengths per second. Epstein and Herzog (1§198 typical values of 8
L,/s or less for slow twitch muscles, and aboutli4sfor fast-twitch muscles in
humans. These values are difficult to compare with oulltseeAverages: DF=5.8, / S,
GA =2.4L,/s, SO = 1.4L,/s) for the same reasons discussed earlier for comparing
b/L, between studies, as they are dependent on the definititienfength. Most
phenomenological muscle models use a functionally equiveéstractile component;
therefore, the length of this component is not equal to aysigbgical structure. An
alternative is to express the maximal shortening velocity in tefrige total
musculotendon length, which also poses problems. Clos@)(p8ihts out that maximal

shortening speeds, whether expressed as the speaittehsig of the whole muscle or
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in muscle lengths per second are of “...little use in estimatingrthygerties of the
contractile material unless they are converted to speedioidundl fibers or
sacromeres.” Ideally, speed of shortening should beesged in terms of the lengths of
single sacromeres (Close 1972). For modeling studies psgmgpmenological models,
this is not possible as there is no explicit representation giessacromeres. However, if
the model’'s contractile component can be considered to betsaa scaled-up version of
a single sacromere, the best approach may be to\4galdo the length of the
contractile component (as done in this study), and not théhlehtghe entire muscle

model (contractile and series elastic component lengths).

2.4.3 Limitations

Every musculoskeletal model is a simplification of the humatesysThe degree
of simplification depends largely on the research questi@mhaayood philosophy is to
use the simplest model possible (Winters and Stark 1987grigjto this, a number of
simplifications and assumptions were made in the present Sadgral simplifications
were made of the lower leg anatomy, all of which are comim musculoskeletal
modeling. The optimized mechanical properties of the dorsiféesapresent a lumped
“equivalent” dorsiflexor muscle. Thus, the dorsiflexorgedies may not represent any
single dorsiflexor muscle, such as the tibialis anterior. Simjltreyplantarflexor muscle
properties were found for the GA and SO muscles, wiochad include the “other
plantarflexors” (e.g. tibialis posterior) and do not sepataeontributions of the medial

and lateral heads of the GA muscle.
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We assumed that once the muscle models were excited citedier level
instantly rose to a maximum and remained at this level faetihainder of the
simulation. For the isometric simulations, this occurred immedidtaiyhe isovelocity
simulations, the excitation onset time was based on experimén@ldata. We based
this assumption on the appearance of the measured EM&, agpeared to remain
relatively constant throughout the isometric and isovelocity aotitms. Data from Klass
et al. (2005) support this assumption, as they showed tmatateeno age-related
differences in the ability of individual to maximally excite thmuscles in either
isometric or isovelocity movements. An alternative appreemild have been to use the
entire experimental EMG time-series as an input to the mioglebmputing the linear
envelope and “driving” the simulation. However, there aneraber of considerations
with this approach: 1) there is movement between the suefd¢c electrode and the
underlying muscle during isometric and isovelocity contrastigamen and Caldwell
1996), which will alter the relationship between the linear epectmd the level of
excitation, 2) the surface EMG activity detected from the Sfdigsi-specific (i.e. there
is substantial cross-talk present) (Cram et al. 1998). Atiaalal consideration is that
the isovelocity dynamometer data collections were doneparate days, complicating
the normalization of EMG data due to daily variations in gképaration and electrode
placement.

We did not include pennation angle explicitly in the simulatibog;ever,
pennation angle was used in the PCSA calculations, whichmcftdethe relative
maximal isometric forces that the model could choose foGthand SO muscles. By

not including pennation angle, the predicted muscles forcakivee slightly
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overestimated. However, even with a relatively large pennatigte, as in the SO
muscle, the effects would be minor (although noticeablejfdalge pennation angle is
25°, the force transmitted to the skeleton would be redogedout 9%.). However,
studies have shown that an accurate correction for penraatgle would be nonlinear,
such that the pennation angle would change as a fundttbe muscle force (Kawakami
et al. 1998). The addition of a pennation angle wouldaisoge the velocity of
shortening, as it changes the orientation between the conteadikgeries elastic
component. Thus, including an accurate pennation anglstadjnt would have
increased the complexity of the model considerably.

Finally, the muscle model does not have history dependsuack,as force
depression following muscle fiber shortening (Edman et3@3)Lor enhancement
following lengthening (Edman et al. 1978, Rassier and He296g). This would have
had minimal influence on the results of the isometric simulatem#e force level in the
muscle models reached a plateau and remained at thisdea¢lléast a few seconds. In
the isovelocity simulations on the other hand, it is expectedéuecting force
depression/enhancement would have caused small ertbespnedictions of muscle
force. However, these errors would have been consestensgs the subjects groups, as

there have been no reports on age-related changeséndiepression/enhancement.

2.4.4 Conclusions

This study developed a methodology to combine muscle imadymgmometer
experiments, muscle modeling, and numerical optimization ieeaat subject-specific

estimates of the mechanical properties of the dorsi- antbpii@xors in young and older
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adults. Compared to the younger males, the older maldsswwadmaximal isometric
force capabilities and increased stiffness, while there weege-related differences in
strength and stiffness in the female subjects. Regamfiggnder or muscle group, the
older subjects had significant changes in the shape &britevelocity relation, and had
lower eccentric force capabilities. No differences weradoior the parameters
describing the force length relation. Based on theseedgted related differences in
muscle mechanical properties, consideration should be tpvwle values of these
parameters when implementing musculoskeletal models to defeeilmovement of

older individuals.
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CHAPTER 3

MUSCULAR PROPERTIES AND POSTURAL CONTROL

3.1 Introduction

While standing upright, older adults are less stable than powulylts
(Woollacott and Shumway-Cook 1990), as they exhibit inctkeseter of pressure
(CoP) and center of mass (CoM) motion (Brocklehurst €i%2, Colledge et al. 1994,
Era and Heikkinen 1985, Redfern et al. 2001). Theserdifices have been associated
with an increased risk of falling (Shumway-Cook et al. 19%7etti et al. 1988). Older
adults also exhibit reduced temporal margins of stability, kvbén be measured through
variables such as the CoP and CoM time-to-contact (Slobatrad. 1998).

To maintain postural stability in humans, the sensory systesh pnovide
information about the body’s orientation and relative stabilityileshe neuromuscular
system must make necessary postural corrections. Thargegstem includes the
visual, vestibular, and somatosensory systems, while themascular system includes
the motor unit pool and its interactions with the skeletal musstersy The literature has
shown that both systems are degraded with aging, negatiflelsncing the postural
stability of older adults. Although the effects of age-relateghges in the visual,
vestibular, and somatosensory systems (Woollacott and Siyx@wok 1990,

Woollacott et al. 1986) as well as the neural system (Lighd,198eers et al. 2002) have
been well documented, the influence of age-related ckangeuscular mechanical

properties on postural stability is not clear.
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The mechanical properties of muscle are those that irciukemce production.
The amount of force produced by a muscle in resporas@éural input (muscle
excitation) is dependent on a number of factors, includiadetiigth and velocity of the
muscle contractile elements, as expressed in the forgdil@Bordon et al. 1966) and
force-velocity (Hill 1938) relations, and the compliance ef ¢lbries elastic structures as
seen in its force-extension relation (Bahler 1967). Theeftength relationship dictates
how much force a muscle can produce at a given mlesaéeh, and has been shown to
remain unchanged with age (Chapter 2) (Brown et al. 1999son et al. 1997).
However, with regard to the force-velocity relation, oldelividuals have shown a
decrease in the maximum shortening velocity of plantarflexacles (Narici et al.
2005), as well as shifts in the torque-angular velocityiogiship (Karamanidis and
Arampatzis 2005, Lanza et al. 2003). In addition, theimalxcontraction velocity of
single muscle fibers reportedly decreases with age (Doaed Brown 1997, Larsson et
al. 1997, Thompson and Brown 1999). Age-related gbsum these mechanical
properties will alter the translation of neural commands intschelforce. This may in
turn change the way in which the nervous system coordinaikgple muscles during
postural control, and may at least partially explain the dedimlealancing ability with
aging.

In living humans, it is difficult to measure these mechanicgbgnties for
individual muscles. Therefore, it is common to use a combmafiexperimentation and
modeling to estimate these muscular properties (Bobbert anhgan Schenau 1990,
Garner and Pandy 2003, Koo and Mak 2005, Lloyd a=ieB 2003, Winters and Stark

1988, Zajac 1989). Muscle behavior is often modeled wsimgp-component Hill model
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(Hill 1938), consisting of a contractile component with nonlifeese-length and force-
velocity relations and a series-elastic component possessioglinear force-extension
relation. The parameters that determine the shapes of thenel®r the contractile
component are the maximal isometric force capab(iRy), optimal length(L, ), slack
length (L), width of the FL relatio\w ), and shape coefficients for the force-velocity
relation(a/R, ,b/L,,¢) . Finally, two coefficients define the shape of the forcemsion
relation of the series elastic compor(enlﬁ) . A detailed explanation of these equations
is provided in Appendix B.

In Chapter 2, these model parameters were estimateceforajor muscles
controlling the ankle joint (dorsiflexors [DF], gastrocnenii@#\], and soleus [SO]), for
a group of young and old subjects. The results of thiysitovided evidence for age-
related changes in the maximal isometric force, series @hastind force-velocity
characteristics of the dorsi- and plantarflexor musclemg@oed to the younger subjects,
the older male subjects had muscles with lower maximal isonfietcie capabilities
(J« PO) and increased series elastic stiffné%sn) . Regardless of gender, the shape of
the force-velocity relation was changed with age, such tat adults produced
relatively less force during periods of either muscle shortg(concentric) or
lengthening (eccentrid}i b/LO N g) :

The purpose of this chapter is to evaluate the postural tohtiee same subjects
from Chapter 2, and relate alterations in balance conttblthhe changes seen in
muscular properties. In particular, we sought to identifgifipanechanical properties
that are most predictive of the performance on various staticlynamic postural tests.

It was hypothesized that the older adults would have pposgural control than younger
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subjects, and these deficits would be associated with giesdged changes in the
muscle mechanical properties. Based on the age-relategeshimmuscle properties
seen in Chapter 2, it was expected that the maximal isonatri, eries elasticity, and
force-velocity properties would be most predictive of adeted differences in balance

performance.

3.2 Methods

3.2.1 Overall Experimental Design

Experimental postural control data were collected on the gaoreg and old
subjects who patrticipated in the study described in Chapldre®. postural stability was
evaluated under several static (quiet stance, leaning foamardackward) and dynamic
conditions (swaying at preferred and imposed frequengashing, and responding to an

external perturbation).

3.2.2 Experimental Setup

3.2.2.1 Ground Reaction Forces and Marker Kinematics

A force platform (Model BP600, 1200 x 2000 mm, AMWatertown, MA) was
used to collect ground reaction forces and momentanEasurement of the total body
center of mass (CoM) motion, whole-body kinematics werasored using passive
reflective markers placed on anatomical landmarks (Figidreand an 8-camera infrared
motion capture system (ProReflex MCU 240, Qualysis, Gabilngn Sweden). Three-
dimensional marker coordinates were captured, howeversagittal plane motion was

analyzed.
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Figure 3-1. Subject marker setup.

3.2.2.2 External Perturbation Backboard / Pendulum System

For the balance perturbations, a backboard apparagus€r3-2, Left) was
constructed similar in concept to the one developed by Rederk Loughlin (2004). The
backboard acted to distribute the impact forces impartedsiyraying pendulum during
the balance perturbations. The backboard was supportsbdrearings aligned with the
ankle joint, limiting motion to the sagittal plane. Straps securesdubject’s upper body
to the backboard, allowing movement only about the anklésjach that the subject’s
motion approximated that of an inverted pendulum. Concetrthtedackboard inertia
might influence postural control was minimal based on Pedr&d_oughlin (2002),
who found no differences in the amplitude and frequentlyeoCoP or ankle torque

generated in freestanding and backboard-restrained &ibjec
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A pendulum striker was used to ensure consistent extezriatipations of known
magnitudes. The pendulum was instrumented with a load cgllr@-8-2, B) to measure
the impact force, and a potentiometer (Figure 3-2, C) tsore the angular position of
the pendulum. A shock absorber mounted to a load cell elaedpthe impact force
(Figure 3-2, D). The shock absorber consisted ofus@rdorass tube attached to the load
cell, and an inner spring-loaded telescoping brass tube edtéela padded strike plate
(Figure 3-2, E). The pendulum angle was displayed drCih mounted on the pendulum
(Figure 3-2, F), which allowed an investigator to easlgase the pendulum from
specific angles. The magnitude of the perturbation was digligrmined by the release

angle of the pendulum.
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C.Potentiometer

F.LCD D.Shock Absorber

B.Load Cell E.Padded Strike
Plate

A.Potentiometer

Figure 3-2.Left: Setup for the external perturbation condition. Right: Defah®
pendulum.

3.2.2.3 Safety Considerations

All of the older subjects wore a full-body safety hasn@schored to the ceiling.
The tether rope was adjusted for each subject to remalndlaag all postural tests
unless the subiject fell. Although subjects lost their baland@eeded to take
compensatory steps during some of the postural testsphtime subjects fell at any
time. During the external perturbations, subjects were told tegptctbuld stop at any
time if they felt uncomfortable or the magnitude of the pertisha was too large. None
of the subjects reported any discomfort during these tesdsall subjects completed all
aspects of the protocol successfully, with the exceptiamefolder subject who chose

not to do the external perturbation condition.
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3.2.2.4 Sampling

Ground reaction forces, marker kinematics, pendulum snighpact forces, and
metronome signals (for Rhythmic Sway) were sampled wsitfirbit analog-to-digital
card on a personal computer. The marker kinematicsseenpled at 200 Hz, while all

other data were sampled at 1000 Hz.

3.2.3 Protocol

The experimental conditions included: 1) quiet stance, 2) &atiing (forward
and backward), 3) rhythmic sway (anterior-posterior sstgyeferred and imposed
frequencies), 4) maximum reach, and 5) an externalydem perturbation. A schematic

showing the flow of the experimental session is shown in Eigt8.
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Quiet Stance (2)

v

Static Leaning (4)

Forward [2]
Backward [2]

v

Rhythmic Sway (4)

Preferred Frequency [2]
Imposed Frequency [2]

v
Maximum Reach (3)

v

Perturbation (n x 2)
Multiple Levels [1 - n]

Figure 3-3. Diagram of the experimental protocol. Numbers in paramghedicate total
number of trials performed for each condition; numbersachets indicate number of
trials in different sub-conditions. For the external perturbatitresnumber of
perturbations (n) varied between subjects (see text faigjeta

For all conditions, subjects were instructed to stand with thes egen. The feet
were positioned directly under the hips in line with the anteigerior iliac spines,
parallel with the sagittal plane. For most conditions, two trials werrmed. Three
trials were performed for the maximum reach, while a vegiabbmber of trials were

performed for the external perturbations, until subjectsetttmistep.

87



3.2.3.1 Quiet Stance

For the quiet stance condition subjects were instructed to atastdl as possible
for 30 s with their hands behind their back, keeping tretedocused on a target placed

at eye-level on a wall 10 ft in front of them.

3.2.3.2 Static Leaning

Subjects were instructed to lean as far forward (baakvesr possible without
bending at the waist, keeping their heels on the floor amdaimes behind their back.
Once data collection started, a 1-3 s delay was obseaftedwhich subjects were given
the cue to begin leaning. Upon achieving maximum lean, dsbjexe required to

maintain the leaning position while data were collected for. 30 s

3.2.3.3 Rhythmic Sway

Subjects performed anterior-posterior sways at both thefienped frequency and
an imposed frequency. In each condition two trials werpeed. Subjects were
instructed to sway forwards and backwards at the anklegsintuch as possible without
stepping, keeping their feet flat on the floor and their &ithight with the arms behind
the back (Owings et al. 2000). In the preferred frequenadition, subjects were not
given specific instructions on how fast to sway, but in the sagaondition they were
instructed to entrain their sway to a metronome beating atHx2%he analog audio
metronome signal was amplified and output to both a spealearaA/D converter. Data
were collected for 30 s after the subject had successiuiitgined their swaying for 4

consecutive cycles.
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3.2.3.4 Maximum Reaching

The maximum reach of subjects was first determined byuctsig them to reach
as far forward as possible with their hands together withsutgdheir balance. Each
subject performed four trials, with their maximum distancelredaised to determine the
location for a reaching target. Next, data was collected whlgects performed three
maximum reach trials, in which they were instructed to tdbeharget with both hands
as quickly as possible upon hearing a verbal cue, amdréturn to quiet stance. The
movement cue occurred after several seconds of quieestanall reaching trials,
subjects were told that they could lift their heels. Data wereatetlgor 10 s, capturing

the entire quiet stance/reach/quiet stance sequence.

3.2.3.5 External Perturbation

Subjects were strapped to the backboard apparatus)entbot position was
marked to ensure consistency across trials. Subjectdalgte fix their gaze on a point
located at eye-level on a wall 5 m away. They were instruotegsist the perturbations,
resume quiet stance as quickly as possible, and onlyf skegy felt a fall was imminent.

The pendulum was positioned at a static release angle witdtctaspvertical. A
light signaled subjects to commence quiet stance; after amagielay of 2 to 6 s the
pendulum was released to swing forward, contacting tbléoard/subject in the upper
back region, accelerating the body forward. Subjects lidtene/hite noise through
headphones to mask the sound of the pendulum reldaséirdt pendulum release angle
was 10°. In subsequent perturbation trials the release waglencreased sequentially in

increments of 5° (light subjects, i.e. <70 kg) or 10° yiexasubjects) until subjects
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needed to step to prevent a fall. Only one trial was padd at each perturbation level.
The different increments were used so that subjects wecdivie a similar number of
perturbations. The perturbations were impulsive; after theyhemoshock absorber
made contact, it rebounded away and was caught, resul@ngimgular perturbation of
short duration (~0.25 s). Subjects received two setsgpfentially increasing

perturbations.

3.2.4 Data Analysis

The center of pressure (CoP) was computed from tlasuned ground reaction
forces and moments. Sagittal plane segment center of @@alsg (ocations and inertial
properties were estimated using regression equations,@mddmbined to give the total
body sagittal plane CoM motion (Winter, 1990). Kinematic andtiérdata were
smoothed using a Butterworth digital filter, with optimal cut-oéiguencies determined
through spectral analysis and residual analysis (Winted)138e anterior-posterior
displacements of the CoP and CoM were referenced ta#ionm of the ankle joint, so
that a value of zero indicated that the anterior-posterior Ca®M location was the
same as the ankle joint center in the sagittal plane.

Only the second trial was analyzed for the quiet stanaeinlg, and swaying
postural conditions, and only the second set was anailyzkd perturbation condition.
For the maximum reach, all three trials were processethamkrformance measures
were averaged together; this was done since there waa eimigular event (e.g.
maximum reach), compared with the other conditions whichdllged multiple events

of interest (e.g. CoP position during 30 s of quiet stance).

90



In the literature, researchers have used an arrayiables for the quantification
of postural control. For example, Prieto et al. (1996) exadhaver 15 different measures
of postural steadiness — just for the CoP. Considering thstt mmethods of analyzing the
CoP can be applied to the CoM, it is evident that therenargy variables to choose
from. For simplicity, we chose to use relatively basicaldes in most cases, which have
been shown to reliably distinguish between younger and wideriduals (Prieto et al.
1993). For the different experimental conditions, we cdegbuarious measures related
to the movement of both the CoP and CoM, which reflectreffiteaspects of postural
control (Figure 3-4). Displacements of the CoP are retatdte modulation of ankle
and/or hip torque, and therefore capture the neuromusmiriérol processes involved in
postural control. On the other hand, the CoM is the kegiarthat needs to be
controlled in order for stability to be maintained, and tiefiects how successful an
individual is at performing a particular balance task. A metaitbd description of the

various measures for the different postural conditions follows
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Mean CoM Time-to-Contact
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Mean CoP Speed
Static Leaning <

Forward Mean CoM Position
&
Backward

Median CoM Frequency
Rhythmlc SWay / Mean Maximum
Preferred

& Forward CoM Position
Imposed

Mean Maximum Rearward
CoM Position

- Maximum Distance Reached
Maximum CoP Forward Shift
Stepping Postural Challenge
External Perturbation <
Maximum Plantarflexor Torque
Figure 3-4. Summary of balance measures (right side) computeatidatifferent

postural conditions (left side). Abbreviations: CoP (centg@re$sure), CoM (center of
mass), TtC (time-to-contact).

3.2.4.1 Quiet Stance and Leaning Variables

For the quiet stance and leaning conditions, only the (asta? the 30-second
trial were used in the analysis. The mean CoP speedongsuted as the average
absolute value of the first time-derivative of the anterior-pmst€oP displacement.
This measure was chosen because it reflects the overalhanfdCoP movement, which

might be greater in the older subjects if their postural coistymborer (i.e. more CoM
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movement in the normal and leaning conditions). This measiwréeen shown to
reliably distinguish between young and older individuals (Paetd. 1996).

For the quiet stance condition, the mean time-to-contact ofdhevias
computed. Time-to-contact combines instantaneous CoM kinenmatgredict a future
time when it will contact the base of support boundary, akingdextrapolated CoM”
described by Hof et al.(2005). This measure has bemsmsto decrease with age during
guiet stance (Slobounov et al. 1998). The instantaneousti@wvto-contact to the
anterior (toe) and posterior (heel) support boundariecalaslated based on Slobounov

et al. (1997):

Time-to-Contact = }Vi \/Vz _ 2aa( Prnax ~ p)‘

(4.1)

wherep, v, anda are the anterior-posterior positions, velocities, and accelesaticthe
CoM, respectively, ang,, . is the anterior-posterior location of the toe (or heel)
markers. This calculation was performed at each point in antethe average CoM
time-to-contact was calculated.

Finally, for the leaning conditions, the average anterior-post€oM position
was computed, and expressed relative to the anteriordoogtesition of the ankle joint
center. Because subjects were asked to lean as fayasothid, this variable reflects the

postural control of the subjects at the extreme limits of thaitupal capabilities.

3.2.4.2 Rhythmic Sway Variables

In the swaying conditions, the entire 30 second trial wed usthe analysis, as

the data collection started after subjects established a stabhfmgwwattern. A fast-
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Fourier transform was used to calculate the frequencypewer spectrums of the CoM
anterior-posterior displacement. The median CoM frequemsyoalculated, such that
half of the total power was below and above the mediandrezy. This variable captures
the basic requirements of the swaying task, which was torpea stable oscillatory
motion (Chiari et al. 2002). In the imposed swaying condisoibjects were required to
match a target frequency, so the median frequency assesw well subjects were able
to perform the task.

The maximum forward and rearward positions of the CoNhdieach sway
cycle were computed automatically using a local min/max tietealgorithm; all
identifications were manually checked and adjusted if misiftations occurred. The
maximum forward and rearward CoM positions were averageoss the 30 s swaying
trial. Similar to the static leaning condition, these variables unedshe postural control
of the subject at the limits of their stability, but in a dynamiadon that required

appropriate deceleration of the CoM as it approached tieedbasipport boundary.

3.2.4.3 Reaching Variables

For the reaching condition, the maximum distance reaclsdndicated by the
maximum anterior position of the wrist marker. This absolig&dce was expressed
relative to the anterior-posterior positions of the toe markesthen divided by the
height of the subjects to account for differences in stailnis variable reflects the basic
task requirement of reaching as far forward as pos3ihkemaximal anterior position of

the CoP was also computed and expressed relative to themptesterior position of the
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ankle joint center, which reflects in part the maximum amotiabkie torque generated

by the subjects during the reach.

3.2.4.4 External Perturbations Variables

In the external perturbation condition, sagittal plane pendulyiesmere
calculated and numerically differentiated to compute the gemdangular velocity. To
account for differing subject inertias, we computed thettpatkchallenge” for each
perturbation level by dividing the peak pendulum velocity atichpy the subject’s
mass. The pendulum was adjusted to strike subjects at fABR#ircstanding height to
account for varying CoM height. In the analysis, the patirallenge at which the
subjects initiated a stepping response was used. This refleatapacity of the subjects
to resist the perturbations; subjects who perform better willattagigher postural
challenge level. Newton-Euler equations of motion were sdiwethe reaction forces
and torque at the ankle (Elftman 1939). The maximum pléexarftorque generated on

the stepping perturbation level was calculated.

3.2.5 Statistics

3.2.5.1 Balance Measures

All statistical analyses were done with the software packa@@®8). Separate
two-way ANOVAs (age x gender) were performed on ezdhe dependent balance
variables. Effect sizes for the ANOVAs were determinedgu€iahen’d statistic (Cohen
1969). Although the effect sizes will not be discussed expli¢iiby are listed in tables

so that the reader can make informed interpretations oétluts (see Chapter 2 for
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more details on interpreting effect sizes). Multiple compasseere used for post-hoc
analysis. A p-value of .05 was used as a guide foiipgdsgjatistical significance for all

tests.
3.2.5.2 Regression Analysis

3.2.5.2.1 Individual Mechanical Properties

Linear regression analysis was used to assess the reftapidoetween the muscular
mechanical properties measured in Chapter 2 and the I&balariables presented here.
The first step was to perform linear regressions for eatifidual muscle mechanical
property, for each of the three muscles (DF, GA, 3@, against each balance measure.
The aim of this analysis was to determine the ability of paoperty to independently
predict the performance of the subjects on the postural &est$o determine whether
there were differences between the age groups. Thediotime regression model was:

BM = 3, + S,Age+ B,MP + 3,( Age- MP) (4.2)
whereAge is a dummy variable allowing the examination of the effeeigaf group
(young or old)MP is a single mechanical property for one mudsh,is the balance
measure, and this are the coefficients describing the relationship.

The results of these regressions were screened forisigmié( p <.05), and a
subset of those with overall significance was created. Thiset was further examined
for significant differences in the y-intercepts — represerdgimgffect of age only (Figure
3-5A), slopes — representing an effect of the balanceuneanly (Figure 3-5B), effects
of age and the balance measure (Figure 3-5C), andténaction between age and the

balance measure (Figure 3-5D). Out of these possibilitiesntéraction between age
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and the balance measure was of most interest. Casestivwreravas an effect of age
only were not examined further, as the age-only effgete tested in the ANOVA
described in the previous section (3.2.5.1, Balance Mess\8pecific muscles were not
analyzed for postural conditions in which they would have littleo influence (e.g. the

DF muscles during the forward lean).

A B

BM

MP MP

B,Age +p,MP B, (Age- MP)

BM
BM

MP MP

Figure 3-5.Hypothetical regression results between a muscle pro@éRyand a
balance measure (BM) for young (Y) and older (O) stilgeoups. See text for details.

3.2.5.2.2 Multiple Mechanical Properties

The second step of the regression analysis was to exanarmability of multiple
mechanical propertiespnsidered together, to predict the performance of the young and
older subjects on the different postural tests. The fortheofull linear regression model

used in this analysis was:

BM = 4, + B,Age+ B,MP,+ 3 Age-MP,) + S MP+ B { Age-MP )K AMP, + 3 ( Age-MP,) (4.3)

97



where | represents each of nine mechanical properties amgresents each of the
coefficients. In the full model, each mechanical propgrpeared as an independent term
(9 terms) and as an interaction with age (9 terms). The<,8 mechanical property
terms, the y-intercef(ts, ) , and the age effe¢i,Age) gave a total of 20 terms in the
full regression model (i = 0 to 19). As shown in the equatiominteraction of age with
each mechanical property was included in the regressidelnt®eparate regression
models were created using the mechanical properties fomeascle (DF, GA, and SO).
A hybrid branch-and-bound/backward elimination procedwas used to find the
best set of mechanical property predictors for the 16balaariables, implemented with
theregsubsets search algorithm in the R (2008). See Appendix D fdetailed example
of this selection procedure. The search algorithm wasgroefl to output the best
models for different model sizes (one of each size uin® mechanical properties),
arranged according to their “adjusteda’\FaIues( F_ez), which weighs the predictive
power of the models against the number of terms in eadel (if two models have
equal B values, the one with fewer terms will have the higR@x In the arranged model
list, the break-point was manually identified. The break-poas the point at which the
removal of any parameter caused a precipitous dr8.ifihe model right before the
breakpoint was selected as the final “best” model. If there wultiple models close to
the breakpoint with similalR? values, the one with the lowest Bayesian information
criterion was selected (Schwarz 1978). For tractability inrttezpretation of the results,
and to help identify the most important mechanical propertiesinglemodel was
limited to a maximum of five predictors. Thus, no optimal medes selected if there

were no significantp <.05) models with five or less predictors. The final models for
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each muscle and balance measure were inspected andrediip some cases, terms
were added or subtracted manually to ensure that thenfivdels were indeed optimal.
As in the linear regression using independent mechanicadpies the interaction terms
were of interest, as these signify that the effect of a amcal property on predicting

balance performance depends on the age of the suljjeatsy(or old).

3.3 Results

3.3.1 Balance Measures

An example of representative young and older subjeabipeaince on the
different postural tests is shown in Figure 3-6. In gentitate were significant
differences between the age groups in all postural conditietisthe exception of the
backward leaning. There were main effects of age fat mariables, main effects of
gender for a few variables, and no age by gendesaittens.

The results for the static postural tests of quiet stance amddeare presented in
Table 3-1. For quiet stance, the older adults had significhigher CoP speeds (p <
.001) and significantly shorter mean CoM times-to-contaet @01). In the forward
lean, the older adults had higher CoP speeds (p = .QdiG)id not lean as far forward (p

< .001).
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Table 3-1.Balance measures for static postural tasks.

Quiet Stance Lean Forward Lean Backward
CoP Speed CoM TtC CoP Speed CoM Pos. CoP Speed CoM Pos.
(mm/s) (s) (mm/s) (mm) (mm/s) (mm)
Young Male 65+2.1 103+0.7 194+42 142+14 206+6.0 4.6+138
Young Female 6.3+1.6 95+14 159+6.6 1101+ 154+£56 -7.6+12.2
Old Male 147+57 7.4+20 262+7.7 101+18 26.2+9.1 4.4+174
Old Female 10.3+28 8.2+1.0 223156 10B+1 195+76 0.6+8.8
Main Effects A A A A - -
Interactions - - - - - -
Cohen’sf 0.99 0.85 0.62 1.04 0.53 0.37

Note: Main effect abbreviations: A = Age
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Figure 3-6. Representative young (left) and older (right) subject amtpaeterior center
of mass (black lines) and center of pressure (red lisgating around black center of
mass lines) for the different postural conditions. From tdgttom: quiet stance,

forward lean, backward lean, imposed swaying (predesveaying is not shown),
maximum forward reach, and sequential external perturbdtioasolid circles indicate
trials in which the subjects stepped off the force platfoRuokitions are referenced to the
ankle joint.
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The results for the swaying postural tests are preseniebla 3-2. For both
swaying conditions, the older adults did not sway forwardi¢ated by “+” in Table 3-2)
as far as the younger subjects (preferred: p = .005;setpg = .006). In contrast, there
were no age-related differences in the maximum postedbt displacement (indicated
by “-” in Table 3-2) for either swaying condition (prefedr p = .155; imposed: p = .302).
In the imposed swaying condition, the median frequendlyeoanterior-posterior CoM
movements was closer to the target frequency for theggsubject group (p =.023). In
the preferred swaying condition, males chose to sway atex foequency compared to

females, regardless of age (p = .039).

Table 3-2.Balance measures for swaying.

Swaying - Preferred Swaying — Imposed
CoM Median + CoM Pos. - CoM Pos. CoM Median Freq + CoM Pos. - CoM Pos.
Freg. (Hz) (mm) (mm) (Hz2)* (mm) (mm)
Young Male  0.17 + 0.06 136 +6 09+17 0.234#0.0 130+12 11.6+14
Young Female 0.23 + 0.05 112 £ 11 -4.3+18 0.22 +0.02 1113+1-42+12
Old Male 0.14 +£0.08 106 £ 25 -10.2+2 0.21 £30.0 100+ 33 11+21
Old Female 0.18+0.04 98 + 20 -5.9+19 0.20(H.0. 91+18 -7.8+14
Main Effects G A G - A A -
Interactions - - - - - -
Cohen'sf 0.58 0.81 0.49 0.58 0.71 0.46

Note: Main effect and interaction abbreviations=AAge, G = Gender
tTarget median frequency was 0.25 Hz.
+ Anterior; - Posterior

Finally, the results of the reaching and perturbation paistonditions are shown
in Table 3-3. In the reaching condition, the older subjeetg\able to reach farther (p =
.020) than the younger subjects, but were not able totkkif CoP as far forward (p <

.001). Males were able to shift their CoP farther thanagh®afes (p < .001). There were
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no significant differences between the foot length of the g@nd older subjects (p =
.969), although there were differences between the médléaale subjects (p < .001).
In the perturbation trials, the younger subjects were abléhstand a larger postural
challenge level (p < .001), and the male subjects gendeatg plantarflexor torques

than females (p <.001).

Table 3-3.Balance measures for reaching and in response taualyaion.

Reaching Perturbation
Max. Reach Max. CoP Shift Max. Challenge Peak Torque
(% Height)r (mm) (deg/s/kg) (Nm)
Young Male 13.0+1.9 172 +8 1.92+0.14 168 + 21
Young Female 13.2+2.7 139+10 1.69 £ 0.27 105+12
Old Male 145+3.1 134 +19 1.17+0.31 164 + 25
Old Female 18.2+4.3 122 +14 0.97 £ 0.27 99 +25
Main Effects A A G A G
Interactions - - - -
Cohen’sf 0.67 1.35 1.50 1.49

Note: Main effect and interaction abbreviations=AAge, G = Gender
tDistance reached beyond toes, normalized to subgght.

3.3.2 Regression Analysis: Individual Mechanical Properties

The first part of the regression analysis was designeetéordine the relationship
between muscle mechanical properteemsidered individually, and the performance of
the young and older subjects on the postural tests. Musdeamical properties that had
significant overall effects on the prediction of the static balaneasures are shown in
Figure 3-7, with the coefficients describing these relationsigsstatistical results

displayed in Table 3-4.
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Figure 3-8 and Table 3-5 report similar information for tiieagnic tests. In most
cases, the properties for only one muscle were signifioaatgiven balance measure.
The sole exception was the mean CoM position in the forean condition, which was

predicted by both GA and SO muscular properties.

3.3.2.1 Static Balance Conditions

For the quiet stance condition, the prediction of mean cehpeessure (CoP)
speed included a significant interaction between age antbfteeaf the SO force-length
width (W) vs. mean CoP speed relationship. In the older subjediseavidth of the
force-length relation increased, the mean center of peespeed decreased. In contrast,
mean CoP speed tended to increase as the width of deelémigth relationship increased
for the young subjects.

In the forward lean condition, the relationship for meaR €peed showed a
significant interaction between age and the slope of thea@? force-velocity
coefficient. In the young subjectg/ P, increased with greater CoP speeds; however, the
opposite was true for the older subjects, with increaaj/ri@ associated with decreasing
CoP speed. For the prediction of mean CoM forward positigere were no significant
age group interactions with any of the muscular mechaniopkpties, but there were
significant overall relationships with both the GA slack lendth) and the SOa/ P,
coefficient. For both age groups, when the mean CoMiposnoved farther forward

away from the ankle joint the GA slack length increasedtlem&0a/ P, decreased.
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Figure 3-7.Relationships between static postural measures and musciamnical
properties for the dorsiflexors (DFs), gastrocnemius (@AJ, soleus (SO). Data sets
with overall significance are outlined by a dashed rectandtieerQubjects are shown as
solid circles and a solid fitted line; young subjects are reptreddy open triangles and a
dashed fitted line.
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Table 3-4.Linear regression results for static postural variablesy thoke with an
overall p-value below .05 are shown.

Balance Variable Muscle Muscle Coefficient Value Error p-value
Property
Age -295 7.80 <.001*
Ouiet Stance Force-Length Slope -0.253 7.80 .001*
Mean CoP Speed Width SO Interaction 0.555 0.143 .018*
(W) Multiple R® 432
Overall p-value .009*
Age -26.1  7.75 .003*
. Force-Velocity Slope 264 123 .044*
Leaning Forward Coefficient GA  Interaction 635 184  .002*
Mean CoP Speed .
(a/R) Multiple R? 376
Overall p-value .022*
Age -10.6 295 723
Slope 175.7 834  .049*
GA Interaction 64.3 130 .628
Multiple R? .379
Slack Length Overall p-value .026*
(Ls) Age -23.4 293 434
Leaning Forward Slope 301 160.7 .076
Mean CoM SO Interaction 174 217 431
Position Multiple R? 454
Overall p-value .008*
) Age 479 193 .806
Force-Velocity Slope 117 495 029
Coefficient SO Interaction 237 656 .072
(a/Ry) Multiple R? 382
Overall p-value .025*

*Significant at p <= .05

3.3.2.2 Dynamic Balance Conditions

In the preferred-frequency swaying balance test, thaseansignificant age-
related interaction between the stiffness of the GA myge)eand the median swaying
frequency, such that the higher median frequencies seoeiated with increased
stiffness in the young subjects, while the opposite was trubdmlder subjects. There

was also an age-related interaction between the maximal isofoete (P, ) of the SO
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muscle and the median swaying frequency, such that thengneequency tended to
decrease with greater muscle strength in the younger sulijetts the older subjects
higher SO( P, ) values were associated with higher swaying frequencies.

When asked to time their sways to a metronome in the imsoszygng
condition, there was a significant age-related interaction battieeeGA slack length
(Ls)and the mean forward sway position. Greater GA slack lenvgthe associated with
greater forward positions in both age groups, in agreewignthe results of the static
forward leaning condition. However, the rate of incrgak®pe) in the forward CoM
position relationship with slack length was larger for the yeusgbjects. For both age
groups, there was an overall negative relationship betweeﬁﬂfa/ P, coefficient and
the mean forward CoM position, with less forward swayirspeisted with greatw/ P
coefficients.

In the reaching test, there was an age-related interactiwediethe width of the
SO force-length relatiofw ) and the maximum distance reached. The young subjects
with greater SO force-length widths were able to reach faitheard, but this relation

was not seen in the older subjects.
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Figure 3-8.Relationships between dynamic postural measures andenmuschanical
properties for the dorsiflexors (DFs), gastrocnemius (@AJ, soleus (SO). Data sets
with overall significance are outlined by a dashed rectandgker@ubjects are shown as
solid circles and a solid fitted line; young subjects are repted by open triangles and a
dashed fitted line.

108



Table 3-5.Linear regression results for dynamic postural variabl@sly those with

an overall p-value below .05 are shown.

Balance Variable  Muscle Property MuscleCoefficient Value Error  p-value
Age -0.038 0.036 .308
(a) Inter_actlor; 0.001 0.001 .004*
Multiple R .488
Swaying (Preferred) Overall p-value .005*
Median Frequency . Age 0.019 0.065 .009*
Maximum Slope 0.001  0.045  .197
Isometric Force SO Interaction 0.001  0.001  .043*
(Py) Multiple R? .389
Overall p-value .022*
Age -0.024 0.131 .079
Slack Length Slope _ -0.137 0.584 .030*
(L ) GA Inter_actlon 2.08 0.905 .033*
. s Multiple R? .399
Swaying (Imposed) Overall p-value .019*
Mean Forward , Age 119 210 579
Position Force-Velocity Slope 140 540  .018*
Coefficient SO Interaction 92.8 71.5 210
(a/Ry) Multiple R® 336
Overall p-value .047*
Age -0.161 0.063 .019*
Force-Length Slope 0.001 0001 .865
Maximum Reach ~ Width SO Interaction 0.003  0.001 .027*
(W) Multiple R® 364
Overall p-value .026*

*Significant at p <= .05
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3.3.3 Multiple Mechanical Properties

3.3.3.1 General Multiple Regression Results

To aid in interpreting the results of regression analysespocatingmultiple
muscle mechanical properties, Table 3-6 lists the frequdraypearance of each
mechanical property in the models of the static and dyneasiis (based on the final
“best” regression models). For the static conditions, thé& #agth (Lg) and the
stiffness coefficientx appear the most (4 or more times) in the regression models
suggesting that these properties are important for explairengatimnce in static
postural conditions. The maximal isometric strerigtf) and optimal contractile
component lengtl{ L, ) were also important predictors (3 appearances). Folytiaic
postural conditions the most prominent muscle parametershase describing the
force-length relatioflL,,W ), the force-extension relatidwr, 3, Ls), and the force-

velocity relation(a/R,,b/L,).

Table 3-6.Frequency of appearance of mechanical properties iasggn
models.

Mechanical Properties

Postural .

Conditon TOMinModel “p= “) T w o B ap, b, & O@
Alone 2 2 2 2 3 0 2 0 0 13

Static Age Interaction 1 1 3 0 1 1 0 0 0 7
Total 3 3 5 2 4 1 2 0 0 20

Alone 0 4 2 5 3 3 3 5 0 25
Dynamic Age Interaction 0 2 1 1 1 1 2 1 2 11
Total 0 6 2 6 4 4 5 6 2 36
Grand Total 3 9 8 8 8 5 7 6 2 56
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Overall, there were regression models for individual muskbltsdemonstrated
significant predictions of balance variables when incorporatinlgiple mechanical
properties that were not significant by themselves. This is éxpected; mechanical
properties of a single muscle have varying degrees célation (see Appendix C for
correlations). The majority of the models include age separate factor or in an
interaction with a mechanical property. In some casesivedlafew mechanical
properties are needed to give moderately strong predi¢&Sms.40) for some balance

measures.

3.3.3.2 Static Postural Tests

The predictive abilities of the best regression models ustriiphe muscle
mechanical properties for the static postural tests are shawigure 3-9 and the
corresponding regression models are listed in Table &greRsion models without
overall significance are not shown, which meant that notieeohdependent measures
accounted for the variability in the balance measure gb thé)< significance level.

For quiet stance, regression models for the DF and S0lesuwere significant
when explaining the variance in the mean CoP speed, whi@Ahegression model was
significant when explaining the variance in the mean CoM tinmstact (Table 3-7).
Age, stiffness(«r), and slack lengtifL) of the DF and SO muscles were all important
predictors of the mean CoP speed. In these modelppeared independently, blug
only appeared as an interaction with age. The maximal isorfaize( P, ) was also an
important predictor, but only for the DF muscle. In cortirdere was a different set of

predictors for the for the mean CoM time-to-contact baseti@GA muscle properties,
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including the optimal fiber lengtfiL, ), width of the force-length relatiofw ), and the
interaction between age and the linearity of the force-extensiation( ,B). Together,
these predictors accounted for almost 40% of the variartbe imean CoM time-to-
contact.

In the forward lean condition, similar predictors were inetich the GA and SO
regression models for the mean CoP spekgk, L,,Ls,« ) . However, thea/ R,
coefficient of the force-velocity relation was also includethemmodel for the SO. For
the mean CoM positioh, anda/ P, were again important predictors, with the maximal
isometric force( P, ) and the width or the force-leng¥ ) relation also making

contributions. No mechanical properties were significant pi@didor the backward

lean.
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Table 3-7.Multiple regression results for static postural tests.

CPocl)qsdt;:irng] Balance Measure Muscle Independent Measures IrtthndBest Model # Terms R p
DF Po+ a+ (Age-Py) + (AgeLs) 4 .34 .015
Mean CoP Speed GA - - - -
Quiet SO Age+ O + (Age-Ly) + (Age- ) 4 .57 .039
Stance DF - - - -
Mean CoM TtC GA Lo + W+ (Agep) 3 .40 .013
SO - - - -
DF NA NA NA NA
Mean CoP Speed GA Lo+ Ls 2 A2 .004
Lean Forward SO Age + a/lPy+ O + (Age-Lo) 4 A7 .038
DF NA NA NA NA
Mean CoM Position GA Py + Lg 2 .45 .003
SO Age+ W+ a/Pg+ (Agels) 4 .59 .004
DF - - - -
Mean CoP Speed GA NA NA NA NA
Lean SO NA NA NA NA
Backward DF - - - -
Mean CoM Position  GA NA NA NA NA
SO NA NA NA NA

Regressions including more than 9 terms and/oiigrifieant regressions not shown, signified by “-”.
NA: model not applicable; CoP: center of press@ayl: center of mass; TtC: time-to-contact



3.3.3.3 Dynamic Postural Tests

The predictive abilities of the best regression models usitigpeunuscle
mechanical properties for the dynamic postural tests arensimoigure 3-10 and the
corresponding regression models are listed in Table 3j&@nAregression models
without overall significance are not shown.

Many of the same predictors were present in the dynaatande conditions as in
the static balance conditions. New parameters present iythenet conditions (but not
in the static models) were th¥ L, force-velocity coefficient and the eccentric plateau
(¢). The regression models for the median CoM frequentheipreferred swaying
included the optimal IengtbLO) , the a stiffness coefficient, tha/P, force-velocity
coefficient, and:; the majority of these properties appeared as an agecineréexcept
a/PR,). Only the DF and GA muscles were associated with signtfieggression models —
none were found for the SO muscle. There were no gigntfregression models for the
median CoM frequency in the imposed swaying condition.

There were significant plantarflexor regression modelg#®mean forward CoM
position during both preferred and imposed frequency is\gancluding the force-
length propertiefL, andW ), the slack lengtfiLs ), and the force-velocity coefficients
(a/P, andb/L,). Here,b/L0 played a prominent role, but age did not. Similar properties
were included in the mean rearward CoM position modelrisfiepred swaying.
However, different terms were included for imposed swaymguding thes stiffness

coefficient and:.
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The regression models for the maximum reach were signtfior only the
plantarflexor muscles, and included both age and age-titarderms. The predictors
included the force-velocity coefficier{ts/R, ,b/L, ), the optimal fiber lengtfiL, ), and
the stiffnesq« ). The GA and SO muscles also had significant regressidelsior the
maximum forward CoP shift during the maximum reach that dedd,, W, and 3 ; the
SO model also included/ R, . There were no significant dorsiflexor regression models
with respect to the maximum reach or the maximum CoP shitill¥; the slack length
L, and force-velocity coefficietd/L, were significant predictors for the maximum ankle
torque in the external perturbation condition, with age playipgminent role. On the
other hand, there were no significant models for the maxipustural challenge that

caused subjects to take a compensatory step.
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models.
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Table 3-8.Multiple regression results for dynamic postural tests.

Postural Condition Balance Measure Muscle Independent Measures Intlindeest Model # Terms R P
. DF Age+ (Age-Lg) 2 43 .021
CoM Median GA alPy+ 0 +(Ages) + (Age &) 4 65 001

Frequency SO _ i . )

Swaying Mean CoM DF NA NA NA NA
(Preferred) Forward Position GA Lst b/l 2 41 005
SO W+ a/Py+ bll, 3 .46 .007
DF Lo + (Age- L) + (Age- W) 3 .54 .022

R Mean dCF(’) M't' GA NA NA NA NA

earward Position SO NA NA NA NA

CoM Median DF ) i i i

Frequenc GA ) i i i

q y SO - - - -

. DF NA NA NA NA
(ISn:Vpagsl,gg) Folr\\//lvza:g ggs'viltion GA Lo+ W+ bil, 3 60 001
SO a/Py+ blLg 2 A7 .009
DF W+ B+ (Age ¢) 3 43 .013

R Mean dCPO M't' GA NA NA NA NA

earward Position SO NA NA NA NA

DF - - - -
Maximum Reach GA Age +blLy+ a + (Age L) 4 43 .050
Maximum Reach SIC:) Age + & + (Age: a/Py) 3 A4 .005
Max'énougnsi?frtward GA Lo+ W+2 + (Agef) 4 38 049
SO Lo+ W+p + (Age: a/Py) 4 .62 .005

DF NA NA NA NA

Maximum Challenge  GA - - - -

External SO - - - -

Perturbation Maximum DF NA NA NA NA
Ankle Torque gé Age +Le +_(Age-b/lg) 3 '4_7 '0.06

Regressions including more than 9 terms and/oigrifieant regressions not shown, signified by

NA: model not applicable; CoP: center of press@@yl: center of mass; TtC: time-to-contact



3.4 Discussion

The purpose of this chapter was to evaluate the posturabkoha group of
young and older subjects under a variety of static andrdinbalance conditions, and to
determine if there were specific muscle mechanical propénieasured in Chapter 2)
that could explain the age-related changes in postural cofiibalance tests
demonstrated that the older adults had poorer postural caffedypothesized that the
maximal isometric force, the series elasticity, and the foeteeity characteristics of the
plantar- and dorsiflexor muscles would be predictive obtjerelated changes in
postural control. While maximal isometric force had less ptiedipower than expected,
the series elasticity and force-velocity characteristics digedaxplain a significant
proportion of the age-related variance in the balance Mstle force-length properties
were also important in predicting age-related differencesliznce ability, even though
they were not significantly different between the age grau@hapter 2. The multiple
linear regression analysis revealed that for most poststal eecombination of

mechanical properties was needed for good predictiverpowe

3.4.1 Age-Related Differences in Static and Dynamic Balance Conditions

Almost all postural conditions were associated with differebeéseen the
younger and older groups. In upright quiet stance condjtibaslder subjects exhibited
more CoP movement (greater mean CoP speed), reflecéagegmodulation of active
ankle torque. The older subjects also had lower mean Codéticacontact, indicating

decreased spatio-temporal margins of stability. These findiggee with previous
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studies that have shown increased CoP speed (Maki eBal. Rfeto et al. 1996) and
lower time-to-contact values (Slobounov et al. 1998, vanaiWeg al. 2002) in older
individuals. Overall, the present results suggest that oldercssilbjgd an increased
amount of postural modulation but still had more CoM moverfiged on the shorter
CoM TtC), indicating less stability than the younger subjectmguwpright quiet stance.
A maximum forward lean places increased demands orahtaflexor muscles
(Sinha and Maki 1996), and is therefore regarded asra amallenging postural task.
The older adults could not lean as far and had more @a@ment than the younger
subjects, supporting reports that older adults have smallemmaxrecoverable lean
angles (Cummings and Nevitt 1989, Grabiner et al. 2005 age-related differences
occurred in the maximal backward lean, perhaps due teetiyesmall stability margins
afforded to all subjects in this condition, where the CoM mestdmtrolled by the
dorsiflexors to be within a narrow range of positions {he.ankle-heel distance is much
shorter than the ankle-toe distance). The similar youn@laed responses may reflect
the relatively few postural strategies from which to cholvsmost balance studies
involving older subjects, backward leaning is not included,iasnuch more difficult to
recover should a fall occur. An exception is a study by Weegen et al. (2002), who
found that older subjects did indeed lean less far inewevard direction, which
contrasts with the results of the present study. This rdebause the older subjects in
the present study were all healthy and active individuals,wdte a safety harness to
increase their confidence during the backward lean, whaghhave allowed them to

more closely match the younger subjects.
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In the dynamic maximal range swaying conditions, the olddtsadid not sway
as far forward as the young when swaying at either peef@r imposed frequencies.
Similar to the backward leaning, no age differences wned for the maximum
rearward sway position. Thus, the results for the swadyimgmatics and the static
leaning are in agreement. Further, no age-related diffesemere seen in the preferred
swaying frequencies, but the younger subjects were abier® closely match the target
frequency (0.25 Hz) in the imposed swaying condition. @ges-related decrement in
entrainment performance is consistent with reports that enrtiree estimation increase
with age (Coelho et al. 2004, Rakitin et al. 2005). While séwtudies have examined
voluntary swaying to study multi-muscle synergies (Danna-8antos et al. 2007,
Krishnamoorthy and Latash 2005, Wang et al. 2006) ortir@ntact calculation
methods (Haddad et al. 2006) in young healthy adults, traghveefirst comparison of
voluntary swaying behavior between young and older adiNthich we are aware.

Internal and external perturbations also showed agedtitfes. In the rapid
forward reach condition (an internal perturbation), the agddefects did not shift their
CoP as far forward as the young subjects, but werag@béach farther forward than the
young subjects. The age-related differences in the maxi@afPnshifts are consistent
with other studies (Duncan et al. 1992, Duncan et al. M@her et al. 1992). But why
were the older adults able to reach farther forward? gpeiction of the reaching
movement motion capture data revealed that the speedatifraeaching movements
was slower than the younger subiject; this allowed their CoMrt@ealoser to their

forward base of support boundary and thus enabled tihneeach farther.
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In the sequentially increasing postural perturbations, suljeetsinstructed to
resist stepping if possible. The older adults used a stepjatggy at a lower postural
challenge than the younger subjects, which agrees withsitidies (Luchies et al. 1994,
Mille et al. 2003, Thelen et al. 1996) . The maximum plantesfléorque used to resist
the perturbations was similar between the age groups,rgeith studies that suggest
that maximal torque capability does not limit the ability of oldedtado recover from

postural perturbations (Grabiner et al. 2005, Hall and ae23@2, Mille et al. 2003).

3.4.2 Muscle Mechanical Properties and Balance Control

The main purpose of this chapter was to relate sets iefdndl muscle
mechanical properties to balance performance in youngldedindividuals. Although
other studies have examined the effects of isolated propertiggstural control, such as
the strength or stiffness of the plantarflexors (Fitzpatrick.et992, Loram and Lakie
2002a, Morasso and Sanguineti 2002, Winter et al. 1998eW4hal. 2001), to our
knowledge this is the first study to relate full sets of mechbpiocperties that describe
the static and dynamic properties of the dorsi- and plexar muscles.

A previous study by Onambele et al. (2006) examineththence of
plantarflexor muscle properties on postural control in thelgldgerforming a multiple
regression analysis similar to that reported here. Thaly $acused on total joint
strength, muscle size, activation capacity, and Achilles testifiness, rather than
individual muscle properties. They found that age-relatedgesaim these measures
could explain a relatively large amount of the varianceO%)7in balance performance

during challenging postural tasks like tandem and single legestamthe present
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chapter, age-related mechanical property alterations wgrdicant predictors for a wide
range of balance conditions, including mundane tasks sughi@t stance. In comparison
to the Onambele study, the present regression models exitaioeer proportion of the
variance in the postural conditions, averaging ~40% whieig specific independent
mechanical properties to predict specific postural conditiorsirecreasing to ~50%
when using multiple mechanical properties. The lower prediptiveer may be related to
subject populations, as the Onambele study included manysmigjects (n = 90),
distributed across young, middle-aged, and older age gratye smaller sample size in
our study was associated with the involved experimental amgutational aspects of
our protocol, which included MRI and ultrasound imaging, migtgynamometer

experiments, musculoskeletal modeling, and computer optimiz&iwepter 2).

3.4.3 Maximal Isometric Force

It is well established in the literature that muscle strength gliyeecreases with
age (Bemben et al. 1991, Frontera et al. 2000a). Mosestprbviding this evidence
have studied the strength of entire joints, due to the difficalbgeasuring individual
muscle forces directly in humans (Komi et al. 1987). Wihigstorque-producing
capability of a joint can be informative, knowledge of theximal isometric strength of
individual muscles is needed to fully understand the influehege-related changes on
balance performance. Individual muscles make unique catitnits to the overall joint
strength, as is the case for the gastrocnemius (GA)adedss(SO), both of which are
important in the control of upright posture (Nashner and NMao@01985). For example,

selective age-related atrophy of the faster-contracting Mypascle fibers (Frey et al.
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2000, Larsson and Ansved 1995, Lexell 1995) may cthigs&A to be disproportionally
weaker in older adults, changing the relative contributionsfoé@l SO to the control of
posture in older individuals. The present study accounthése possibilities, as the
maximal isometric forcg P, ) capabilities of the dorsiflexors aivatlividual

plantarflexor muscles were estimated in Chapter 2 for thag/and old subjects.

In general,P, was weakly related to performance on the different static a
dynamic postural tests. The regression analysis reveale8@t3 was a significant
individual predictor of only one balance variable — thegarefl swaying frequency
(explaining ~40% of the variance overall). In this casegthers an age-related
interaction, such that the preferred swaying frequencyinvassely related td? for the
young, but directly related in the older subjects. One plessiplanation could be that
SO B was a limiting factor in swaying speed for the older subjedis, may have
needed stronger muscles to sway faster. Other mecharopalrifies may have been
more important thaR) in the younger subjects, such as series elasticity (whash w
included in the multiple regression models). Another possililitigat the younger
subjects who had stronger muscles also tended to haee haagses, and therefore had a
lower natural swaying frequency, which would explain theisg relationship between
B and preferred swaying frequency in the young subjictee multiple regression
analysisP, was an important predictor for only 3 of the 16 balararéables associated
with the different balance conditions. These included the meiah stance CoP speed
and mean forward leaning CoM positidg; did not appear in any of the multiple

regression models for the dynamic conditions.

123



Compared to the other muscle properties, the sparserappe®fR, as a
significant predictor indicates a relatively minor role in predgctige-related
degradations in postural performance. We had expecte®thaight be a more powerful
predictor, especially in conditions that require large ankleieggsuch as the maximal
lean and perturbation conditions. This expectation was in partadthe large influence
of muscle strength on other muscle propertlésstales both the force-length and force-
velocity relationships), the age-related decreasd? with age found in Chapter 2, and
other studies demonstrating that musculoskeletal modelsginy bensitive toR)
(Maganaris 2004, Out et al. 1996, Scovil and Ronsky R00gtead, the present results
are consistent with other studies showing that maximal plantarfigsength had little
relation with age-related balance ability in tandem and singlstéage (Onambele et al.
2006), and recovering from a maximal lean (Grabinet. 2085). It may be that the
strength of the healthy older adults in the present studywsth®eyond the minimal
values required for the performance of the various statialgnamic postural tasks, and
that muscle strength may play a more important role in fragrigiéhdividuals (Kuo and

Zajac 1993).

3.4.4 Stiffness of the Series Elastic Components

The stiffness of the series-elastic component has a ldhgenoe on the behavior
of muscle. As the contractile component of a muscle pesifarce, it is expressed
across the series elastic component, causing it to stretchnThis alters the contractile
component length and velocity, changing the time-courseroé fproduction due to the

force-length and force-velocity relations. A variety ofdsts have shown an increase in
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the stiffness of the series elastic components with aging {@h2yp(Blanpied and Smidt
1993, Ochala et al. 2007a, Ochala et al. 2005, Ochala2€0db); although others have
shown opposite trends in the stiffness of the external pastitre Achilles tendon,
which decreased with age (Onambele et al. 2006). Thigsesdt findings may be due to
different measurement sites (overall series elasticity varattiendon), which have
different adaptations with age (Galler and Hilber 1998, Higatal. 1995, Kjaer 2004,
Ochala et al. 2007a, Tuite et al. 1997) (see seltibmtroduction for a brief
discussion). The increase in series elastic stiffness is thtubh an adaptation to the
aging process, as a stiffer musculotendon complex will alltagtar rise in force after a
muscle is excited, as the contractile elements will not shostemuah compared to a
more compliant musculotendon complex (Morasso and Sang0@®). This adaptation
may partially offset the decrease in the rate of tensiona@went that occurs with aging
(Clarkson et al. 1981). If this change in series elasticitydised an age-related
adaptation, we expected that it would be predictive of theelgted changes in postural
control. In general, this hypothesis was supported by thitseof the regression
analyses; however, series elastic stiffness was most preditage-related differences
in balance performance when it was combined with othehamécal properties in the
multiple regression analysis.

Series elastic stiffness was characterized by the forcessaterelationship,
expressed as a second order polynomial for each m$adwo polynomial
coefficients specified the rate of extension with increasésde(« ), and the degree of
linearity in the force-extension relatipd). A third parameter, the slack lengthy), is

the length at which the series-elastic component becomes “tadependently, ther
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stiffness coefficient for the GA explained ~50% of the var&in the preferred swaying
frequency, with an age interaction. In the younger subjgegreferred swaying
frequency was directly related to, perhaps because the stiffer series elasticity allows a
faster rise in force that promotes a greater swaying érexu It is not clear why
increases in the GA stiffness of the older group weetaéltoower swaying
frequencies. One possibility is that other age-related chamgeschanical properties
play a role in determining the preferred swaying frequelRayinstance, the older
subjects with decreased plantarflexor maximal isometric musicde €apabilities tended
to have lower swaying frequencies (see previous seclibeyefore, gains in force rise
time due to the increased stiffness may be offset by dimohiginee capacity, thus
reducing the net muscular impulse and decreasing the dbiltycelerate and decelerate
the CoM during swaying.

In the multiple regression analysis, the series elastic stf§foeefficients were
important predictors in the regression models for both statficlgmamic balance
conditions. Thex coefficient was particularly important in predicting the meaR Co
speed during quiet stance, while theoefficient seemed to be most important in
predicting the maximal forward CoP shift during a forwa@the Thex coefficient
appeared as an interaction with age in the multiple regressidels for both median
swaying frequency (as in the independent linear regressnohinean quiet stance speed.
Thep coefficient had age interactions for both mean CoM time-tiaw in quiet stance
and the maximum forward CoP shift during reaching. Ireganthese results are
consistent with the findings of Onambele et al. (2006), vilowved that the stiffness and

Young’s modulus of the Achilles tendon are both importardipters for postural stance
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ability, and suggested that ankle stiffness would be importamuisoidal swaying
movements.

In both age groups, subjects with longer GA and SO slagHs(Ls) tended to
lean further forward during the leaning task, and subjeitkslenger GA slack lengths
reached more anterior positions during the imposed swagahg The slack length of a
muscle is an important factor in setting the operating rahgeruscle. However,
anatomical constraints dictate that the contractile fibers of alenwsth a long series
elastic slack length will be relativeshorter than the fibers of a muscle with a shorter
slack length, possibly placing the fibers on a differenibregf the force-length relation
(Figure 3-11). Therefore, the series elastic slack leragttatter plantarflexor force
production indirectly due to its effect on the active forcetlemguscle property, and thus
influence the degree to which subjects can lean forwardoédin numerous studies have
shown that slack length is an important property of humastladased on modeling
efforts (Buchanan et al. 2004, Hoy et al. 1990, Lloydl Basier 2003, Manal and
Buchanan 2004, Scovil and Ronsky 2006), this provideéirgt experimental evidence

of a functional link between slack length and postural coofrehich we are aware.
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Figure 3-11.A schematic of the role of the series elastic slack lengihglupright
posture using a simplified inverted pendulum model. A subjghtarong (left) and
short (right) series elastic slack length.

3.4.5 Force-Velocity Characteristics

The force-velocity relationship dictates that contractile elenpotiuce less
force thanB when shortening, and more force thgnwvhen lengthening. In Chapter 2,
the parameters that define the shagé® ,b/L,) and the eccentric force plate@t) of
this relationship were estimated for the young and older asbj@hen each of these
parameters was included in separate linear regressiorisnodly thea/P, coefficient
for the plantarflexor muscles was predictive of age-reldiiéerences in balance
performance. The S@/P, coefficient explained almost 40% of the variance in thenmea
CoP speed when leaning forward, with the younger subjesgitaying a direct relation
betweenCoP speed ana/P0 . In contrast, the older subjects had an indirect relationship,
with greater mean CoP speeds associated with smaji€}; values. A smaller S@/P,

coefficient produces a higher maximum shortening velocity.
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We were initially surprised to find this age-related interactiothefSCa/ P,
coefficient with CoP speed in a static postural task suduias stance. However, as
previous researchers have pointed out, quiet stance idhaquite dynamic (Loram et
al. 2004). During quiet stance, the body is constantlyimgakmall corrections,
“catching” the CoM when it moves too far, and “throwingbéck towards an
equilibrium point (Loram and Lakie 2002b). During this pracéise muscle fibers
undergo small stretch and shortening cycles, in which tioefeglocity properties of
muscle would play an important role. This throw-and-catavior, combined with
increased neural delays, may explain the association begremier mean CoP speeds
and smaller (fasteg/F, values in the older subjects. To elaborate, in order to nrainta
posture with a minimal amount of effort the throws shouldfiyest the right magnitude
to bring the CoM velocity to zero at the equilibrium point, althoumgreality some
overshoot is always present (Loram et al. 2005). Theniualg of the “throws” in the
older subjects with faster contracting SO muscles (sn&lRr) may have been greater
than those observed in the older subjects with slower muselesing the CoM to
overshoot the equilibrium point, and therefore requiring areased corrective action
(increasing the CoP speed). This behavior could arisetfierincreased neural delays
observed in older adults (Norris et al. 1953, Sato et ab)188using the older adults
with faster contracting muscles to have a harder time contréfientarger forces
(impulses) that can be produced at concentric muscle velo€igsr subjects with
slower muscles may not have “overcorrected” as muclghwisulted in slower CoP
speeds. On the other hand, the younger subjects maypbandetter able to control their

postural adjustments due to shorter neural delays. Thergéaneger subjects with faster

129



contracting SO muscles were able to use smaller correcésuking in slower CoP
speeds through a more precise control of the throwsudrsgguent catches of the CoM
during quiet stance.

In the multiple regression analysis, both force- velocisffatients (a/R, ,b/L,)
appeared often in the models for the dynamic balance wégis)/ P, also appearing as
an age interaction. This reinforces the importance oyt coefficient as a predictor of
balance performance. The eccentric plateau coefficials#o appeared as an interaction
with age in predicting dynamic postural performance, albeit le#th frequency than
a/P,andb/L,. Although to our knowledge this is the first study to exartfieerelation
between age-related changes in individual muscle force-welmaperties and postural
control, other studies have suggested that age-relateshdestrin the rate of torque
development can explain performance differences in atyarig@ostural tasks (Chandler
et al. 1990, Horak et al. 1989, Lord et al. 1991, Luckied. 1994, Wolfson et al. 1986).
Together, this suggests that velocity-dependent muscle pespare important in
explaining age-related differences in postural control, elueimg relatively static

postural tasks.

3.4.6 Force-Length Properties

The contractile component force-length properties weserideed by parameters
defining the optimal lengtfi_, ) and the widt{wW ) of this parabolic relation (see
Appendix B for more details). Although the optimal contractilgter{L,) was not
associated with balance ability independently, it was one ahist frequently

appearing terms in the multiple regression analysis, appgearmodels for both static
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and dynamic postural tasks, and as an age-related intartto. This suggests thh
has an influential performance on general postural contrdlpkyed a part in predicting
age-related differences in balance ability.

The width of the SO force-length relati¢w/ ) was able to independently explain
more than 35% of the variance associated with the age-reliffier@nces in both quiet
stance CoP speed and the maximum forward reach, witificagin age interactions in
both cases. Younger subjects with wider force-length reltemded to have greater
CoP speeds, while in the older group narrower force-lguaythbolas were associated
with greater CoP speeds. Narrower force-length relatiocredse the operating range of
muscle, such that force is produced over a smaller @ngetion; the force also
decreases more sharply as the muscle fibers movefesmayhe optimal length. This
would cause greater changes in muscle force potential azugwes repeatedly shorten
and lengthen during quiet stance (Figure 3-12, Top).€fbis, in the older subjects the
narrower force-length relations may have required greateral inputs from the central
nervous system to compensate for the greater changesforce potential (Figure 3-12,
Bottom). The greater neural inputs may have caused ovezetions (i.e. moving from
one side of the force-length relation to the other), leaidimgpeated large inputs and
corresponding changes in muscle force, which would pea&d to increase the mean
CoP speed. However, this does not explain the positive redhtphetween the force-
length width and the CoP speed in the younger subjectsmByisgain be due to the
influence of other mechanical properties, such as thessddstic slack length and
stiffness, which were also terms in the multiple regressiaetador quiet stance CoP

speed. When performing a maximal reach, younger subvjéttsvider force-length
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relations could reach farther, but this association was tinsere older subjects. This
absence may be related to the importance of multiple fattatrslictate the maximum
reach in older adults. Indeed, in the multiple regressiolysiedhe series elastic stiffness
and force-velocity shape parameters together accountetbfe variance in the reaching

task performance than the width of the force-length relétjoitself.

Wide Force-Length Narrow Force-Length

Op.Range Op.Range

— —

FP=1 - FP=1+4 !
o a
) v
K s
- -
fo <
L b
) <]
o a.
] [N
o 1

S £ ﬁ L, ]

1
CC Length CClength

*. @ Small Input
Needed

Large Input
Needed

Figure 3-12. Top: Example of “wide” and “narrow” force-length relatsior a given
operating range (“Op. Range”; vertical dashed lines). Botkamnthe wide force-length
relation, the force potential changes gradually so onbflsnputs are needed to remain
near optimal length. On the other hand, large inputs adedde counteract the large
changes in force potential when the force-length relationriswa

Based on the results of Chapter 2 and previous studieefmated no age-related
changes in the force-length relationship of muscles (Bravah €999, Larsson et al.
1997), we did not expect that the force-length parameteniivibe predictive of age-

related differences in the performance of the postural.t@skshe contrary, the force-
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length parameters of the dorsi- and plantarflexor musaes indeed predictive of age-
related differences in both static and dynamic balancerpsaface, independently or
when combined with other mechanical properties. The Chaealysis was designed
to compare parameter differences between the young@dsdlgectgroups, but did not
consider the relationship between the force-length proparigshe balance variables
for each subject within each group, as did the regreseaysis performed in the
present chapter. Although others have examined the infludraceariety of muscle
characteristics (e.g. activation capacity, strength, stiffreesppstural control (Loram
and Lakie 2002a, Onambele et al. 2006, Winter et al. M88er et al. 2001, Wolfson
et al. 1995), few (if any) have examined the relationbbigveen force-length properties

and balance control in older adults.

3.4.7 Limitations

Although the regression results suggest that muscle meehanbperties are
important in explaining age-related differences in balanceaopthey should be
interpreted with a degree of caution due to the limitations impogéude relatively small
sample size and the inherent limitations of multiple regres€ina.such limitation is that
of multicollineraity, as the mechanical property predictoraldes exhibit varying
amounts of correlation (see Appendix C). Although soreehanical properties
exhibited moderate correlations £R4 to .5 between a few properties), most were very
low - far below values for “strong” (R > .8) correlatiowghich may cause problems with

model selection and interpretation) (Licht 1994).
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Another caveat relates to the use of a specified significauteeff of p < .05,
which is the traditional approach for statistical analysis of @adlaserved to simplify the
reporting of results. However, there were cases wheetues were close, but not below
the cut-off value. In particular, there were instances &bae of the plantarflexor
muscles had a significant predictive relationship with a belaadable, but the other
plantarflexor did not — although the regression plot wastgtieely similar (e.g. median
CoM frequency during preferred swaying ®s; Figure 3-8).

Finally, because our subjects were all healthy, active, aortyadwelling
individuals, the results of this study may not extend to othiéhsngurological or
musculoskeletal disorders, who may have vastly differesharecal properties and
postural abilities. It also unknown whether the present reselisdicative for other

postural conditions not examined here.

3.4.8 Conclusions

This study examined the performance of healthy younghtet adults on a
variety of static and dynamic balance tasks, and sougktd¢ondine whether the
differences in balance performance could be explainedybyrelated changes in the
mechanical properties of the dorsi- and plantarflexor msis€lee older adults performed
more poorly on the balance tasks, and the series-elashiritg-length, and force-
velocity properties all made important contributions to the predidi@ge-related
differences balance control. Contrary to expectations, tkxémhisometric force

capability of the muscles had relatively little predictive power.some balance tests, a
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combination of mechanical properties was needed to explavratt@ce in postural

performance.

135



CHAPTER 4

MUSCULOSKELETAL MODEL OF POSTURAL CONTROL

4.1 Introduction

In upright standing posture, older individuals are generalhgicered less stable
than younger adults (Woollacott and Shumway-Cook 1990%. dinclusion is often
based on increases in the amount center of mass (CaMeater of pressure (CoP)
movement in older adults. This decrease in stability hasllmea to degradation of the
sensory and neuromuscular systems (Horak et al. Haffhes et al. 1996, Lord et al.
1991), and have been associated with increased swayaadsed risk of falling (Lord
et al. 1991, Lord et al. 1994).

There have been a number of prospective studies ddgmgeducidate cause and
effect relationships between age-related changes in comigarfethe neuromuscular
system and postural stability (Baloh et al. 1998, Brauer 208D, Maki 1997, Maki et
al. 1994). However, these studies follow subjects for arigw years at most, making it
difficult to assess changes occurring over a human life. gpainherent difficulty is that
a multitude of anatomical, physiological, and neural changas @s a person ages,
making it difficult to draw causal relationships between spesduromuscular changes
and their effect on posture. An alternate approach is thefususculoskeletal models,
where simulated age-related changes in the neuromuscsiiansgan be invoked
instantaneously, and the effects of individual changes eavdluated systematically.

Human standing posture is often modeled as a two-segmented pendulum

(Karlsson and Lanshammer 1997, Loram and Lakie 2002fiter 1995b, Winter et al.
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1997), which is appropriate when the amplitude of bodyyssvamall and movement
occurs about the ankle joint (Gage et al. 2004). Such Isode be controlled through
regulation of “ankle” joint torque (Fitzpatrick et al. 1996td?ka and Loughlin 2004,
Winter et al. 1998), but these “torque controlled” modelsiaeble to address the role of
individual muscles in postural control. A musculoskeletal modeirparating individual
muscle forces rather than net ankle torque is more usefsiidying the effects of age-
related changes of muscle properties on postural contrglisThecause there may be
changes specific to certain muscles, such as the pref¢tess of fast-twitch Type Il
fibers in the gastrocnemius (Frey et al. 2000, LarssdrAasved 1995, Lexell 1995).

The mechanical behavior of muscle can be represegtadidl muscle model
that delineates the nonlinear relationships affecting the foatkiped when neural
control signals are input to a muscle (Hill 1938). The Hill nhégleomprised of an
active contractile component that is responsible for produorg fand a passive series
elastic component that accounts for the series elasticity vathnscle-tendon complex.
The mechanical properties defining contractile componeraviehinclude force-length,
and force-velocity relations, while a force-extension relatigimes the series-elastic
component (see Chapters 2 & 3 and Appendix B for rdetails).

The major muscles contributing to ankle torque and the daftsavay in the
sagittal plane include the dorsiflexors (DF) and the gastroars (GA) and soleus (SO)
plantarflexor muscles (Nashner and McCollum 1985). Thasscles can be represented
as Hill-type actuators with unique sets of parameters ibasgithe Hill muscle
properties. For the contractile component these include thiemalasometric force

capability (R ), the optimal contractile component lendth, ), the width of the force-
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length reIation(W) , and shape coefficients for the force-velocity relatiafiP,(,b/L,, &
). For the force-extension relation of the series elastic ooeg, parameters include the
slack lengtff L ), and stiffness coefficien{sz, B) (see Chapters 2 & 3 Appendix B for
details). These parameters define the mechanical beh&vimrsale, and have been
shown to be important for the dynamic stability of the muskdietal system during
simulations of locomotion (Gerritsen et al. 1998). Although mias@roperties are a
fundamental part of neuromuscular control, they are difftoutheasure in living
humans. As a result, many studies measure the propdrists as a whole, where the
behavior is the result of a complex combination of individuadeteumechanical
properties. For example, studies have reported that inialdigiduals the maximum
muscle shortening velocity decreases (Doherty anvBrl997, Lanza et al. 2003,
Larsson et al. 1997, Narici et al. 2005, Thompson ao#vBr1999), and
musculotendinous stiffness increases (Blanpied and Smigt C&®ala et al. 2004a).
However, these studies have focused on estimating therfreetianical properties of
joints; few have investigated age-related changes in individuscles (Thelen 2003).
The role of musculotendinous stiffness in the control sfyre has received
much attention (Loram and Lakie 2002a, Morasso andusiaety 2002, Winter et al.
1998, Winter et al. 2001). Conversely, little research kasmed the impact of other
muscle mechanical properties on posture. Changes in nmeclenical properties may
influence the effective operating range of the muscles dbngrposture (e.g. the width
of the force-length relation), and may alter the ability asate to react to changing
postural conditions (e.g. the coefficients of the force-velaoeiation). Indeed, the results

of Chapter 2 showed that with aging there are declines iméxénal isometric force of
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the dorsi- and plantarflexor muscles, increases in musculmous stiffness, and altered
force-velocity characteristics. In Chapter 3, it was showhdfe-related changes in
muscle mechanical properties can account for a significaotiat of the variability in

the balancing abilities of young and older adults. However liomtation of this
experimental research is that the contributions of age-relateyes in individual
muscle properties to balance control cannot be isolatedamg pnoperties changed
together with aging. A musculoskeletal model of postural contitbassist in

delineating the relations between muscle mechanical propertdgzoatural control by
allowing independent changes in muscle property values.

In previous chapters, the mechanical properties of thé&SBE-and SO muscles
have been estimated for a group of young and old indilsdChapter 2), and the
postural stability of the same subjects has been evaluatedjtha series of static and
dynamic postural tasks (Chapter 3). The present chaptardsxthis work by using an
inverted pendulum model of sagittal plane postural dynamicintt@iporates sets of
subject-specific “young” and “old” muscle mechanical gndies. The model integrates
the muscle models with a feedback-based neural controtlenses numerical
optimization to simulate postural control when maintaining uprighigttj stance. The
mechanical properties of the postural model are then systathaticanged to

investigate how age-related alterations in these properties$ péfstural control.
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4.2 Methods

4.2.1 Overall Study Design

Initially, a musculoskeletal model of postural control that idekisub-models of
the skeleton, foot-floor interaction, and individual muscleegedbed. This is followed
by a description of the simulation and optimization proceda@ssisting of two parts: 1)
the performance of the model in quiet stance using set@ohf” and “older”
mechanical properties is compared with the results of yond@la subjects in the
Chapter 3 experiments; and 2) a sensitivity analysis ispeefd to assess effects of

changes in individual muscle mechanical properties on tiierpence of quiet stance.

4.2.2 Skeletal Model

The skeletal model comprised two rigid segments linkedflbgteonless hinge
ankle joint, confined to sagittal plane movement (Figure ©hg segment represented
the head, arms, trunk, and legs (the “body”); the othetbazed both feet into a single
rigid foot segment. Although the model includes a landmaniesemting the metatarsal-
phalangeal joint (Figure 4-1"8Vlet.), no movement was permitted at this joint. The
mass of the body and foot segments were concentriasgtbée points, Colyayand
CoMeoo, respectively. The mass and inertial properties of theeety was scaled to that
of an average adult male, based on Maurer and Pe(28®8&). See Appendix E for
details on the skeletal model parameters. For consistémecgame skeletal model
parameters were used for the “young” and “older” quesice models, so that any
differences in the behavior of the model would be soleg/td the muscle mechanical

properties and the magnitudes of the control signals.
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Figure 4-1. Schematic of the skeletal and foot-floor model. See textdtails.

4.2.3 Foot-Floor Model

The foot-floor interaction was modeled with a series offihg-damper
elements, spaced uniformly along the length of the fduisTthe foot was not rigidly
attached to the ground, but was allowed to have translatiodabgational movement as
dictated by the spring-damper elements. Each spring-dacopkl apply force in the
vertical and anterior-posterior directions. The vertical fevcerted by each spring was
an exponential function of the vertical displacement of thertdative to the ground
(Anderson and Pandy 1999). The net ground reactioe feas computed by summing

the forces exerted by the springs on the foot segmenGeEmndix E for more details.

4.2.4 Muscle Model

The skeletal model was actuated by three two-component pdl{938) muscle

models representing the DF, GA, and SO. Each musclelnmaduded a contractile
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component with nonlinear stimulation-activation, force-length,farae-velocity
properties, and a series elastic component with a nonfiorearextension relationship.
Details about the equations representing these relationshipseamuscle model
algorithm can be found in Appendix B. The combined pdreléesticity of the muscle-
tendon complexes, ligaments, and other tissues was ref@efgra nonlinear passive
torque-angle relation, based on Riener and Edrich (1999):

Toave =€XP( 2.1016- 0.0848,,)— exp 7.9763 0.1843)- 1 (5.1
where 8, is the ankle angle, anfh,. is the passive ankle torque, which contributed
to the net ankle torque. Although passive ankle torque catioits were measured using
a dynamometer in Chapter 2, we chose to use the liteltz@ises equation to facilitate
comparison with studies in the literature, and also the ankle asgpassive torque
relationships were similar (i.e. equations based on the CHapsults vs. the Riener and

Edrich equation).

4.2.5 Anatomical Model

The software package SIMM (Delp et al. 1990) was usedrstruct an
anatomical model that included the body and foot segmentgoaitdi generate the DF,
GA, and SO muscle kinematical relationships. The model @mbhmetric measurements
were scaled to that of an average man (see AppendboEgach of the three muscles,
fourth-order polynomials were used to describe the reldtipadetween the length and

moment arms of the muscles and the ankle flexion-extej@irangle.
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4.2.6 Neural Controller

The motor commands for postural stabilization were geneusied a type of
proportional-derivative (PD) feedback control based astieg) models (Barin 1989,
Johansson et al. 1988, Masani et al. 2003, Morass8amglineti 2002, Peterka 2002,
Peterka and Loughlin 2004). These studies all used Pbdekdo control an active joint
torque generator, but in the present model the control scivaseodified to include
models of the individual muscle model actuators. An outlineeotémtrol scheme is
shown in Figure 4-2.

A single proportional controller was used to modulate the éxwitaignals of the
plantarflexor muscles (GA and SO). This was done fopkaity, and also due to reports
indicating that the GA and SO are modulated together duriieg sfance. (Loram et al.
2005, 2004). The proportional controller responded liggarthe horizontal deviation of
the CoM from a position in line with the anterior-posterior positibthe ankle joint
center( xXo ) . Separate plantar- and dorsiflexor derivative controllessedban the CoM
time-to-contact (see below) were also included. When the @ad/moving forward (+
V) the plantarflexors were excited, while the dorsiflexorsevecited whenever the CoM
was moving rearward (9. No dorsiflexor proportional controller was needed, beeaiu
would only be active when the CoM was behind the anklé. j[Since one of the criteria
for the optimization was for the model to maintain its position ahowequilibrium point
in front of the ankles (see 4.2.8 Optimization Procedure), dotsiflgroportional control
would be of no benefit.

A novel aspect of the feedback control system is that ttieatige control was

based on the CoM time-to-contact, a spatiotemporal variatilenthades information

143



about CoM kinematics (position, velocity and accelerationjivel@o the base of support
boundaries (see Chapter 3 for computational details). Rrefeé@dback-control models
used the segmental angular velocity as a basis foetinetive controller (Masani et al.
2003, Maurer and Peterka 2005, Peterka 2002, Peteckhoughlin 2004). Knowledge
of the putative time before the CoM would cross (contatidse of support boundary
provides information concerning the urgency of the poksitization, and introduces
nonlinearities into the derivative control. These nonlinearitise &rom the constraint
imposed by the finite foot length distance over which the CaMtravel before stability
is lost. The inverse of time-to-contact (1/time-to-contact wad asehe input to the
derivative controllers, meaning that decreased stability (icgtesttime-to-contact)
would cause an increase in the excitation level of the apatemuscle models. In
contrast, the excitation signal generated by the derivativeotiens would be very small
if the time-to-contact to the base of support boundarylavgs.

The postural control model also accounted for various/gelad noise that are
found in the transmission of control signals within the newystesn (Eurich et al. 2000,
Faisal et al. 2008). A time delay of 50 mg (vas chosen to represent the cumulative
time delay due to sensory transduction, neural transmissidmeavous system
processing (Masani et al. 2003, Peterka and Loughlin 28@4additional delay was due
to the excitation-activation properties of the muscles, in whielattivation increased or
decreased exponentially following changes in the excitatiomlsijgee Appendix B for
details). The time constants were 10 and 70 ms for risiddadling excitation levels,
respectively (Winters 1995). A noise source was injectiedtive control model by

generating white noise with a maximum range of £20 Nm wjikeaudo-random number
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generator (the noise gainyKvas equal to 20). The white noise was filtered with a
moving average from the previous 2 s of data (thus,diseevel was zero for the first 2
s). This filtering removed the higher frequency componefitise white noise, leaving a
more prominent lower frequency oscillation, reproducing taadom walk” behavior of
human postural control (Collins and Deluca 1993). Thdtregunoise was introduced
into the model as a disturbance torque (maximum rangeNntXtandard deviation ~
0.7 Nm; Figure 4-2). This disturbance torqueidd,) represented the combined effects
of noise throughout the neuromuscular system. The psamdom number generator
was started with the same seed for each simulation, cauihgenulation to receive

identical disturbance torque-time series.
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Figure 4-2. Schematic of the postural control model. Subscripts DF,&84,SO refer to the dorsiflexors, gastrocnemius, andsole
muscles, respectively.g§v: the anterior-posterior (AP) position of the body center-aésnCoM) X oy the AP position of the ankle
joint centerxgg‘ﬁ,,”da” the AP position of the base of support boundavies,;: AP velocity of CoM, DtB: distance from CoM to toe or
heel boundaries, depending on the CoM velocity directigs), TtCcom: COM time-to-contact to toe or heel boundaries depending
on the CoM velocity directionvéow), Ki:: proportional control gain for a the plantarflexd(S; derivative control gain for a given
muscle (DF or PF), STIM: neural excitation signal, ACT: muaclé/ation, F: muscle force, d = muscle moment arm atrtkie ar:
ankle torque produced by each musclg,sl net muscle torque produced at anklg,sdve passive torque contributionsyknoise

gain, Toiswrt disturbance torquenEr: net ankle torquery: time delay.



4.2.7 Equations of Motion

The equations of motion for the two-segment inverted gandmodel were
derived symbolically using Autolev (Version 4, OnLine Dynasniac., Sunnyvale CA),
software, which is based on Kane’s method (Kane anthten 1985). The model had
four degrees of freedom, as it was not pinned to thengtddivariable step-size Runge—
Kutta—Merson integrator (Fox 1962) was used to integratentbdel state equations

(maximum step size = 0.01 s, maximum absolute & relative € 107).
4.2.8 Optimization Procedure

Numerical optimization was used to find the values of the unkrgains for the

PD controlle( KP  KP

e Ko K ) that would allow the model to maintain quiet stance. A

genetic algorithm (Storn and Price 1995) was used to feddhution to the optimization
problem (see Chapter 2 for details). In the experimepiiak stance condition (Chapter
3), subjects were asked to stand “as still as possible”,gmado the task of minimizing
the amount of CoM motion. Other implicit goals included maimnteaaf upright stance
and minimal muscular effort, which would be reflected lmuoed muscle excitations,
relatively low muscle forces, and small CoP movementseas in experimental quiet
stance data. Therefore, a multi-component fitness critecmst function) that takes all
these goals into account was specified.

Maximal fitness f ()'( ) was obtained by minimizing a function comprised of

four components related to the time the model could standwtitbsing its balance
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(Cear ) » the total muscle force produdetl ... ), the deviation from a target
equilibrium point(Cy, ), and the total CoM-CoP differen¢€,, c.):

f (;() =WCea +WCroree +W3CEQ +W,Coo-cop (5.2)
wherew is a weighting factor, such tha{= 1, W,=1, W,=7.5, andw,=10. These
weighting factors were obtained through pilot work, and resutt¢he fastest and most
robust convergence to an optimal solution. The vegtopnsisted of the neural
controller gains:

X =[ K K5 K] (5.3)
wherek ! is the gain of the proportional controller for the plantarftexascles, and
K >. andkp. are the derivative gains for the dorsi- and plantarflexespectively.
The first cost(C,,, ) was associated with the time until the model lost stability
because the CoM moved outside of the base of support:

G :[1qTF|NAL _TFALL):| ‘ (5.4)
where T, IS the selected duration of the simulation dpg, is the instant at which
stability was lost. This cost was much greater than the otisecomponents, to drive the
optimization procedure away from unacceptable solutions whemnodel falls. Once
this cost was brought to zero, the optimization then focusedducing the other three
costs. The inclusion of this stability cost was preferresintply adding a large fixed
penalty if the model fell because it improved the performmari¢he optimization
procedure.

The second cogiC, . ) was based on the cumulative sum of the muscle forces,

scaled to each muscle’s maximal isometric fatge
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n pOF PCA ps°
CFORCE :|Z—1:|:( PODF ]+[POGA]+(POSO ]} (5.5)

whereP is the muscle force at time stefor a given muscle. Sind, is a function of a
muscle’s physiological cross-sectional area, this cost funigtimientical to one which
minimizes the net muscle stress (Crowninshield and Brant) 19Bis cost component
encouraged optimal solutions associated with a minimal level s€lmactivity, as
exhibited during quiet stance in humans. In pilot work, dinear cost component
associated with minimizing the sum of the squared muscledavas also explored. The
results were virtually identical, so the simpler linear costtfancwhich produced
realistic solutions, was employed.

The third cost componerﬁCEQ) was associated with the cumulative sum of the
CoM distance from the target equilibrium point. Previous modeiindies implementing
feedback control of an inverted pendulum model have asadyet position directly
above the ankle joint (Masani et al. 2003, Maurer andReg905). However, humans
normally keep their CoM about 50 mm in front of the ankietjduring quiet stance
(Winter et al. 1998), which agrees with our results frdmager 3 (young 52 mm; older
43 mm; see Table 4-1). Based on our experimental datéardpet equilibrium point was
set to 47 mm, and the cost component defined as:

Ceo = . Xew X (5.6)

where X, is the anterior-posterior position of the CoM at time stegnd x _, is the
equilibrium point (47 mm). This cost component introducesnatemt plantarflexor

muscle activity bias to maintain this forward-leaning position, @ncourages the model
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to limit excessive CoM motion. The same target equilibrium poistwgad for both
young and old models so both would have identical optimizatiaisg

The final cos{C,,_c.» ) included the cumulative difference between the
positions of the CoM and CoP, which is proportional to thebotal acceleration of the
CoM during quiet stance (Winter 1995a). A small CoM-CoRediffice has been
suggested as indicative of more efficient postural controt\(&euti et al. 1999):

CCOM —CoP — Z| XCOM - XCOP| (5-7)
i=1

where X, is the anterior-posterior position of the CoP at time step
4.2.9 Assessment of Quiet Stance Model

The model was evaluated by assessing how well its belrapiamduced the
experimental data of the young and old subjects in the 8&ssiance balance condition
in Chapter 3. Separate optimizations were performed tistngverage DF, GA, and SO
mechanical properties of the young and older subjects,astinfor each age group in
Chapter 2. The maximal isometric force capabilities were ddublespresent the
combined muscle strengths in both legs together in the inveetedulum model. The
simulation time was set for 90 s but only the middle 30 sooagpared with the 30 s
long experimental data time-series. The beginning of the Indate series was ignored to
ensure that initial transients decayed. Each simulation requi&tours of computing
time on a Pentium 4 processor to converge to an optimal sol@®&veral postural
control variables were computed for the CoM and CoP, dimofpthe mean position and
its standard deviation, the total path length, mean speednomaxange, and median

frequency. To test the long-term stability of the quiet starmdeinthe optimized young
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model was simulated for 10 min (600s). Ignoring the firss tdie to transients, a linear
equation was fit to the CoM position data. The y-offset ofd@hisation represents the
effective equilibrium point of the model, and the slope repitesée long-term trend,
such that a slope of zero would mean that the model al@agls to return to the same

equilibrium point over time (did not drift).
4.2.10 Sensitivity Analysis

The initial sensitivity analysis was designed to examine thawer of the young
quiet stance model in response to age-related changesatermechanical properties.
The young quiet stance model was simulated multiple times tiengptimized
proportional and derivative controller gains; however, fohesimulation one of the nine
plantarflexor (GA and SO) muscle mechanical propertiesnaependently “aged” by
changing the value to the mean of the older male subject®ufjlththe dorsiflexor
muscles contribute to postural control, the mechanical piep@f the dorsiflexor
muscle model were not changed as the analysis was ddgsmfocus on the
plantarflexor muscles since they have a dominate role tagabsontrol (Nashner and
McCollum 1985). Investigated parameters were the maximalesric force &), the
force-length relationshipl(,W), the force-extension relationshig (5, Ls), and the
force-velocity relationshipd/ P, ,b/ L, , ¢ ), all of which were described in Chapter 2.
For this initial sensitivity analysis, the gains of the controllezge not re-optimized.
Each simulation lasted for 180 s, with all other model parasmatel mechanical

properties kept constant. A final 180 s simulation was paddrwith all of the
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mechanical properties changed to the older values, agaithwigdame control gains as
in the optimal young model solution.

A further sensitivity analysis was performed by systemagiediering each
plantarflexor muscle model parameter to assess the gea&uet of their influence on
the control of quiet stance. In this case the model waptietiaed each time so the gains
of the neural controllers could change, adapting to thegehamechanical properties.
The initial model parameters were the average values gbtiveg male subjects
estimated in Chapter 2. The nine parameters were then gggtnatically across six
levels (5%, £10%, and £15%), based on a similar sensitwvig}ysis by Maurer and
Perterka (2005). After each change the model wastmstapd to find the proportional
and derivative controller gains that minimized the fitness critiniag total of 54
separate optimizations.

Some of the older subjects had mechanical properties énatoutside of the
investigated range of £15%. Thus additional optimizations wenfeqmed where each of
the mechanical properties was independently changed toethye ofder value. For all of
the sensitivity analysis re-optimizations, the simulation timesgaso 50 s, followed by
a model simulation using the new optimized parameters fos.1B6r these re-
optimizations, a subset of the balance variables was calculatedling the mean
position, standard deviation of the mean position, mean speédnedian frequency.
These variables were only computed for the CoM, dswprary data analysis showed

that the changes in the variables computed using CoM andv@aFvirtually identical.

152



4.3 Results

4.3.1 Assessment of Quiet Stance Model

The model and experimental performances are compafradure 4-3. The
models were able to achieve stable postural states afithtjuely capture the basic
structure of the CoM and CoP motion during quiet stancent@a@vely, summary
measures from the “older” postural model more closelichea the older subject group
data than did the “younger” model for the younger subjd@ble 4-1). For the older
model, the CoM and CoP path lengths and mean speedsiwdee for the model and
subjects, while the younger model displayed longer CoM aitigath lengths and
higher mean speeds than the young subjects (Table 4-1).

Figure 4-3 (bottom graphs) clearly shows that the oldeteinmeeded more
excitation to the muscles than did the young model. Inymiihg and old models, the
dorsiflexor muscle excitation displayed higher frequenaielsnaore phasic activity than
the plantarflexors, associated with the exclusive derivativealast the dorsiflexors
versus the combined proportional/derivative plantarflexor obrnthe young model
exhibited stable long-term behavior when simulated to staraltfmal time of 10 min.
This stability was assessed by fitting an equation to the Calfigpodata:

y=0.0031+ 46.¢ (5.8)
wheret is time (s), andy is the anterior-posterior CoM position (mm). The y-offdet o
46.9 indicates that the model remained very close to the &gg#ibrium point of 47
mm, and the very small slope of 0.0084vs indicates that in the long term, the model

did not drift away from the equilibrium point (Figure 4-4).
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Figure 4-3. Performance of the optimized quiet stance postural contrdéls using
muscle mechanical properties measured for young (leftplaied (right) subjects. For
comparison, experimental data from representative youthglder male subjects are
shown (top graphs).
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Table 4-1.Balance measures characterizing the performance afjyand old
subjects and the postural control model using sets of youhgld mechanical
properties.

Balance Measure Young Old
Subjects Model % Diff. Subjects Model % Diff.
Mean Position CoM 51.3 47.4 -7.6 43.1 52.6 22.0
(mm) CoP 51.1 475 -7.0 42.6 52.5 23.2
SD of Position CoM 5.8 4.8 -17.2 6.9 5.1 -26.1
(mm) CoP 6.2 55 -11.3 7.7 5.8 -24.7
Path Length CoM 68.6 108.7 58.5 108.6 101.8 -6.3
CoP 206.5 330.9 60.2 385.3 398.2 3.3
Mean Speed CoM 2.3 3.6 56.5 3.6 3.4 -5.6
(mm/s) CoP 6.9 11.0 594 12.8 13.3 3.9
Max. Range CoM 21.4 19.7 -7.9 27.1 18.8 -30.6
(mm) CoP 26.2 242 -7.6 36.1 24.3 -32.7
Median CoM 0.04 0.03 -25.0 0.05 0.01 -80.0
Frequency (Hz) CoP 0.05 0.04 -20.0 0.11 0.03 -72.7
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Figure 4-4.Long duration behavior of the optimized young postural i@ddemin). The
center of pressure (red) is shown oscillating around thieicef mass (black). The linear
trend is shown (not including the first 10 s).
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With the musculoskeletal model we can observe variables thatewinable to
measure in the human subjects, such as the individual niost#s (Figure 4-3). The
length and velocity of the muscle fibers are important eg dictate the force that the
muscle can produce for a given excitatory input. Figureshevs the operating lengths
of the DF, GA and SO contractile components for the optimypedg and older models.
The DF and GA muscles were very close to the optimum Israjttineir force-length
relations in the young model, but in the older model the Dé-furdher on its ascending
limb (shorter lengths), and the GA was positioned furthehemescending limb (longer
lengths). The SO muscle was operating on the ascendin@fiitsbforce-length
relationship for both young and old models, with a shortetleim the older model. The
shortening and lengthening actions of the plantarflexor adilb@omponents were
largely synchronous with the kinematics of the total musculoterdmplex, with zero-
lag cross-correlations of .73 and .89 for the GA andv&Gcles, respectively, in the

optimized young model (Figure 4-6).
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Figure 4-5. Lengths of the contractile components of the young (Md)ader (O)
optimized quiet stance models, relative to the optimum contractitpaoeent length
(dashed line).
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Figure 4-6. Total musculotendon (thick line) and contractile comportéit (ine)
lengths for the gastrocnemius (left) and soleus (rightchesgor the optimized young
model during 20 s of quiet stance.

4.3.2 Sensitivity Analysis

For the initial sensitivity analysis, the young quiet stanceeinweds simulated
nine times using the optimized values for the proportional arnidadive controller gains.
In each simulation, one of the nine plantarflexor mechanrcglgsties was changed to
the value of the older subjects. The model quickly fell fodnadter only a few seconds
when the maximal isometric for¢®, ), optimal fiber lengtiiL, ), and slack length
(Ls) were changed to the older values. Conversely, the madehble to stand for the
entire 180 s simulation time when the other six mechanicpkpties were changed
(Figure 4-7). When an additional simulation was performitia all of the young
mechanical properties changed to the older values simultdpeinesmodel fell

forward.
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Figure 4-7.Results of the optimized young quiet stance model (top)atiedeach of six
of the mechanical properties were independently changée tmean value of the older
subjects. The center of pressure (red) is shown oscillatmghd the center of mass. The
models were simulated for 180 s, the first 60 s of d&taet shown. For three of the
mechanical properties, the model was unable to maintain bdtant@0 s. See text for
an explanation of nomenclature.

For the second sensitivity analysis each of the nine plextarfmechanical
properties was systematically changed by +15%, and tlelna@s re-optimized with
the altered properties. Because some of the older mechartparties were outside of
the +15% range, additional optimizations were performed with esechanical property

shifted by the average difference between the mean plantarfoung and old property
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values (Table 4-2). Six of the nine mechanical propertlesutside the £15% range,

including:R, Ly, Ls,a, 4, andb/Ly .

Table 4-2.Differences between average mechanical propertieotorgyand older
subjects. (Data are from Chapter 2).

Mus. Group By  Lyem Wo o Yij Lem &R b/LEY &€
Young Males 1423 20.7 58.6 630 19.2 24.2 0.38 .854.42

GA Old Males 718 23.0 54.3 1575 .395 20.6 .395 594 27 1.
Difference -705 2.3 -4.3 945 -8.9 -3.6 0.015 -0.260.15

Ratio (Change) -0.50 0.11 -0.07 150 -0.46 -0.15040. -0.30 -0.11
Young Males 1616 14.8 53.2 404 133 160 0267 2.531.31
Old Males 1053 215 525 1800 87 11.0 0.237 0.270.28
Difference 563 6.7 -0.7 1396 -46 50 -0.03 -226-0.03
Ratio (Change) -0.35 045 -0.01 3.46 -0.35 -0.31.130 -0.49 -0.02

(';f\ggg Ratio (Change) -0.42 0.30 0.04 2.48 -0.40* -0.26 -0.04 -0.406 -0.06

*Average older plantarflexor mechanical propertiesre than +15% different than young.

SO

After re-optimization, the model was able to maintain quiet stamceessfully
for all modification levels of the mechanical properties, with exceptions. The model
fell forward after a few seconds when the slack lengtheteries elastic component
was increased by 15% from the young optimal value. Thish@aause the change in
slack length caused the length of the SO contractile coempom be outside of its force-
length relation, and therefore the SO was unable to catdrib postural stabilization
(Figure 4-8). The model also fell forward when the optilmadth of the contractile
component was increased to the value of the older subj&%o); however in this case
the integration process was very unstable as the SO mussleompletely outside its
force-length relation, and the GA muscle remained on theedge of its force-length

relation, causing numerical instabilities.
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Figure 4-8.Left Panel: Center of mass (black) and center of pressnematics (red line
oscillating around black) when the slack length was increagd®% from the reference
young value, where the model fell after about 40 s. RighelBaCorresponding length of
the GA and SO contractile components. The GA length rewhaiitbin the force-length
(FL) relation, while the SO began outside of the force-le(fjth relation, but moved
inside right before falling forward.

In the majority of the simulations, the model oscillated araupdsition that was
close to the equilibrium position of 47 mm in front of th&lanoint center. In a few
simulations, the model either drifted forward and maintainéet gtance at a much more
forward position without falling overl{at -5% and +10%a/ P, at-15%, ands at
+10%) or exhibited a pattern that was very unstablat(+15%) (Figure 4-9).Because
this behavior was very different from the rest of the simuiativariables computed for

these trials were not included in the presentation of thitses the sensitivity analysis.
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Figure 4-9. Center of mass (black) and center of pressure (red$iciédating around
black) kinematics for the simulations in which the model haditgtively different
behavior compared to the rest of the simulations. The gagesrepresent the amount

each muscle mechanical property was changed fronotinegyreference values, while all
other model parameters remained constant.

As the model was re-optimized with each parameter chaegeproportional and
derivative controller gains were found. The changes inldregyflexor proportional gain
had very well defined trends for changes in the maximalesaoorforce capability B),
the optimal contractile component lengiy ), and the slack lengtfiL ) (Figure 4-10

A). As R increased, the gain of the plantarflexor proportional otietrdecreased
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linearly. Changes i, and Lg from the optimal young model values produced nonlinear
increases in the controller gain. In contrast, there wereetledefined patterns of change
in the dorsi- and plantarflexor derivative controllers (Fegdw10B).

When the model parameters were changed to the valuégfolder subjects, the
resulting changes in the controller gains were consistent aftarps established from
the standardized increments of £5%, +10%, and +15%r8ddts of these optimizations
are also displayed in Figure 4-10 (squares, dashed.liff@s)gain values for these
extreme changes were all close to the £15% range, exxdpid cases (not shown in
Figure 4-10). The plantarflexor derivative controller gaaswet very low when the
stiffness coefficientx was increased by 248% (meaning a stiffer series elastic
component). When the maximal isometric strength of the pléaxars was decreased by
42%, there was a corresponding increase in the plextarfproportional control gain,
which was higher than would be predicted based on a lextaapolation of the +15%

range data (Figure 4-11).

162



4 PU 8 Lﬂ 8 LS
o-- -®
35 'Y
6 6
L]
3 L [}
A o L]
. 4 4
25 ° (] P . .
LIIPR N o o A
2 2 2
£
S 34 w 34 o 34 B
S 32 32 32
=
o 3 ° B 3 °
Y LN . * . Y S
§ 28| oA . 28 eA®®, 28 LI S
2 26 26 26
[o}
2 24 24 24
e
Q.
34 a/F, 34 b/L, 34 €
32 32 32
3 3 . 3
EERE T (TR . ° * L4 °
28 e Ao, 281 @ A% o ogi - Og A
L] L]
26 26 26 ®
24 24 24
~15-10-5 0 5 1015 ~15-10-5 0 5 1015 -15-10-5 0 5 1015
Percent Change Percent Change Percent Change
23 F, 06 23 L, 06
* L]
21 0 o 24 ° 04 21 P 04
""""" L SRR 8§ ° 4o
° [ L] °
191 e . 0.2 19 o 0.2
. ]
e 17 0 1.7 0 s
[} =4
= 3
2 23 w 06 23 o 06 23 B 06 D
[a) o
2 ° o 3
& 21 fo-oeEP---5-0-t 04 21 fry OB O 04 2115 3 04 S
v A% e® a0 0 oc8a °68 o
<] B e — o )
= =]
£ 18 02 19 * 02 1.9 fommmmmmm e o 02 2
el
S =
g 17 0 17 0 17 0 5
2 9
s 7
S 23 afP, 06 23 b/L, 06 23 € 06 8
a) &
e ghoCetos | e A o log 2 o B 04
s ° ° °c e [ T = N St S
PR N A S ae® 0
0 4-—‘—';0 - o
L] o & o °
19 0.2 19 0.2 19 0.2
17 —————0 17 0 17
-15-10-5 0 5 1015 -15-10-5 0 5 1015 -15-10-5 0 5 1015
Percent Change Percent Change Percent Change

Figure 4-10. Results of the sensitivity analysis for each of the muselehanical
properties. A: Effects on the gains of the plantarflexor riignal controller). B: Effects
on the gains of the derivative controllers for the dorsieogata points) and
plantarflexor (closed data points) muscle models. The rdsultise optimized model
using the original mechanical property values are showmeagjles. Proportional and
derivative controller gains for the older parameter valuesdantified by square data
points and horizontal lines. Note that some of the changéisdmlder parameters were
very large; these values are indicated by horizontal lineésldnot have the data points
identified.
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Figure 4-11.Result of decreasing the strength of the plantarflexor2%y @®pen
square).

Changing the mechanical properties had relatively small effectise mean and
standard deviation of the model’'s CoM position (Figure 4P REgure 4-13,
respectively). At most, changes in the mechanical propeesested in a shift of about
+10 mm in the mean CoM position, excluding the few notaktegions mentioned
earlier. The optimal contractile component length ), had a relatively strong positive
correlation with the mean and standard deviation of the gadition; however, in half
of these simulations the model maintained balance in a muehrfisshifted position
(and were therefore not included in the correlation).

The slack lengthl() had relatively large and systematic effects on CoMdspee
(Figure 4-14), with the mean CoM speed decreasingrlinea slack length increased.
Increasing maximal isometric forde®, ) caused an increase in mean CoM speed. The
optimal contractile component lengfh,, ) had a strong negative relationship with both
mean CoM speed and median CoM frequency (Figure Asli5pgain there were

relatively few data points due to the excluded far-forwardigtions.
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In almost all cases where the mechanical properties wangeti to the older
values, even when the changes were relatively largeeshiéting performance of the
model was similar to that observed when the properties wangmated within the

standardized +15% range (Figure 4-12 to Figure 4-15).
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Figure 4-12.Mean center of mass (CoM) position with changes in thénamecal
properties. The horizontal line with wide dashes represenfmottaral set point. The
results from changing the properties to the older valuesdicated by horizontal lines
with small dashes, and where possible, are indicatedllmpnhsguares. Note that some
of the changes for the older parameters were very;ltrgse values are indicated by
horizontal lines, but do not have the data points identified.
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changes in the mechanical properties. The results frongtigathe properties to the
older values are indicated by dashed horizontal lines, ardewpossible, are indicated
by hollow squares. Note that some of the changes falidee parameters were very
large; these values are indicated by horizontal lines, bubidoave the data points
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Figure 4-15.Median center of mass (CoM) frequency with changéisarmechanical
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4.4 Discussion

In this chapter we developed a feedback-driven postunélatanodel of quiet
stance that included estimates of dorsi- and plantarflexonanécal properties measured
from the young and older adults in Chapter 2. The modelalvke to balance using either
the young or older mechanical properties, and predicteded@ed changes in muscle
activity consistent with experimental studies. A sensitivity amalysmonstrated that the
maximal isometric force, the optimal contractile component leagith the slack length
of the series elastic component had the most influence dretfavior of the model in

quiet stance.

4.4.1 Comparison of Optimized Young and Old Model Behavior

In general, the model described the basic characteri$tigsed stance postural
control, as described by the random walk theory of Cadlims DeLuca (1993). This
theory suggests that over short-time intervals during quiedistg, the postural system
tends to drift away from an equilibrium point (persistencegointrast, over longer time
intervals the system returns to the equilibrium point (antiigtersce). A major factor
contributing to the persistent model behavior was the distueliangue, generated by
low-pass filtering white noise, which tended to “push” the ehaavay from the
equilibrium point. Although both age-related models exhibited simiét stance
behaviors, they did so with unique levels of muscle modstations and contractile
forces, which caused differences in the postural kinematics

When the optimized model responses were compared witly¢haepporopriate

experimental quiet stance data, the “older” model was a Ipetiieh than the “young”
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model. This was because the optimization process was upalguce the amplitude of
the corrective actions of the young and older models begapecific level (a floor
effect). Therefore the end result was closer to the oldgest data that had larger CoM
and CoP fluctuations, since the young model couldn’t reds@®rrective actions
enough to match the younger subject data with smaller CaMCaP movements. One
reason for this may be due to the relatively simple skeleidemwhich assumed
inverted pendulum-like dynamics. The inertial properties ofadlytsegments (except
the feet) were lumped together into a single inertial massk{tity” segment), which
could only be controlled by a single ankle torque. Thidccbave caused the model to
need larger control inputs, which were needed to accelgratarge inertial mass. On the
other hand, the minute motions occurring in the numerousdib&dy segments in
humans may serve to dampen the various intrinsic posturattisces (e.g. the random
noise torque introduced at the ankle joint in the model). ®maller control inputs may
be needed in humans, compared with the simplified model.

In the postural model, the control signals represent tveumeisystem excitations
sent to the dorsi- and plantarflexor muscles. The synaed control signals for both
muscle groups were larger in the older model, indicatingerantagonistic co-activation
than in the younger model. This agrees with the experimerstalts of Laughton et al.
(2003) whose elderly non-fallers demonstrated significagrbater muscle activation and
co-activation during quiet stance compared to younger dabjadhe model, one
explanation is that the older muscle models were weaketusole excitations needed to

be higher because the masses and inertial propertiestofdfage-appropriate models
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were the same. Therefore, the muscles of the older maieloperating at a greater
percentage of their maximum capacity (although still well bét@maximum).

An interesting observation is that for both the young and olpiimized postural
models, the GA and SO muscle model forces were sim{aG8 Avg. Force
Difference: Y = 31 Nm; O = 8 Nm), despite differences mrnaximal isometric strength
of the musclesRy: Y =192 Nm; Old = 335 Nm). The reason for this is thatoaitfn
both plantarflexor muscles received the same control inihi&<$A muscle was closer to
its optimal length than the SO muscle (Figure 4-5). This deveffset the force
capability discrepancies, such that the weaker muscle @48 )yable to produce a greater

proportion of its “rated” maximal force output.

4.4.2 Model Sensitivity to Changes in Muscle Mechanical Properties

Previous studies on postural control have investigated theyaifitiifferent types
of neural controllers to regulate posture (Maurer and Re6R5, Micheau et al. 2003,
Peterka 2002, Peterka and Loughlin 2004), and otheesfbaused on the effects of
ankle joint stiffness (Loram and Lakie 2002a, MorassoSarjuineti 2002, Winter et al.
1998, Winter et al. 2001). In the same vein, the presedy svestigated the sensitivity
of a postural control model to changes in muscle mechanmaégies. The mechanical
properties of each muscle model were defined by a getrameters describing nonlinear
force-length(L,, Ls,W), force-velocity(a/R,,b/L,,¢), and force-extensiof, 5)
relationships. A unique aspect of the postural model was thattbes of these
parameters were based on age-appropriate estimates #@xprimental and modeling

work done in Chapter 2.
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One issue addressed in the sensitivity analysis was teequence of replacing
all of the plantarflexor mechanical properties in the yoposfural model with the
properties of the older subjects, while maintaining the optimiaatta@ gains from the
younger model. In other words, what if the plantarflexoscies of a younger subject
were instantly aged, but the basic “settings” of their nereongrol were unchanged?
The outcome was that the postural model was unable toatanoromptly fell forward.
This provides evidence that the postural model is sensitive taukele mechanical
properties, and that the gains of the neural controllers Imeustanged if the model is to
remain standing with the altered muscle properties. This is invitheother studies
showing that the maximum vertical jumping height of an optimmadculoskeletal
model is reduced when the muscles are strengthened watthosting (re-optimizing)
the control signals (Bobbert and van Soest 1994).

Perhaps it is not surprising that the model fell when all ofrthgcle mechanical
properties were simultaneously aged, as this could beasedrastic perturbation, and it
was not clear whether there were particular muscle propdnid were causing the
instability. Thus, further simulations were performed whaaehenuscle property was
“aged” independently (i.e. one-at-a-time), and in mostc#se model was able to remain
standing with kinematics similar to the original unaltered model.d¥ew the model
quickly fell forward when the maximal isometric streng#, ), optimal fiber length
(Lo ), or the slack Iengtl@Ls) were changed, suggesting that model performance is
sensitive to these three parameters. However, in the fareinstant change in a muscle
property of a young human, it is likely that the nervoustrad settings would adapt to

the change to maintain adequate postural control. To acamthid, a sensitivity
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analysis was performed where each mechanical propegyhanged and the model was
re-optimized to find the combination of neural controller gaam®ptimal quiet stance
performance.

The results of the re-optimizations demonstrated that in gletiee model was
quite robust to changes in muscle mechanical propertiewitastrols could be used,
and achieved stable balance in many cases. Howevee] imelthvior was sensitive to
changes iR, L,, and Ly, with large changes in the gains of the proportional contsoller
needed to maintain balance, and in some cases the modahakds to remain standing
no matter what the control adjustments.

Changes in plantarflexor muscle maximal isometric stre(Bl) were inversely
related to the optimal gains of their proportional controller ¢aén increased alg)
decreased). The plantarflexor proportional gain almostlddwbhen the muscle strength
was decreased by 42% from the young to the older vahggubtedly because the
weaker muscles required an increase in excitatory drivenipensate. Although the
control gains changed in response to changs the model was able to perform quiet
stance well as long as the plantarfleXpdid not decrease too much. Even whgmwas
changed to the older value the model was able to rematirsan provided the control
gains were allowed to change. This suggests that quiet gtarfoemance is not sensitive
to changes irR; however, there is a lower limit beyond which upright stasaeot be
achieved (Winter et al. 1998).

Although changes i}, had an approximately linear effect on the plantarflexor
proportional controller gains, the optimal length, ) and the slack lengtfiLs) had

nonlinear effects. The proportional controller gains wereedogheir minimum values
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using the original set of young muscle mechanical propehmtiigshe control gains
increased a$, and Lgwere either increased or decreased. This suggests that the
combination ofl, and Lgin the younger subjects was close to optimal in terms of
minimizing the level of excitatory drive to the muscles.

The performance of the model was particularly sensitiohamges in the optimal
contractile component lengtl,, producing quite different behaviors depending on the
specific value. In some cases, the model initially drifted &mdxowards the toes, and
then remained balanced in this forward position. This behaigo occurred for specific
values of the force-velocity shape coefficig?, and the eccentric plateau
Curiously, this behavior did not only occur at the extrearameter values. For instance,
the forward shift occurred when the eccentric platealim@eased by 10%, but did not
occur at +15%. It is plausible that certain combinations dfrclder gain levels and
mechanical properties caused “bifurcations” in model behashe to the control delays,
model nonlinearities, and uncertainty from the random diahad torque. For example,
on a given forward sway, the noise could randomly “buting model forward in a state
where the neural controllers can’t immediately stop its mofibe.plantarflexor
proportional controller alone might be insufficient to bringniedel back to the target
equilibrium position, and therefore the model continues tofdriftard due to the
destabilizing gravitational torque. As the model drifts forwaedSK® muscle will
lengthen, moving its contractile componeltser to optimal length, allowing it to
produce more force for the same control input. Eventuléyincrease in force potential
will be enough to counteract the gravitational torque, and threréie model

consolidates its motion around this forward equilibrium poitdke advantage of this

174



stronger, near optimal length position. Such behavior highltgeteanportance of the
force-length properties of muscle in the control of quiet staamed aligns well with the
spring-like behavior of muscle proposed by equilibrium poiebth (Bizzi et al. 1992).

Changes in series elastic component slack lefigt) prompted large changes in
the gain of the plantarflexor proportional controller, and aftenedel balance
performance, especially the mean CoP speed. Adldabk length decreased, CoP speed
also decreased; when the slack length was increased®ytti®& model fell. The slack
length dictates the length at which the series elastic compbaeomes “taut” when the
contractile component produces force. Because the contramtiiponent force-length
characteristicsl(, andW) werenot changed in concert with the changed.inin the
sensitivity analysis, the contractile component would haveatgetion a different portion
of its force-length relation (Figure 4-16, left panel). #er optimal young model, both
the GA and SO were near their optimal lengths) during quiet stance. Thus,
increasing (decreasing) the slack length would shift theactile component operating
ranges to shorter (longer) lengths and thus weaker pasibbased on the parabolic force
length relation (Figure 4-16, right panel).

This conjecture is supported by the (inverted) parabolipeshaen in the
plantarflexor proportional controller gain with changes in thekdiength (Figure 4-10).
At long slack lengths, the contractile component is shifted tagdbending limb of the
force-length curve, which is a stable configuration sinfewward sway would move the
contractile component towards a more optimal length (Figur@, 4ight panel). Note that
when the slack length was increased past 15% the modehtslthe contractile

component length shifted completely off the force-lengthe@iFigure 4-8). On the other
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hand, short slack lengths would shift the contractile compdoghe descending limb of
the force-length curve, which is a more unstable situati@nfasvard sway would move
the contractile componefurther away from the optimal length. As pointed out by
Rassier et al. (1999), the negative slope of the descelndings representative of a
softening material and is therefore unstable. Thereforeowelude that the shorter slack
lengths shifted the contractile component to an unstable fangéileegion, causing
greater sway magnitudes and therefore a larger measgged. Of note, is that Rassier
et al. also point out that in humans there are two reasonghighinstability may not be
observed experimentally: 1) the phenomenon known aseé‘fenhancement” following a
muscle stretch (Edman et al. 1978) has the potential stafilizeles that operate on the
descending limb of the force-length relationship, and 2pmdgeneity of sarcomere
lengths (Edman and Reggiani 1984), which causes thetfart@mitted across
sarcomeres to be close to the force capabilities of the sBartmmeres which remain on
the ascending limb of the force-length relation at the expafnsther lengthening
sarcomeres on the descending limb. The quiet stance nidideldlin the present study
did not include force enhancement or non-uniform sarcemeegths, so these stabilizing

mechanisms did not influence the model’s behavior.
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Changes in Force-Length Operating Range With L
Changes in Force-Length Position With Forward Sway
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Figure 4-16.Left panel: schematic showing the effect of changing thesselastic
component slack lengtih.§ ) on the force-length operating range of the contractile
component (CC). The optimal CC length | is indicated by the vertical dashed line. If
the CC is nealk, increasingLs (B) will shift the CC to the ascending region of the
force-length curve, while decreasibg(A) will shift the CC to the descending region of
the force-length curve. Right panel: when the CC lengthemsgiiorward sway, case B
will be “stable” as the CC will move to a more optimal lengthile case A is “unstable”
as the CC will move to a less optimal length and thus the-fatantial will reduce.

Previous modeling studies on jumping (van Soest and Bob®@8) and
locomotion (Gerritsen et al. 1998) have shown that muscléanezal properties
contribute to the stability of the musculoskeletal system witheicdo the influences of
static and dynamic movement perturbations. These studiesyadgarely open-loop
control, and focused on stability related to relatively dynamitti-joint movements,
with the goal of the model being to either maximize verticapjmg height (van Soest
and Bobbert 1993) or to match experimental locomotion éaifsen et al. 1998). The
present study used feed-back control to stabilize an inveetedulum model, which had
the goal of maintaining quiet stance with a minimal amount afcbfi.e. muscle force).
The force-length relationship of the SO muscle had a griéatice on behavior of the

quiet stance model, as the optimal contractile component lengéiylaietermined the
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equilibrium point of the model, and the series elastic slack lemaghan important factor
in the determining the amplitude of the control inputs requiredtédbilization.
Therefore, despite the differences in model desigrcanttol, the results of this study
agree with the previous studies (Gerritsen et al. 1998, east 8t al. 1993), and provide
support for the importance of muscle mechanical propedreté stabilization of human

movement.

4.4.3 Different Control for Young and Older Adults?

An interesting result was that when the model of quiet stans®ptanized using
the young and older sets of muscle mechanical propertesyddel behavior more
closely matched older subject experimental data. This coglgest that the postural
control of the older subjects was more like the simple feédb@utrol used with our
inverted pendulum model. The younger subjects may refg o predictive (feed-
forward) control mechanisms that were not included in tiséupal model, leading to
poorer agreement between model and subject behaviorsstoaad Sanguineti (2002)
point out that reliable sensory information is necessary tiipatory or feed-forward
control, and that age-related sensory deficits would reiluedficacy. They suggest that
decreased use of predictive control would result in ae#&ser in ankle stiffness through
an “energetically expensive co-activation of the ankle muscles modeling results
provide support for this notion, as do the results frorapB#rs 2 and 3 that demonstrated
increased stiffness of the series elastic components ofdiiesnibjects, which was an
important predictor of balance ability. However, we did netquen measurements for

possible sensory deficits or explore possible uses of eliffeontrol (feedback/forward)
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in our experimental subjects, so we are only able to fean these age-related
adaptations in feed-back/forward control.

Another possible reason for the difference in how wellytheng and old models
matched their experimental counterparts was the use dditiee @bsolute perturbation
torque for both models. This caused the perturbation telatvely larger for the older
model, which had reduced muscular strength parameterg(values). While there is
evidence for increased noise and uncertainty with agingkee et al. 1996), which
would support the relatively larger disturbance torque iroltier model, the exact

magnitude of such age-related changes in noise levelsgturgl control is unknown.

4.4.4 Novel Aspects of the Postural Model

A novel aspect of this study was the inclusion of individuascie models that
incorporated age-appropriate estimates of the muscle meaharaperties, driven by a
proportional-derivative feedback neural controller. Numestudies have used postural
models with feedback control, however most have usedihgpical torque generators to
control the model (Barin 1989, Johansson et al. 1988aMaet al. 2003, Maurer and
Peterka 2005, Micheau et al. 2003). Studies that havenusscllotendon actuators have
all used parameters from the literature to define the bahafibeir muscle models
(Menegaldo et al. 2003, Ramos and Stark 1990, Verdakst al. 2004). Our results
indicate the behavior of postural control models is influengettid mechanical
properties of the individual muscles.

Another novel aspect was the use of time-to-contact informattithre neural

controller. Previous studies have used feedback derivaiivieollers based solely on the
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angular velocity of a body segment (Barin 1989, Joltametal. 1988, Masani et al.
2003, Maurer and Peterka 2005, Micheau et al. 2008)n fan engineering perspective,
the use of velocity as input to proportional-derivative (@rapbortional-integral-
derivative) controllers is prudent to help stabilize unstable arecal systems. However,
our approach is based on studies that have suggesteshéumay use time-to-contact
information for controlling posture (Riccio 1993, Slobounbwale1997). Time-to-contact
information has been shown to differentiate between baknitites in young vs. elderly
and diseased populations (Forth et al. 2007, Hertel andti€@lrKsamer 2007, Slobounov
et al. 1998, van Wegen et al. 2002), and also to pradjmpisg behavior in response to
perturbations (Hasson et al. 2008). The time-to-contact estintdieles information
about the distance, velocity and acceleration of the CoM reltadithe base of support
boundary, such that time-to-contact decreases nonlinesattheaoM approaches the
boundary. The present results demonstrate that time-to-contaotl is able to produce
realistic simulations of human postural control. Future modelimdyx should examine
time-to-contract control under different simulated postural itiomd, and make

comparisons between the time-to-contact control and other putatntrol schemes.

4.45 Conclusions

A feedback-driven postural control model was developedrnhbatporated
realistic models of young and older dorsi- and plantarflexescles. The model
reproduced the basic characteristics of human posturabtontjuiet stance, and was
most sensitive to changes in the maximal muscle strength, optimaactile component

length, and series elastic slack length. The results highligimthertance of the muscle
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model parameter accuracy in models of postural controlnghesevidence for age-

related changes in muscle characteristics established in CBapid in the literature.
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CHAPTER 5

GENERAL DISCUSSION

The main goal of this dissertation was to understand howedated changes in
the mechanical properties of muscle influence postural coltith. aging, we found
lower maximal isometric strength and increased series elastiessfin the male
subjects, and decreased velocity-dependent force capaliilibeth gender groups.
These properties were predictive of age-related diffeiencthe performance of subjects
on the postural tests. However, the maximal isometric foredega influential than
expected, and the length-dependent muscular propertiesoaisduted to prediction of
balance performance. When the estimated young and o&gvamical properties were
used in a musculoskeletal model of quiet stance, the liadpalility of the model was
most sensitive to the contractile component optimal length and staisic slack length
of the muscle models.

To put these findings in perspective, the main hypothddbsalissertation can
be restated in the form of several general questions: Howeastimate subject-
specific muscle mechanical properties? Do muscle mezddgrioperties change as we
age? How important is it that researchers use subject-spacificle properties when
simulating human movement? How do age-related changessiclerproperties
influence postural control? What can a musculoskeletal mdtiestabout the influence
of muscle properties on postural control? Of what clinicalare the results? This
dissertation contributes to each of the areas of muscidtskernodeling, aging, and

postural control, and provides answers to these six question
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Estimating subject-specific muscle mechanical properties. The first study
developed methods for estimating subject-specific muscleanas properties that
incorporated imaging techniques, dynamometer experimensgutogkeletal modeling,
and numerical optimization. Although many of these ideasareaw, they are often
implemented in separate experiments to determine specific mieaharoperties of
interest. This study combined all of these techniques, addibg so was able to
estimate full sets of subject-specific mechanical propertesritdeng the force-length,
force-velocity, and force-extension properties of humasaie. Moreover, these
properties were determined for an agonist/antagonist muscighgadorsi- and
plantarflexors) instead of just a single muscle group. Theaotational methods that
were developed provided realistic estimates of muscle meahgmoperties for both
young and older adults.

Age-related changes in muscle mechanical properties. After using the developed
methodology to estimate the mechanical properties of the @mciplantarflexor
muscles, significant differences were found betweendbeg and older subjects. The
older male subjects had lower maximal isometric strength anelased stiffness; both
gender groups had decreased velocity-dependent fapeditities. Although similar
findings have been shown before for older joint properéies)ique contribution here is
that these changes were showmualividual muscles. This has important implications for
musculoskeletal modeling, and suggests that not only shousdrémeyth of muscle
models be altered when modeling the behavior of older aduit®ther properties need

to be changed as well.
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I mportance of subject-specific mechanical property measurements. The degree
to which subject-specific estimates are needed when modelingn movement depends
on the nature of the research question. For example, whestigating tasks that are
predominately static, such as the quiet stance task usad didsertation, it may not be
necessary to have extremely accurate force-velocityeptiep, as it was shown that the
quiet stance model was not sensitive to changes in thesetgepdowever, other tasks
such as locomotion have been shown to be sensitive torttee\felocity properties of
muscle (Gerritsen et al. 1998). Subject-specific estimadgshm especially important
when trying to explain the behavior of individuals that vaoyrf the normally used
healthy young male subject group. In this dissertation atyarfenuscular
characteristics of older muscles were found to differ fyornger muscles, including
increased stiffness and decreased velocity-dependeatdapabilities.

I nfluence of age-related changes in muscle properties on postural control. The
second study of the dissertation was designed to abselsalance abilities of the young
and older subjects, and to determine whether there wes#icpeuscle mechanical
properties that would be predictive of the differing balaritias of the two age
groups. Despite being healthy and relatively active, oldgtsadisplayed poorer postural
control than the younger subjects. Age-related differewees found in both static and
dynamic balance, and were found on even relatively Uleciggng tasks such as quiet
stance. Contrary to our initial expectations, the maximal isonsttgagth of the muscles
had comparatively little predictive power. However, the catiteaforce-length and
force-velocity characteristics, and the series elastic fortangion parameters were all

able to explain a significant proportion of the age-relateineg in the balance tests.
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Some muscle properties that were not predictive of bakntty when examined
individually did reveal significant predictive abilities when combimath other
mechanical properties. Thus, it seems important to consid@plaunechanical
properties together when trying to understand their influenqeostural control.

Sensitivity of musculoskeletal models of postural control to muscle mechanical
properties. The third study developed a feedback-driven invertedydandmodel of
postural control that incorporated realistic representatiopsuwsfg and old dorsi- and
plantarflexor muscles. Novel aspects of the model includedsta®f proportional-
derivative controllers to drive subject-specific Hill two-compamauscle models, and
the use of time-to-contact information as input to the derivatvgrollers. The
balancing ability of the model was most influenced by the @tiemgth of the
contractile components and the slack length of the series elastfwonents within the
muscle models. This study highlighted the importance ofditoe-length relation of
muscle to the stabilization of upright posture.

Clinical significance. Musculoskeletal modeling is widely used for understanding
human movement, and also as an invaluable tool for clinietaassist in the treatment
of musculoskeletal disorders. For example, a rectusrfsriemdon transfer is used in
patients with cerebral palsy to improve knee flexion duriatking (Asakawa et al.
2002). Prior to such a surgery, a musculoskeletal meaebe used to simulate the
effects of the transfer on movements such as walkingidrcase, it is imperative to use
subject-specific muscle properties to minimize the errorseimrtbdel predictions,

especially in these cases where the individual may be tifierthe norm. The
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methodology developed in Chapter 2 can be used to alithjact-specific muscle
property measurements, and will be useful in such pgesysimulations.

Although ankle joint strength is routinely measured in hunthnsdissertation
showed that the strength of individual dorsi- and plantasflexuscles has relatively little
power in predicting age-related changes in balance afihig. suggests that clinical
tests of strength may be of little use in assessing thefribstural instability irhealthy
older adults. This dissertation highlighted the importance of atliscle properties,
including those related to series elastic stiffness and actioe dapabilities at different
lengths and velocities. This is important information for climisianay provide clues to
the origin of balance problems in the elderly, and maylabto balance improvement
in older adults. For example, strength training has beemrstwincrease the stiffness of
muscles in older adults (Reeves et al. 2003a, Reeve2808b), which may provide
benefits by changing the dynamics of the force responée imuscles that control
posture. Although stiffness was an important predictor efratpated changes in balance
ability in the static and dynamic balance experiments, the dametesmodel was not
particularly sensitive to the muscle stiffness. However, siéffmeay be more important
under more dynamic conditions, such as a respondingdstaral perturbation. Future

work with the postural control model can address this iaadeother questions.

5.1 Future Study

With regard to future work, there are two aspects of iksedation that should
prove particularly fruitful. The first is related to furthergrovement of the methods to

estimate subject-specific muscle mechanical properties, amdhtieis related to
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improving the physiological realism of the postural control ei@ehd evaluating the
model’s sensitivity on other more challenging postural tasks.

I mprovements in subject-specific parameter estimation. A significant amount of
time and effort was required for the determination of sttgpecific mechanical
properties, from both participants and researchers. Tiects were required to attend
numerous experimental sessions with various physical antigegical demands. For
the MRI experiments, subjects needed to travel to a hospitdileamotionless for a half-
hour while images were taken. Individuals with metal in the@ty were unable to
participate. In the ultrasound and dynamometer sessi@subjects needed to perform
numerous maximal effort muscle contractions. The dynamoroet¢ractions were
particularly taxing for the older subjects, requiring the dymraeter experiments to be
spread out over multiple experimental sessions. Collectivelyptb@iiced a significant
amount of data for post-processing. The ultrasound datiped many large video files
that required “tracking”, and the MRI data produced muliiplages (up to 80 per
muscle) that required manual processing by outlining the nausckach image,
requiring considerable analysis time.

Thus, one objective of future studies will be to reduce theuabof data and data
processing needed to obtain accurate subject-specific meahamoperty estimates. For
example, fewer MRI slices may be needed to obtain mustlienes. Alternatively, MRI
may not be needed at all, as studies have shown that uticasan be used to estimate
muscle volumes (Esformes et al. 2002). However, onarddge of using MRI is that
non-contractile tissue (e.g. fat, tendon) can be identifiechaodunted for in the

measurements of contractile tissue. This is currently nailgeswith ultrasound, and is
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an important consideration when studying older adults. Itafsn/be possible to reduce
the number of trials performed in the dynamometer data tiolesessions; however this
depends on the nature of the research questions beirsgigaved.

A more physiological basisfor postural control models. Another area that is in
need of further research is the improvement of physicdbgsalism in postural control
models. Currently, an engineering perspective dominatels teat postural control
models are commonly controlled by fictitious torque genesdtiohansson et al. 1988;
Barin 1989; Masani et al. 2003; Micheau et al. 2003; Maun@Paeterka 2005). The
amount of torque generated is frequently based on tidardeviation of the body from
a vertical reference line passing through the ankle joint antintie rate of change of this
deviation (i.e. proportional-derivative [PD] control). Althouglk do not know the
precise way in which sensory information is integrated in timeam nervous system and
the way this information is represented as an internal mioaelikely thatstrict PD
control isnot used. In other words, the PD control may be combinedatiitbr control
schemes, such as a forward internal model that predicte toéthavior (Morasso et al.
1999). In the current study, we used “time-to-contasta @ontrol input to the postural
model. Time-to-contact is a measure that includes informaltiontahe kinematic
relation between the center-of-mass and the base ofrsiggumdary, and is based on
experiments that have provided evidence that humans mayngsto-contact
information to control posture (Riccio 1993, Slobounov et@®7). Future work should
investigate this further, and should compare the two cortheirses (traditional PD vs.
time-to-contact), to examine how postural control models resfmdifferent types of

control.
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An obvious shortcoming of torque-controlled postural moidetisat humans use
muscles that have complex and nonlinear mechanical prapértiese properties will
drastically alter the relationship between the control signatfedesulting actively
generated torque. As shown in this dissertation, small ckang®me muscle
mechanical properties will cause nonlinear changes in the ghthe control signals.
Other studies have shown that muscle acts as a dampingelamet therefore can
reduce the sensitivity of models to perturbations (Gerritsah £998). More work is
needed in developing musculoskeletal models of posturalotdmét include accurate
representations of muscle mechanical properties, to helpnokerstanding of the role
these properties play in controlling balance under differemtlitions.

Future applications of the postural control model. The postural control model
developed in this dissertation holds much promise for futupeawements and
modifications. Most previous postural control models have beticially pinned to the
ground (Barin 1989, Johansson et al. 1988, Masani 20@8, Maurer and Peterka 2005,
Micheau et al. 2003), which simplifies the numerical complexdfébe model. This
assumption limits the validity in investigations of many postusidgaEven the simple
act of leaning forward is associated with some degreeebfriise. The postural model
used in the present study was not pinned directly to thengr using a visco-elastic
interface found in other models of locomotion and jumpingd@son and Pandy 2001,
1999). This model formulation should prove useful forfetwork on postural control in
various situations. For example, it will allow the study of howntieehanical properties

of muscle influence the way in which a postural model redptma perturbation.
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5.2 Final Thoughts

Apart from the scientific contributions of this dissertation, ugsful to step back
and take a more introspective viewpoint. If nothing else, ihgedation has reinforced a
sense of wonderment at the complexities of human musdisclbt exhibit a wide
spectrum of nonlinear behaviors that have taken researdbeades to fully appreciate —
but are still not completely understood. Most fascinating of élesextreme adaptability
of muscle, which is constantly changing to best suit the ddsnalaced upon it by the
human body. The challenge for future research is torstaie the nature of these

adaptations, and how they influence the control of humarement.
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APPENDIX A

ISOVELOCITY AND CO-ACTIVATION ADJUSTMENTS

Adjusting Isovelocity Data for Torque-Angle Effects

Adjustments were made to the measured experimental targgudar velocity
data to account for torque-angle effects and to ensveermgnt between the torque-
angle and torque-angular velocity data. First, the relatioagi@jween the joint angles
and angular velocities coinciding with the peak isovelocity joirjues were assessed
using linear regression (Figure A-1B). Each peak isoutgltarque data point was then
adjusted by the following procedure (outlined in Figure A-1):

1) The angular velocity at which the peak torque occuyiredriginal data set;
Figure A-1C, #1) was input into the joint angle-angular velaegression,
giving a predicted joint angle (Figure A-1B, #2). This prestigoint angle was
then mapped onto the original fit of the torque-angle datmgythe predicted
isometric torque at that angle.

3) Each isovelocity peak torque data point was divided dptadicted isometric
joint torque, giving a scaled isovelocity peak torque (FidufeC, #3). A
scaled isovelocity value of 1 would be equal to the maximomasric joint
torque at the predicted joint angle.

4) A Hill equation was fit to the scaled isovelocity peak tordgia. However,
due to subject variability and experimental error, when eteduat zero
angular velocity, the fitted Hill equation did not pass exactigugh 1.
Therefore, the scaled data points were shifted so thatteéa Hill equation
was equal to 1 at zero velocity (Figure A-1C, #4).

5) The scaled isovelocity data were then multiplied by tadigted peak torque
from the torque-angle data, converting the units back tqfigure A-1C, #5).

The result of this procedure was to have “matching” to@pge and torque-angular
velocity relationships, so that the torque at zero angularitekxals the peak torque
form the torque-angle relation (curve #5 in Figure A-14 ag).

Adjustments for Co-Activation (Isometric & Isovelocity Data)

Next, the torque-angle and torque-angular velocity data adjusted for the
effects of antagonist co-activation. The relationships betagenist muscle torque and
the percentage of antagonist muscle co-activation were badbé data of Simoneau et
al. (2005), which showed similar linear relationships fomgpand older adults. From the
data of Simoneau et al., we estimated the linear equatioes to b

Ve =0.270¢. + (A1)
Yo =0.17%, (A.2)
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wherey is the percentage of antagonist co-activation as a fundtibie agonist torque
level (x). To adjust the dorsiflexor torque-angle data, each megsorque data point
(xpr) Was adjusted using the following procedure:

1) Determining the corresponding percentage of plantarflesx@ctivation ypr),

a

2) Taking the maximum agonist plantarflexor torque at the sarkle angle#X*©9)

3) Shifting the dorsiflexor torque-angle data point upwéangg,/100 - 7Max@0

A similar procedure was then used to adjust the plantarftergue-angle data; however,
theadjusted dorsiflexor torque-angle data were used for the antsijorontribution.

Each original dorsiflexor torque-angle data point was reséefjuusing the adjusted
plantarflexor torque-angle data; this procedure continued itelatimtil the results
stabilized (which occurred after only a few iterations at tbetinAn example of the

final co-activation adjusted isometric torque angle data is siowigure A-1A (#6).
Finally, the torque-angular velocity data were adjustetthagbthe torque produced at zero
angular velocity equaled the peak co-activation adjusted tsiorterque (Figure A-1,

#6).
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APPENDIX B

MUSCLE MODEL

Contractile component

Series elastic component

Musculotendon actuator

Length of CC, SEC, and MT

Velocity of CC, SEC, and MT

Force expressed across the CC, SEC, and MT
CC stimulation-activation relation

CC force-length relation

CC force-velocity relation

SEC force-extension relation

Time constants for rise and fall of activation
CC excitation level

CC activation level

Width of force-length parabola

Optimal CC length

SEC slack length

SECF AL shape coefficients

Hill coefficients for CC FV relation

Normalized Hill coefficients for CC FV relation
CC eccentric force plateau

Maximal CC isometric force

Force potential of CC based on location on FL curve
Maximal isometric CC force adjusted far, FP, and P,
Maximal CC shortening velocity
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Muscle Model Design

Each muscle-tendon unit will be represented by a Hill-ty988) model. This
phenomenological lumped-parameter model incorporatesteactle component (CC)
in series with an elastic component (SEC) (Figure B-1).

SEC

< AMAA—

Figure B-1. Components of the musculotendon model.

The behavior of the SEC is defined by a force-extensiah) relation. The behavior of
the CC is defined by stimulation-activatid®dj, force-length [fL) and force-velocity
(FV) relations. Both th&L andFV relations are linearly scaled with activation level.
Note that in the present model:

Rir =R = Rec (B.1)
lr =loc +lac (B.2)
Vwr =Vee Ve (B.3)

Conceptually, the muscle models act as transducers @l rstionulation into force. What
follows, is a description of the model algorithm as it is implet@e in a dynamic
simulation of musculoskeletal movement (Figure B-2).

195



Functi
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Inputs
4

Determine [y, based on current PCC (Equation B.4)
1

Determine /.
l
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4
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Function
Where is CC on FL Relation? Output

(Equation B.7)

1
Compute Revised CC Isometric Maximim Force

(Equation B.8)
o

| Determine V¢ (EquationsB.11,&B.12) |
{

| Determine Vepe (Ve = Vir ~Vec) |
{

Determine Derivative of Muscle Force
(Equation B.15)

4
chc Function
dt Output

Figure B-2. Flowchart of the musculotendon model algorithm as implemenitath a
simulation.

Force-Extension Relationship

When a force is expressed across the SEC, the lentftt S8EC changes by a
given amount. The length of the SHg) was given by a second-order polynomial,
which defined the amount of extension for a given fortaive to the slack length of the
SEC (s) and the maximal isometric force capability of the &g):(

<o :%[Z%a—PO,B+\/P02ﬂ2+4POaPCC} (B.4)

0
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wherePc is the force generated by the CC (and is thus exprassess the SEC), and
andg are coefficients defining the shape of the polynomial (leidg+8.).

2V
|

Force

A 4

Extension

T
LS
Figure B-3. lllustration of the force-extension relation.

Stimulation-Activation Relationship

An exponential (Figure B-4) characterizes the relationsétiwden the
stimulation input to the muscle model and the activation of the/@@n the current
stimulation level &) is greater than the previous activation lexg])((rising activation):

At
A=A+ K 1—9[ TRiSE] (,Ui _ﬂﬂ—l) (B.5)

When the current stimulation leved)(is less than the previous activation leviglX
(falling activation):

A=A+ (ﬂ"l—l_lui) 1_e[_r§:”} (ﬂ’l—l) (B.6)

wherei denotes the sample numbét,is the integration step-size, angl andze, are
time constants specifying the rate muscle activation and ddamiviespectively.
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Figure B-4. Example of the exponential relation between stimulation (thick éind)
activation (thin line) using hypothetical datd.= 0.001 zrise = 5 MS, andgq = 80ms.

Force-Length Relationship
The force producing potential of the CER) is based on the normalized CC

length (. /L, , wherel =l,; —l&) and modeled as an inverted parabola (van Soest

and Bobbert 1993), with width determined by the coeffic®nThe force-length
relationship is scaled with activation (Figure B-5). BasetMaittiez (1983):

FP=100-W-£IC—C—1J +1 (B.7)
L,

FP=14

Force Potential (FP)

CC Length

Figure B-5. lllustration of the force-length relation. The black lingvteen the CC is at
full activation, while the gray lines show the CC at below-makantvation.
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Force-Velocity Relationship R

An adjusted maximal isometric CC forc § can be determined based on the
activation level of the CCA), the current location on the force-length relation, and the
isometric force potential of the CE¥R):

P =A1-FP-P (B.8)

with A andFP ranging from O to 1, ani in units of Newtons. The Hill constard&,
andb/L, determine the shape of the rectangular hyperbola degrti®rforce-velocity
relation (Figure B-6). These values are best expressdurgnsionless numbers (Hill
1970) for use in subsequent equations:

a=a/P,-P, (B.9)
b=b/L,-L, (B.10)

If the force generated by the CEc€) is less than the adjusted isometric maximum CC
force (P,), the CC must be shortening. Therefore, based on HiflQ)19

(I% +a)b
Vee = — (ID(:C—+8')_b (B.11)

If Pcc isgreater than the adjusted isometric maximum CC forét,a),(the CC must be
lengthening. Therefore, based on FitzHugh (1977):

o _B[(Re)-R](R-R) |
a2 o

Wheres is the saturation force for an eccentric contraction (edcenaiteau). The
velocity of the CC is constrained by the maximum shortenghgcity (Vivax):

Vi = =2 (B.13)
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Force
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Ve < 0 > JrVCC

CC Velocity
Figure B-6. lllustration of the CC force-velocity relationship used. Tlaelbline is

when the CC is fully activated at optimal fiber length, while ttzg/ dines show the CC
at sub-maximal activation and/or at a non-optimal fiber length.

Final Muscle Model Output
The output of the muscle model is the rate of change oflmi@ce with respect

to time:

dP. R’ +4PRaP.. N

B.14
dt Le =€ ( )

where the velocity of the SEC\vs=c + Vur - Vcc. This allows the derivative to be sent to
the integration routine, which is integrated along with the othelehgiate variables to
give thePcc for the next iteration.
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APPENDIX C

OPTIMIZATION COSTS AND MUSCLE PROPERTY CORRELATIONS

Optimization Costs

The individual costs for the Phase 1 and 2 optimizationkséed in Table C-1.
Note that the statistical analysis was performed onghisometric and isovelocity costs,
which are displayed in Figure C-1. For the net costsetivas a significant main effect
for muscle (p = .018) and contraction type (p = .0Di)icating that overall the costs
were greater for the plantarflexion simulations, and \yesater for the isometric
simulations (Cohen’s= 0.14). There was also an interaction between muscle and
contraction type (p = .030), such that for the isovelogtynaizations (Figure C-1,
Right) the costs were higher for plantarflexion comparid dorsiflexion (p < .001);
however, for the isometric optimizations the costs were sifioitatorsi- and
plantarflexion (p = .906).

Table C-1. Optimization Costs

Isometric Costs (Nm) Isovelocity Costs (Nm)

Group Mus.

CI'H C;'AI_ ngGA Cl%w Clgru
Young DF 0.02 £ 0.04 0.25 £ 0.07 - 0.97+1.16 1.64480.
Male PF 0.81+£0.43 0.47+£0.65 0.42+0.38 1.01900. 1.78 £2.43
Young DF 0.19+0.44 0.40 £0.06 - 0.85+0.48 0.62620
Female PF 0.92 +£1.53 0.43+£0.39 0.33+0.28 0.96+1.44 0.62+0.43
Older DF 0.14 £0.05 0.40 £0.05 - 0.90+£0.85 0.85290.
Male PF 0.66 +0.19 0.71+0.18 0.76+0.49 0.64+0.45 2.00%+0.90
Older DF 0.15+0.06 0.33+0.20 - 1.24+0.41 0.76 #13.
Female PF 1.03+0.35 0.49+0.21 0.70+£0.08 0.31+0.40 150%1.34
tNon-normal distribution.
®Dorsiflexion = Negative; Plantarflexion = Positive
Isometric Isovelocity

Net Optimization Cost (Nm)
2
|

-
3

Young

old

Net Optimization Cost (Nm)
2
1

Male eo—e
Female &----4

Plantarflexors
Dorsiflexors

Figure C-1. Interaction plots for costs associated with isometric and iscitelo

optimizations.
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Table C-2.Correlations ) between muscle mechanical properties.

Muscle P Force-Length (FL) Force-Extension (kL) Force-Velocity (FV)
0
Property L Ls W o B Alyax a/R, b/L, 3 Vuax
R 1
L, -0.11 1
FL L 0.11 -0.31* 1
W 0.03 0.41* -0.07 1
a -0.34* 0.25 -0.07 -0.15 1
FAL B 0.00 0.12 0.16 0.15 -0.05 1
Al 0.38* -0.23 -0.10 -0.16 -0.59* -0.53* 1
a/Po 0.01 0.48* 0.16  0.36* -0.02 0.18 -0.21 1
b/L0 -0.04 -0.24 0.56* 0.01 -0.08 0.04 -0.07 0.03 1
FV
& 0.08 -0.06 -0.04 0.11 -0.16 -0.08 0.08 0.07 0.11 1
VW 0.23 0.16 -0.06 0.14 -0.09 0.18 -0.07 0.56* -0.55*  -0.04 1

* Denotes at least a moderately strong relationship



APPENDIX D

MULTIPLE REGRESSION MODELING PROCEDURE

The form of the full regression model used in this analyais
BM = 4, + B,Age+ S,MP, + B,( Age- MP)) + S MP + 3 { Age-MP )K BMP, + 3 (Age- MP, )

wherej represents each of nine mechanical properties aptesents each of tjie
coefficients. In the full model, each mechanical propgrpeared as an independent term
(9 terms) and as an interaction with age (9 terms). Thed,8 mechanical property
terms, the y-intercepfy and the age effecf{Age) gave a total of 20 terms in the full
regression model € 0 to 19).

The multiple regression analyses was done with the sofpeaieage R (2008).
The function “regsubsets” from the “leaps” package usesl to select the best regression
models using a “branch-and-bound” search algorithmhantsthe algorithm constructs a
search tree and “prunes” the tree in a backward stefagb®sn by removing variables
that increase the residual sum-of-squares (which quantigetigbrepancy between the
model and the data). For more details, see Miller (2002).

The output of the model selection algorithm for an exampletrie presented in
Table D1. The example model included the mechanical propeitihe DF muscle as
predictors, and the mean rearward CoM position during ietbewaying as the response
variable. The algorithm outputs the best model for each aunflierms (up to 9), and
arranges them according to the adjuﬁé(iRz) values (Table D1).

Before definingR?, the coefficient of determinatitélﬁe2 needs to be defined.
The R? is a measure of the global fit of a regression modefesenting the proportion
of the variability in the observed values that can be attridotadparticular linear
combination of the predictor variables, and is defined as

RZ =1— $ERR
$I'OT

where S5, :Z(yi _7)2 and S5 =Z(yi - f )2

In the above equationy, and y are the observed values and mean of the observed
values, andf, are the predicted valueSSror is the total sum of squares, which is
proportional to the sample variance, &%rr is the sum of squared errors (residual sum
of squares).
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The R? weighs the predictive power of the models against the auofierms in
each model and is defined as

F_szl—(l—Rz)n_ 1

wherep is the number of terms in the model anid the sample size.

In the output of the model selection algorithm, there is usaditjuster” of
models with similar adjuste@ values (in this example, the top seven models in Table
D1), and then a break where the removal of terms iciassed with a large drop iR
(bottom two models). The goal is to select a model that hasakenumber of terms, but
still has good predictive power (i.e. only the most importaadiptors are included).
Three candidates are highlighted in bold in Table D1, whiske lsimilaiR? values and
appear just before the break. In this exampleRhealues of the candidate models are
very similar so an additional criterion is used to select theopppte model, the
Bayesian information criterion (BIC). The BIC measursiilar to R*, as it measures
the efficacy of the model in its predictions and applies alpefor an overly complex
model (one that has many terms); however the BIC is hgsmtda Bayesian statistical
framework. Given two models, the one with the lower BIO&grred (Schwarz 1978).
The BIC is computed as

BIC = nln(%j+ pln(n)

whereSSgr is the residual sum of squarass the number of fitted data points, gnig
the number of parameters in the model. For this exampleydkel with three termsy
+ f + (Age€)] was chosen as the best model since the BIC was thstlolbeere is high
confidence that this is the best model, as dropping any ¢étims (e.gg) results in a
large change in th&* (e.g. from .318 to .176).

Table D-1. Best regression models (one of each size up to §yéalicting the mean
rearward CoM position during imposed swaying based om#whanical properties of
the DF muscle.

# Model R? RZ BIC
8 LotLs+W+Dbly+p+ (Age-l) + (Agee) + (Agep) 507 715 1.9
9 LotLls+tW+Db/+p+ (Age-R) + (Age-Lly) + (Agee) + A76 724 4.2
(Agef)
7 Lo+Ls+W+Db/ly+p+ (Age-lp) + (Agee) 373 604 54
6 Lo+W+Db/lp+p+ (Age-ly) + (Agee) 362 563 4.4
4 W +Db/Lo+p + (Ageg) 322 465 25
3 W+p + (Agee) 318 .426 0.9*
5 W+b/Lo+p + (Age:-Lp) + (Agee) 316 496 4.3
2 W+ (Agee) 176 .263 2.9
1 Age .053 .102 3.8
*Best Model
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APPENDIX E

QUIET STANCE INVERTED PENDULUM MODEL PROPERTIES

A schematic illustrating the inverted pendulum model, whicludes the
dimensions of the segments is shown in Figure E-1. The amakinertial properties of

the model were defined as:

Mass of body segment = 76 kg

Mass of foot segment = 2.01 kg
Mass moment of inertia of body segment about segment C8M8kg

Mass moment of inertia of foot segment about segment COM48 kg M

CoM Body

£
N
@
IS

0.26 m

|
Spring-Damper Pairs

Figure E-1. The inverted pendulum model.
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The force applied by each spring-damper elements wasmmential function of the
height of the foot above the ground (Anderson and Paga€g9):

F, =0.533& ) _ 1000, g(p, 01)

1
9(p, )= 1+10e50 p,, - g, ) (D.2)

wherei represents each of the 21 spring-damper elemgnitsthe vertical velocity of

the point of application of the spring forgg,is the vertical position of the point of
application of the spring forcg, is a parameter (0.0065905 m) that determines when the
magnitude of the spring force becomes significant (3N),®(py) is a function that

brings damping into effect as the foot approaches thendr@andy, is a parameter that
determines the point at which the damping force is appliedh®fieontal forces exerted

by the spring-damper elements were defined as:

F, =—1000v, (D.3)
If the horizontal force becomes greater their limiting valuefabewill slip:
If F, >0.7F, thenF, = F, (D.4)
The center-of-pressure in the anterior-posterior direc@oiPf) was computed as:
N . .
2 P fy

CoPy =-=— (D.5)

wherei = 1 to the number of springdl € 21), p} is the horizontal position of spring
and f, is the vertical force exerted by springn the foot. Although the foot is not
constrained from vertical or rotational movement, it wasrassiuthat frictional forces
were sufficient so that the foot did not slip horizontally.
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