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Abstract

In order to stand upright, humans are required/eayame a series of challenges posed by
the mechanical design of our body. The verticamation of the head-leg-trunk segments,
high center of mass, large number of joints, arrdomabase of support contribute to making
the body mechanically unstable. We study multi-rfreisgnergies involved in the control of
vertical posture. For most of the studies to besgméed, we define synergies as task-specific
organizations of elemental variables, which stabiparticular performance variables, in a
sense of reducing their variability across repstitrials. We use a computational method of
identifying and analyzing muscle synergies, bagsethe uncontrolled manifold (UCM)
hypothesis. UCM analysis is performed in the spddeypothetical elemental variables (M-
modes) during repetitive or cyclic whole body tagks such, the analysis involves two
steps. First, M-modes have to be identified oves ektrials at similar tasks with different
parameters. Second, variance in the magnitudeed¥iimodes has to be analyzed with
respect to particular performance variables oveetigve attempts at the same task. More
specifically, we studied the multi-muscle coordioatduring the performance of cyclic
whole-body voluntary movements (sway) in the antepiosterior (AP) direction and
production of the moment of force around the vattaxis of the body (MZ). Three studies
were performed assuming the existence of at laastdvels of control with synergies
possible at each level. At the higher level, valoleBme profiles of specific mechanical
variables (COP or MZ trajectory) are stabilizeddoyariation of magnitudes of M-modes.
The hierarchically lower level is the level whererbdes are formed. This lower level
ensures proportional involvement of muscles withgroup; in other words, it defines the
direction of an eigenvector in muscle activatioa@dcorresponding to a M-mode. The main
findings of the studies are: (1) The UCM methodwafl to quantify multi-muscle synergies;
(2) Postural muscles are united into a small sd-ofiodes similar across subjects and task
parameters for simple sway tasks; (3) The numbsrgpiificant M-modes and their
composition change when the tasks are performetbie challenging condition; (4)
Synergies stabilizing performance variables cahwbk on different sets of M-modes.
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CHAPTER 1

INTRODUCTION

The central issue of this Thesis is the contralgright human posture.

In order to stand upright, humans are required/e&yame a series of challenges
posed by the mechanical design of our body. Fomeike stabilization and support of the
trunk, upper limbs and the head over the lower $instrequired. Some factors such as the
vertical orientation of the head-leg-trunk segmgehitgh center of mass, large number of
joints, and narrow base of support contribute t&ingathe body mechanically unstable.
Hence, in order to maintain body’s mechanical élyiiim while standing up, the postural
system must ensure an accurate control of mudwste activated to support the body
against the force of gravity and possible mechapiedurbations applied to the body.

At any level of description of the system for hunmaovement production there are
more independent variables describing the statieeo$ystem (degrees of freedom, DOF)
than the number of independent parameters desgrébmotor task. This makes the human
neuromotor system redundant and, as a resultotiteotier (central nervous system, CNS)
faces the apparent problem of choosing one solf@ition an infinite set. This problem is
often referred to as the motor redundancy problewmas first formulated by Bernstein
(Bernstein 1967) based on his observations of xbewgion of multi-joint tasks. This
problem will be referred to several times in thize$is.

In studies of quiet standing posture, the humaryhad often been modeled as an
inverted pendulum (Fitzpatrick et al 1992a; Dagletl993; Winter et al. 1993; Winter et al.
1998; Morasso and Schieppati 1999). Although susystem with only a single joint is
difficult to equilibrate even when no external fesqother than gravity) act on it, in reality,
the problem is much more complex. There are not several joints to be controlled along
the vertical axis but also several muscles crossaup of these joints. The stability of such
complex systems is also affected by mechanicaligstions such as those experienced
when being pushed while standing (external pertigbpor during performing a voluntary

movement (internal perturbation). In order to oeene the effects of these perturbations and



stabilize body posture, postural muscles need fimké/ controlled and coordinated such
that the center of mass (COM) projects within timals base of support.
The main purpose of this Thesis is to study nmaltiscle coordination involved in

stabilization of the body and head posture.

1.1 Main issues addressed in this Thesis

Any movement performed by a standing person regusiraultaneous control of
posture. For example, quick motion of the armsltesn forces and moments of force at the
shoulder joint that could disturb postural equililon (Bouisset and Zattara 1983; Bouisset
and Zattara 1987; Ramos and Stark 1990). Thustalaitposture and execution of
movement are very closely linked and fine coordarabetween the two is required to
effectively perform daily tasks.

Since execution of voluntary movements is so clokeked with the control of
posture, it has been suggested that every moveroengrises two distinct components. The
first component is related to the execution ofdasired movement while the second
component is related to maintenance of postureqH843; Belen’kiy et al. 1967, Bernstein
1967). The coordination between the two componleassbeen described using the notion of
postural synergies(Bernstein 1967). Bernstein considered synergidgtbuilt-in
combinations of motor commands to a number of nesdelading to a desired common goal
such as keeping the COM projection over the basegbort. In his view, the presence of
synergies simplifies the control of vertical postbiy at least partially solving the problem of
motor redundancy.

Bernstein (Bernstein 1967) suggested that the huroatrol of movements is
organized hierarchically in at least 4 differervdls (A, B, C, and D). Level A was
considered to be the level of muscle tone. Leveld considered to be the level of
muscular-articular links. Level C was consideretdéahe level of space and level D was
considered to be the level of actions. Accordingé¢onstein, level B is the level of synergies
where interactions within the redundant sets ahelas involved in the movement are

organized. Bernstein emphasized that synergies pvelmbly the way of solving the motor



redundancy problem since they reduced the totabeumf variables to be manipulated by
the CNS.

Relatively recently, the notion of synergies hasrbdefined operationally following
traditions set by Gelfand and Tsetlin (Gelfand &gdtlin 1966), and a computational
approach to the identification and analysis of sgies has been suggested, namely, the
uncontrolled manifold (UCM) hypothesis(Scholz and Schoner 1999; Latash et al 2002b).
The UCM hypothesis assumes that the controllerd#meral nervous system, CNS) acts in
the state space of elemental variables and sétetiiss space a manifold corresponding to a
value of a performance variable, which needs tstlbkilized. Further, the controller
organizes co-variation among the elemental varsatbiat stabilizes (in a sense of decreasing
variability across repetitive trials) an importa@arformance variable (for example, endpoint
trajectory of a multi-joint limb or the total forggoduced by the digits of the hand). If
several attempts at a motor task are analyzedanaiin the space orthogonal to such a
manifold is expected to be reduced as comparedtketodriance within the manifold.

The UCM approach has been applied to investigatedordination among the
muscle activation patterns prior to and duringdgkecution of a motor task (Krishnamoorthy
et al. 2003b, 2004; Wang et al. 2005). Mostly, ¢hetsidies addressed hypothetical muscle
synergies involved in the control of vertical pestland the results have suggested that the
controller unites the muscles into functional gre@puscle modes or M-modésand then
co-varies the magnitudes of the M-modes to stabgizch mechanical variables as
coordinate of the body’s center of pressure (CO® pbint of application of the resultant
vertical force acting on the body from the suppdrtjese investigations pioneered the use of
the UCM framework to identify and quantify multi-sele synergies stabilizing a time
profile of a mechanical variable.

In this Thesis, we also define synergies as taskip organizations of elemental
variables, which stabilize particular performanegiables, in a sense of reducing their
variability across repetitive trials. For most bétstudies presented in this dissertation, we
use a computational method of identifying and ariaty muscle synergies, based on the
UCM hypothesis (Scholz and Schoner 1999; Latash 2002b). UCM analysis is performed
in the space of hypothetical elemental variablesn{dties) during repetitive or cyclic whole-

body tasks. As such, the analysis involves twosstEpst, M-modes have to be identified



over sets of trials at similar tasks with differ@arameters. Second, variance in the
magnitude of the M-modes has to be analyzed wi#peaet to particular performance
variables over repetitive attempts at the same tdske specifically, we studied the multi-
muscle coordination during the performance of cyalhole-body voluntary movements
(sway) in the anterior-posterior (AP) direction gwdduction of the moment of force around
the vertical axis of the body @ Three studies were performed assuming the exstef at
least two levels of control with synergies possttleach level. At the higher level values or
time profiles of specific mechanical variables (Ctedectory or M time profile) are
stabilized by covariation of magnitudes of M-modEse hierarchically lower level is the
level where M-modes are formed. This lower levedwgas proportional involvement of
muscles within a group; in other words, it defities direction of an eigenvector in muscle

activation space corresponding to a M-mode.

The following main issues are addressed:

Issue 1 viability of the UCM hypothesis as a method antifying and quantifying

multi-muscle synergies in whole-body motor tasks,

Issue 2 composition of elemental variables (M-Modes) urdiferent motor tasks
(voluntary sway and cyclic Mgeneration) and experimental conditions during ledimdy
actions, such as different frequencies of motiootiom with closed eyes, under application
of high-frequency, low-amplitude muscle vibrati@nthe Achilles tendons, and while

standing on one foot.

Issue 3 ability of the central nervous system to co-varggnitudes of M-modes to
ensure reproducibility of a performance variableas repetitive trials under different

experimental conditions of whole-body movement etieaq,.



The following hypotheses are tested:

Hypothesis 1 M-mode composition can change when whole-bodymnalry sway
tasks are executed under varying conditions suel déferent frequencies of motion, during
motion with closed eyes, under application of higgguency, low-amplitude muscle

vibration to the Achilles tendons, and while stawgdon one foot.

Hypothesis2: A decrease on the index of multi-M-mode syresgitabilizing the
mechanical variables (performance variables) ttajgds expected during the execution of a
whole-body voluntary sway task under more challeggionditions such as different
frequencies of motion, motion with closed eyes,arrapplication of high-frequency, low-
amplitude muscle vibration to the Achilles tendaasg while standing on one foot.

Hypothesis 3 More complex tasks, for example production ofelic time profile of
the moment of force about the vertical body axiaytoe associated with sets of M-modes
whose composition varies across both subjects anement frequencies. The CNS will be
able to create multi-M-mode synergies stabilizing performance variable (the moment of

force time profile) based on such dissimilar sétslanodes

A secondary issue to be addressed in this Theaigtispatory postural
adjustments (APAs) during head stabilization. When a person makestavbluntary
movement, changes in the background activity olelgeand trunk muscles are observed up
to 150 ms prior to the onset of the movement (Bkigret al 1967; Cordo and Nashner
1982; Aruin and Latsah 1995b; Aruin and Latsah 19%&uin and Latash 1996; Shiratori
and Latash 2000). These early changes have bded é&tAs and they have been
hypothesized to represent feed-forward posturgdgegions that counteract a forthcoming
postural perturbation associated with the intendestement. APAs have been studied under
several experimental conditions such as prior ¢oetkecution of a voluntary arm, trunk, and
leg movements during vertical stance (Belen’kiglet967; Cordo and Nashner 1982;
Breniere and Do 1986; Mouchino et al. 1991, Danos-8antos et al. 2007b); forearm

loading and unloading (Hugon et al. 1982; Dufodsd.€1985, Johanson and Magnusson



1989; Laquantini and Maioli 1989; Paulignan etl&89; Aruin and Latash 1995a; Bennis et
al. 1996); and quick loading and unloading of tpper extremities during sitting and
standing (Lavender et al. 1993; Aruin and Latas®bbd Aruin and Latash 1996; Shiratori
and Latash 2000).

Most studies of APAs in standing persons have alyuiocused on trunk
stabilization (reviewed in Massion, 1992). It hagb suggested, however, that during daily
activities such as walking and running, and alsenduacrobatic movement such as salto, the
head posture with respect to the trunk is wellizga to ensure a reliable reference frame
(Berthoz and Pozzo, 1994 and Pozzo et al., 2001 .iMportance of head stability during
whole-body actions performed by standing persosséeeived support in another recent
study (Freitas et al., 2006). However, very fewdsta addressed the role of APAs in head
stabilization, and their results are controver&airfinkel et al. 1988; Van der Fits et al.
1998).

In this Thesis, one experiment is dedicated tarthestigation of the role of the
postural muscles of the legs and trunk on stalbitineof the head with respect to the trunk
prior to self-induced mechanical perturbation aggbldirectly to the head, to the trunk, or to
the head and trunk simultaneously. We focused posaibility of existence of both
reciprocal and co-contraction patterns of neck eusctivation during APAs depending on
the predictability of the mechanical effects of fherturbation on head posture. These were
manipulated by changing the site of applicatiothef perturbation (directly to the head, to

the trunk, or to the head and trunk simultaneously)

The following specific hypothesis is tested:

Hypothesis 4 APA patterns in the neck flexor—extensor muschkes change from a
time-shifted (reciprocal) pattern to a synchronigeatactivation) pattern when the source of
the perturbation changes from a mechanical pertiorbapplied directly to the head to a
mechanical perturbation applied to the trunk athtohead and to the trunk simultaneously.



1.2 Organization of Thesis

This Thesis is organized in seven chapters orgdrazehe following:

Chapter 1is an introduction to the Thesis.

Chapter 2 reviews the literature related to the topic of Tinesis.

Chapter 3 is based on the published article Danna-Dos-Sakt&omka K,
Zatsiorsky VM, Latash ML (2007) Muscle modes andesgies during voluntary body sway.
Exp Brain Res. 2007 Jun 179(4):533-50 where thedboation of muscle activity during
voluntary body sway performed by human subjectifdrent frequencies was studied.
Subjects stood on the force platform and perforoyatic shifts of the center of pressure
(COP) while being paced by the metronome. A maj@stjon was: does the makeup of
muscle synergies and their ability to assure repeiide sway trajectory vary with the speed
of the sway? Principal component analysis was tsétkentify three muscle groups (M-
modes) within the space of integrated indices afcteuiactivity. M-mode vectors were
similar across both subjects and sway frequenCiesre were also similar relations between
changes in the magnitudes of all three M-modesGDR shifts (the Jacobians) across the
sway frequencies. Variance in the M-mode spacesagway cycles was partitioned into two
components, one that did not affect the averaggevafl COP shift ("good variance") and the
other that did. An index (DeltaV) was computedeetfing the relative amount of the "good
variance"; this index has been interpreted asatfig a multi-M-mode synergy stabilizing
the COP trajectory. The average value of DeltaV svaslar across all sway frequencies;
DeltaV showed a within-a-cycle modulation at low hat at high sway frequencies. The
modulation was mostly due to variations in the 'djoariance”. We conclude that muscle
modes and their mapping on COP shifts are robusesa@ wide range of rates of COP shifts.
Multi-M-mode synergies stabilize COP shifts (asdtg@eproducibility) within a wide range
of its speeds, but only during cyclic COP changed&ken together with earlier studies that
showed weak or absent multi-M-mode synergies duasgdiscrete COP shifts, the results

suggest a basic difference between the neuralaagsuring stability of steady-state



processes (postural or oscillatory) and transiemtgsses (such as discrete actions). Current
results provide the most comprehensive suppothinotion of multi-M-mode synergies
stabilizing time profiles of important performaneariables in motor tasks involving large

muscle groups.

Chapter 4 is based on the article in press Danna-Dos-SantBegani AM, Latash
ML. Flexible Muscle Modes and Synergies in Challagd/VVhole-Body Tasks where the
idea of hierarchical control of a motor system wasd to study multi-muscle synergies
during a whole-body sway task performed by a stamgerson. Within this view, at the
lower level of the hierarchy, muscles are united groups (M-modes). At the higher level,
gains at the M-modes are co-varied by the controlla task specific way to ensure low
variability in important physical variables. In paular, the following hypotheses were
tested; a) the composition of M-modes could admst b) an index of M-mode co-variation
would become weaker in more challenging conditi@ubjects were required to perform a
whole-body sway at 0.5 Hz paced by a metronomey Peeformed the task with eyes open
and closed, while standing on both feet or on @t dnly, with and without vibration
applied to the Achilles tendons. Integrated indicEsuscle activation were subjected to
principal component analysis to identify M-modes. iAcrease in the task complexity led to
an increase in the number of principal compondrgsdontained significantly loaded indices
of muscle activation from 3 to 5. Hence, in moraltgnging tasks, the controller
manipulated a larger number of variables. Multiiglgression analysis was used to define the
Jacobian of the system mapping small changes inddengains onto shifts of the center of
pressure (COP) in the anterior-posterior directiunther, the variance in the M-mode space
across sway cycles was partitioned into two comptm®ne that did not affect an average
across cycles COP coordinate and the other thggdimt and bad variance, respectively).
Under all conditions, the subjects showed substiyntinore good variance than bad variance
interpreted as a multi-M-mode synergy stabilizing COP trajectory. An index of the
strength of the synergy was comparable acros®atlittions, and there was no modulation of
this index over the sway cycle. Hence, the firgidtizesis was confirmed, while the second
one was falsified. Interpretation of the observaics given as suggesting that adjustments at

the lower level of the hierarchy — in the M-modenpmsition — allowed the subjects to



maintain a comparable level of stabilization of @@P trajectory. The findings support the

(at least) two-level hierarchical control schemevbble-body movements.

Chapter 5is based on the study. Postural Control duringedfgndy Locomotor-
Like Movements: Similar Synergies Based on Disamiuscle Modes where we explored
the organization of leg and trunk muscles into geo(M-modes) and co-variation of M-
mode involvement (M-mode synergies) during wholelbtasks associated with large
variations of the moment of force about the veltomady axis. We explored the following
hypotheses: (1) Can muscle activation patternsiguwiich tasks be described with a few M-
modes consistent across tasks and subjects? (@)eBe modes form the basis for synergies
stabilizing the moment time pattern? (3) Will tbigianization differ between an explicit
body rotation task and a task associated withradteérg arm movements? Healthy subjects
stood on the force platform and performed two mtdsks while paced by the metronome at
0.7, 1.0, and 1.4 Hz: Cyclic rotation of the uppedy about the vertical body axis (body
rotation task), and alternating rhythmic arm movetaémitating those during running or
quick walking (arm movement task). Principal compaimanalysis (PCA) with factor
extraction was used to identify muscle groups (Mdeg) within the 13-dimensional space of
integrated indices of muscle activity. The M-modedtions differed both across subjects
and across movement frequencies. Variance in timedde space across sway cycles was
partitioned into two components, one that did rifech the average value of moment shifts
("good variance") and the other that did (“bad aace”). An index was computed reflecting
the relative amount of the "good variance" such itisgpositive values have been interpreted
as a multi-M-mode synergy stabilizing the momemietiprofile. The index was positive for
both tasks and for all three frequencies. It wagelofor 1 Hz movements as compared to the
other two frequencies. We interpret the resultfiwia two-level hierarchical control scheme
as evidence for multi-M-mode synergies stabiliziinge profiles of the moment of force
about the vertical body axis. The results show vhatble sets of M-modes (at the lower
level of the hierarchy) can be used to stabilizpantant mechanical variables by co-variation
of their magnitudes at the upper level of the ligrg. The lower indices of synergy for
movements at 1Hz (close to the preferred movenmequéncy) corroborate the idea that

patterns of M-mode co-variation are defined by @@mteural processes. The findings have
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failed to find significant differences between tirganization of muscle synergies during

body rotation and locomotion-like arm movements.

Chapter 6 is based on the published article Danna-Dos-Sakt@egani AM,
Latash ML. (2007) Anticipatory control of head past Clin Neurophysiol. Aug
118(8):1802-14 where a hypothesis on two pattefasticipatory postural adjustments
(APASs) in neck muscles was tested. More specifjc#iilis study focused on the rationale
that reciprocal and co-activation muscle patteray be used in a task-specific way. This
study also explored possible relation of APAs mpd@d trunk muscles to head stabilization.
Load perturbations (loading and unloading) werdiaggo the head, trunk, and head and
trunk simultaneously using similar hand actionstanding persons. Electromyographic
signals (EMGs) from 10 muscles were recorded. Sbifthe center of pressure and EMG
indices were computed over typical time intervalsAPA. Time-shifted (reciprocal)
activation of neck flexor and extensor musclesryAPAs was seen when perturbations
were applied directly to the head. Simultaneouwsaiibn dominated when the perturbations
were applied to the trunk. Minimal APAs were seethie leg/trunk muscles during head
perturbation tests. APAs during trunk perturbatizare not different from those during trunk
and head perturbation. The results confirm thetemce of two different patterns of APAs in
neck muscles. A time-shifted (reciprocal) pattermiore likely to be used in anticipation of a
perturbation acting directly on the head. A simdtaus activation (co-activation) pattern is
used when direction of head perturbation canngdrbdicted with certainty. Leg/trunk APAs
are unlikely to help stabilize head posture. Theselts are important for better
understanding of feed-forward mechanisms of therobaf head posture with possible
implications for neurological patients who suffesrh impaired feed-forward postural

control.

Chapter 7is a summary of the main conclusions driven byrésellts obtained on
Chapeters 3 to Chapter 6.
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CHAPTER 2

BACKGROUND AND LITERATURE REVIEW

This chapter contains a review of the literature@rencontrol of human posture. First,
specific terminology will be introduced followed lay outline of literature regarding human
postural control. A description of the mechanid#&ltenges faced by the controller will be
given and the importance of sensory informatiorttier process of postural control will be
summarized. The main domains of research in posturerol will also be described as well
as the notion of synergies with respect to postoatrol. Particular emphasis will be placed
on the literature pertaining to identification agantification of synergies using

computational methods associated with the uncdattrohanifold hypothesis.

2.1 Some definitions

Along the life span, one becomes very familiar wita ability to use the body to
execute a great variety of daily motor tasks. Amoragy others actions, the ability to keep
the body in certain postures in space is crucialltov humans to execute a variety of motor
tasks. For example, using a screwdriver demanestaiic position of the whole body in
order to properly approach and use such a toot ahility to keep the body in a certain
configuration is commonly referred aspmstural taskand, for adults, this ability is a simple
routine generated smoothly and without a great dielought. One only starts realizing how
difficult and complicated it is to keep the bodysuch postures when considering motor
effects in the presence of a neurological dise@aesh as parkinsonism, stroke, and
peripheral neuropathies), trauma, or aging.

The physiological processes involved in controlling performance of postural tasks
involve many anatomical structures that form angate and complex system. To name a
few, these involve the spinal cord, the brain stidr@,cerebellum, the cortex of the large

hemispheres, proprioceptive neurons, eyes, skapters, the vestibular system, and many
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others. The collection of such structures involirethis process will be refereed in this
Thesis asposture control system’

Along this Thesis, terms such lasdy posturgpostural perturbationpostural sway
center of pressureenter of massandquiet stancewill appear several times. In order to
avoid possible confusions, definitions given bysf@tsky (2002) will be used. The term
body posturewill be considered as the configuration of theyodspace such that this
configuration may or may not change over time. fmm postural perturbatiorwill be
considered as any external force (generated bgrihieonment, applied to any part of the
body) or internal force (mechanical force gener&gdontraction of muscles or movement
of one segment that propagates to adjacent segntleatsan induce changes in the current
body configurationPostural swaywill be used to denote small variations in bodgipon
when subjects are asked to maintain a certain pogtuy. upright stanceenter of pressure
(COP) is the point of application of the groundatean force to the bodyQuiet stancewill

be considered as the maintenance of the uprightif@om absence of any other motor task.

2.2 Posture control and a brief outline of its deMepment

Systematic investigation of mechanisms involvetluman posture control began
with experimentation on four-legged animals (Stmegton,1906). In the beginning of the"™0
century, Sherrington (1906) used cat specimengittyseflexes mediated by the spinal cord
and midbrain. He used a preparation in which thdbnaiin and spinal cord was isolated from
higher areas within the CNS (e.g. cortical ares3; technique is now known as
‘decerebratioh His observations included an increase in thellef muscle activity of
extensor muscles in all four legs and other ardiagy muscles when the decerebration was
performed between the superior and inferior calilicthis pattern of muscle increased
activity was termedrigidity’, which was sometimes able to keep the animal stgndi
unsupported. Sherrington (1906) also observed posie result in situations where the
decerebration was accompanied by disruption o&tfezent information carried by the
sensory nerves (process callddafferentatiof). Once the deafferentation was applied,
instead of rigidity, a complete absence of muscta/idy was observed, suggesting that

afferent signals are crucial to posture controker8hgton’s interpretations led him to



13

propose the first theory about posture controlgssgng that the rigidity of extensor muscles
represents the foundation of posture control.

Work by other scientists reinforced this basic idegposed by Sherrington. For
example, Rudolf Magnus (1924) transected the lwhihe cat at higher levels and
uncovered series of hierarchically organized reftexarying from simple to more complex
motor outputs depending on the site where decdiebraas performed. The closer the
decerebration was to the higher brain centersyibie complex were the resultant motor
actions. These results led Magnus to concludepibsture control could be achieved by a
summation of these reflexes.

Nowadays, strong evidence suggests that reflexe®tiully account for all postural
control (Belen’kiy et al 1967; Cordo and NashneB2;9Aruin and Latash 1996; Shiratori
and Latash 2000). In particular, research has shibatrpostural adjustments can occur prior
to the application of mechanical stimulus in casflegluntary movements (Bouisset and
Zattara 1987; Massion 1992). However, reflexesrafldx-like reactions may still be
integral in the maintenance of postural equilibrium

Studies regarding posture control were also perdrbyy Nicolai Bernstein
(Bernstein 1967) who suggested that such completesys might be controlled partly by the
formation of postural synergiésHis view included the notion that postural sygies were a
combination of control signals to postural musclesose purpose it is to ensure the body
equilibrium in anticipation to a voluntary movementin response to an external
perturbation (Bernstein 1967; Alexandrov et al. &9®sing multi-muscle synergies for the
purpose of control decreases the number of vagahkt the CNS needs to manipulate.
Currently, some researchers have dedicated tHeit & propose a strict definition of the
term synergy as well as propose reliable methodsiamtify and test Bernstein’s suggested
principles (Gelfand and Latash 1998; Scholz e0&@I02 Latash et al 2005; Latash et al 2007,
Latash 2008).

In summary, postural control has been studied udiffierent perspectives and
different approaches in order to target the isgu®w an unstable mechanical system, such
as the skeletal system, can be stabilized in sfgomechanical approaches were used to
investigate the mechanical complexity of the hurnady. Behavioral and

neurophysiological studies have been performedderao understand the integration of
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sensory information with motor responses. Each bhasagiven valuable and complementary

information to this immense puzzle.

2.3 The mechanical challenge

The human body obeys the laws of physics. In pBysicigid body is in mechanical
equilibrium when the sum of all forces on all pelgs of the body is zero, and also the sum
of all torques on all particles of the body is zddowever, the human body is not a rigid
body but it consists of multiple linked segmentsi¢knatic chain) connected to each other by
muscles, tendons, ligaments, skin and other sstiés.

A kinematic chain is said to be in mechanical efjdim when all the links of the
chain are in equilibrium (Zatsiorsky, 2002). Howewulis mechanical equilibrium can also
be characterized accordingly to its stability. hachanical system returns to equilibrium
after being subjected to small disturbances, theeda referred to be in a stable equilibrium
In another hand if the system depart from an dojuilin state after the application of a
mechanical disturbance, the same system is refeored in a unstable equilibrium.

The natural arrangement of the human body segnadontg its longitudinal axis
during vertical stance makes much more difficulkéep the whole body in a stable
equilibrium since the joints connecting individgaigments can have several axes of rotation
and their interactions are far from simple (Zatskgr2002). Any movement performed on
the lower limbs will generate mechanical reperaussion the neighboring segments and
joints. Thus, if the body posture must be kept sitaation of stable equilibrium while one of
the segment moves, the forces and torques cregtie: lImovement must be synchronously
counteracted.

To make the matter more complex, most of the magelgponsible for generating
this counteraction cross several joints, which eckanovement interaction among segments
(Jacobs and Macpherson 1996; Bolhouis et al. 1998)s, the action of a given muscle can

stabilize one joint and destabilize another.
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2.4 The importance of afferent information

Collecting information regarding the relation oétbody and its surrounding
environment is crucial to postural control sincpridvides a reliable time-to-time neural
representation of body configuration. Such repriegem is most likely achieved by
combining, within the CNS, a great variety of segsoputs coming from different parts of
the body (Kandel et al. 2000). This representatiay be used mainly to produce a coherent
representation of the body in space such as s @&ay. moving), its orientation on the
gravitational field, and its relative position rediag to elements of environment (e.g. a close
obstacle). This representation is also used to ptewrorrections of body position by means
of muscle contractions when necessary. Importargasyg inputs (afferent inputs) come from
three different sources: (a) the vestibular sys{@nthe visual system, and (c) a great
number of sensory receptors embedded in the musetedons, joint capsules and skin
commonly referred to as proprioceptive receptoektiles receptors embedded in the skin
are also source of sensory inputs

The roles of visual, vestibular, and propriocepiiMermation regarding to human
postural control have been extensively studied|(&al. 1980; Dijkstra et al. 1994a;
Fitzpatrick and McCloskey 1994; Kuo et al. 1998)eTrole of cutaneous information from
the sole of the foot and from the fingers have bstadied in healthy and special populations
(Jeka and Lackner 1994; Jeka 1997; Kavounoudiaks £998; Rabin et al. 1999, Danna-dos-
Santos 2000). The effects of different types ot information are commonly reflected
in changes of postural sway characteristics duhegsimple task of quiet stance. Such
characteristics include the total sway area, rarigagths, velocity or standard deviation of
CORP trajectories (Murray et al. 1975; Diener etlaB4).

Visual information is viewed as the most importantirces of information for
postural control. Under conditions of altered imfation from other sensory sources,
subjects are able to almost completely compensatié loss of that information by using
vision. Several studies have shown that indicgsostural sway increase when the eyes are
closed (Allum and Pfaltz 1985; Fitzpatrick et 892a; Simoneau et al 1992; Schumann et
al. 1995). Further, manipulations of the visualismrvnent have been shown to have
profound impact on the maintenance of one’s posttgpical method used in this type of

experimentation is the paradigm of the ‘moving raddmder this paradigm, the visual
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environment of a subject is manipulated by eitlwtnaly moving the room or altering the
display in front of the subjects mimicking motiohtbe visual environment (Lee et al. 1980;
Schoner 1991, Dijkstra et al. 1994a; Dijkstra etl894b). When the visual environment
accelerates towards the subject, the subject pecéhiis as a forward sway of their body and
reacts by an actual backward sway of the body.

Studies of the role of vestibular information Farman postural control commonly
use galvanic stimulation applied at the vestibalgparatus behind the ear. Such stimulation
changes the firing rate of peripheral vestibuléeraint information. Depending on the
position of the subject’s head and the polarityhef current, subjects show body lean in a
particular direction (Hlavacka et al. 1995; Hlavaek al. 1996; Coats and Stoltz 1969).
When a subject faces forward and a positive cuiseapplied to the right vestibular organ, a
sway to the right is observed. When a similar aurig applied but the subject’s head is
initially positioned in rotation to the right, a m@ment of the whole body in the posterior
direction (backwards) is observed (Hlavacka anadlikiien 1985). An increase in the
amplitude of the vestibular stimulation leads tcagproximately linear increase of the body
sway (Coats and Stoltz 1969). Sinusoidal stimuhatesults in body sway towards the
positive stimulus and away from the negative or@clvleads to a sinusoidal sway pattern at
low frequencies (Petersen et al. 1995).

Another source of afferent information used totomlrthe body posture comes from
the muscle spindles located among the striatedsfibieskeletal muscles. Muscle-tendon
vibration has been used as a powerful stimulughi®muscle spindles (la afferents). There is
a linear correspondence between the muscle spiisttearge and the stimulus at frequencies
below 100 Hz (Lackner and Levine 1979). Muscleafiion generates a tonic contraction of
the muscle often calledhe tonic vibration refleéx The contraction starts a few seconds after
the beginning of the vibration, increases gradyalhd then stays at a relatively constant
level until few seconds after the stimulus is taroé.

Muscle-tendon vibration is also known to resulkimesthetic illusions (Lackner and
Levine 1979; Calvin-Figuiere et al. 1999). The CiNterprets the increased activity in the
muscle spindle endings as a sign that the mustadghening, and in the absence of another
sensory information (optical or haptic), this gextes an illusory perception of a new joint

position corresponding to the increased musclette(ieklund and Hagbarth 1966; Eklund
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1969). When the tendon of a postural muscle isatélat, such as the Achilles tendon, the
illusory increase in length is interpreted as angeain the orientation of the body and is
compensated by an actual change in body posititimeilmpposite direction. This correction
can result in body sway or protective steppingavim as Vibration induced fall'or VIF.

This effect is especially strong when the eyeshrged (Nakagawa et al. 1993). Under
circumstances where the base of support is redtive@ffects of muscle vibration on
postural sway are reduced (Ilvanenko et al 1999ebéing on the postural, cognitive, and
multi-sensory context, the same muscle may sholgrdifit responses to muscle-tendon
vibration (Lackner and Levine 1979; Feldman andch&ht1982; Latash 1995). For instance,
switching from segmental to whole-body posturattiesms may take place if a wrist muscle
Is vibrated when involved in a postural task, sasliouching a support surface (Roll et al.
1980).

The third main source of sensory information cofn@s the skin receptors. It has
been shown that a light touch by a finger tip athamically non-supportive force levels (<
1N) greatly attenuates postural sway during quaetce (Holden et al. 1994; Jeka and
Lackner 1994). More specifically, the index fingerth its higher receptor density, is
believed to play an important role in detecting mtdénchanges in force level and direction
which contributes to the decrease in sway (Holdeal. £994; Jeka and Lackner 1994). The
effect of touch is observed even in blind indiviuand those with vestibular loss. In both
cases, the touch information is more effectivesthucing sway as compared to using
vestibular information (Jeka et al. 1996; Lackrteale1999). When the supporting surface
under the finger oscillates, there is coherent sgfdakie head and body (Jeka et al 1997; Jeka
et al. 1998). This relation is in phase at frequesnbelow 0.4 Hz while phase lag is seen at
higher frequencies (Jeka et al. 1998).

Rabin et al (1999) investigated the direction&csficity of touch contact. They
revealed that finger touch was more effective aueng sway in the direction of greatest
sway, that is, when finger contact is providedront of the body a reduction in sway in the
AP direction is verified. However, when contacpisvided besides the body a reduction in
the ML direction is observed. This result suggésas fingertip contact provides information
both about the amplitude and direction of swaytter Riley et al (1999) investigated

whether or not the cutaneous information from thgdrtip plays the primary role in
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reducing sway or if it is the implicit task of keeg the finger at a fixed position that plays a
larger role. In the study, subjects either toucaddnging curtain as a mere result of
extending the forearm or they were instructed toimize the force and movement at the
point of contact. Only under the latter instructatid the subjects show decreased postural
sway. This finding emphasized the importance alvadbuch rather than having a fixed
reference point for the reduction in postural swagntrary to these conclusions, Rogers and
his colleagues (Roger et al. 2001) have shown'plassive’ tactile cues at the shoulder and
at the lower leg can reduce postural sway. Thehtowas ‘passive’ in a sense that the
subjects were not required to minimize applieddsror remain in contact with the touched
surface.

The interaction between vision and touch was itigated by Jeka et al (Jeka et al.
2000). In this study, both the visual field anddiosurface were manipulated. The
researchers accounted for the sensory integrafigisual and cutaneous information as a
linear additive model. In 2000, Lackner et al (208%amined the relation between cutaneous
and muscle spindle information. They instructedeets to stand in the Romberg position
(feet touching each other in parallel arrangemeht)e their peroneus longus and brevis
tendons were vibrated. The subjects either stosdpported or with a light finger touch. It
was found that finger touch to a stable surface suficient to suppress the destabilizing

effects of vibration.

2.5 Control of quiet stance

During quiet stance, the body shows small variationts position. It oscillates in
both the anterior-posterior (AP) and medial-latékéll) directions. This oscillation is
quantified by different methods including the u$éooce platforms. By using a force
platform, one can record the time-to-time positwéthe COP. COP movements are
commonly used to assess body oscillation duringtagiance. Normally in quiet stance, the
COP migrates approximately 0.4 cm in AP directiod 8.18 cm in ML direction while
COM displacements are somewhat smaller (Wintel. 4986; Winter et al. 1998). The
differences in migration of COP and COM in the ARedtion have been associated with the

generation of torques at the ankle joints, whikptiicements in the ML direction have been
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associated with activity of hip muscles (Winteakt1996). Several models have been
suggested to explain and describe COP migratiguiiet stance. Three of them will be
addressed in the following paragraphs.

Upright human posture has been frequently modedexhanverted pendulum
(Fitzpatrick et al 1992b; Winter et al. 1993; Win& al. 1998; Morasso and Schieppati
1999). Modeling the human body as an inverted plemdis based on assumptions that (a)
joint motion occurs only in the ankle joints, (bhetbody sway is very small, and (c) the feet
do not move (Zatsiorky and King 1998). Since tladbity of the system requires that the
COM falls within the base of support, it is believitbat the COM coordinate is the controlled
variable of the unstable body system. Winter ¢1888) suggested that whole body COM is
regulated through continuous movement of the CQPsgatbilized around a fixed reference
point. They showed that the COP-COM error signgrgportional to the horizontal
acceleration of the COP in the AP and ML directiorseir model assumes that muscles act
as springs to cause the COP to move in phase két@OM as the body sways about a
desired equilibrium position. The model predictstamt corrective responses due to the
stiffness of the postural muscles placed aroungiinés and thereby reduces the necessity of
the CNS to intervene along the process of postoméal.

There has been strong criticism regarding toitlea of stiffness controlling of body
balance in quiet stance. Morasso and colleaguesa@do and Schieppati 1999; Morasso and
Sanguinetti 2002) state that muscle stiffness alonet enough to keep the body upright.
According to this group of scientists, sensory infation from the pressure receptors in the
soles of the feet and muscle receptors is likelgotatribute to the control of the posture in
quiet stance. In addition, it has been arguedttieabssumption of a fixed reference point for
stabilization of posture may not be correct sisexeral studies have pointed at a moving
reference point (Gurfinkel et al 1995; Accorner@letl997; Zatsiorsky and Duarte 1999).
Criticism also came from the assumption that onbtiom at the ankle is of importance (Day
et al. 1993; Kuo ans Zajac 1993; Accronero et@971 Aramaki et al 2001).

Another theory of quiet stance is that proposgobllins and De Luca (1993). They
view control of vertical posture as a stochastmcpss and analyzed COP trajectories as one-
and two-dimensional random walks. They were ablntbconsistent, subject-specific

stabilogram patterns showing two control systemesang during quiet stance. They
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concluded that during short term intervals (< &s)ppen-loop control mechanism is called
to act and in the long-term there is a close-loggmanism (diffusion constants for short-
term were larger than in the long-term and there avpositive correlation of COP position in
the short-term and negative correlation in the {targ1). Their interpretation is that the CNS
allows for a certain amount of ‘sloppiness’ in ttumtrol of balance and it is only when the
information from the sensory systems indicatestmaiCOP has moved beyond a certain
threshold value that feedback mechanisms are osadhg the COP back into a ‘safety
zone'.

Another model for the control of posture has beemiilated by Zatsiorky and
Duarte (1999, 2000). They introduced a method cbdgosing COP trajectories into two
components; termed rambling and trembling. The apaosition first identifies instant
equilibrium points (IEP). An IEP is the positiontbe COP, when the resultant horizontal
force is zero. At these moments the projectiorhef@OM onto the base of support coincides
with the COP position. The individual IEPs, coneelcthrough a spline fitting function, form
the rambling trajectory, while the difference betweambling and COP trajectories is called
the trembling trajectory. The authors suggesttiatrambling trajectory describes the
motion of a moving reference point with respecivtoch the body’s equilibrium is instantly
maintained, while the trembling trajectory descsibedy oscillation around the reference

point trajectory.

2.6 Lines of defense against postural perturbationthat can result in fall

Despite the challenges faced by the CNS in terntd{ posture control, we are able
to maintain our upright posture in the field of gtg and at the same time handle objects,
walk and carry heavy loads without falling overefdare several lines of defense against

the forces that threaten the body stability . THews of defense are, in the order of latency:

1- anticipatory postural adjustments;
2- passive elasticity of the soft tissues surrongdgints such as muscles,
tendons, ligaments, and capsules which opposesttierbing forces;

3- stretch reflexes at the latency of 30-50 ms;
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4- preprogrammed reactions at the latency of 3D+h6;

5- voluntary actions.

In the following paragraphs, some of these linededénse and their pertaining

literature are reviewed.

2.6.1 Anticipatory postural adjustments (APAS)

While the first two lines of defense previously ciésed are very effective while a
person is in quiet stance, they are not suffiderdounteract larger postural perturbations
such as those created by voluntary movements. Yaiymovements, especially those with
large amplitudes and executed quickly by large metyments, can disturb postural
equilibrium. There are two main reasons for thisusence. First, the forces and torques that
are intended to produce the movement are transhdtether body parts through linked
segments. Second, rapid changes in the positiarigfb or the body results in changes in
mass distribution resulting in a change in the C@ddition (Bouisset and Zattara 1987,
Massion 1992).

The disturbing effects of voluntary movementsamticipated by the CNS, which
produces changes in the background activity ofyvaktmuscles (anticipatory postural
adjustments, APAS) in a feed-forward manner. I Wy, there is at least a partial
compensation for the upcoming perturbation as @tre§shifting the center of gravity in the
opposite direction regarding to the perturbatiooyBset and Zattara 1983; Bouisset and
Zattara 1987). Simulation studies have shown thraes and moments generated by a
voluntary movement can be large enough to shif@®&1 outside the base of support and
cause the body to fall (Friedly et al. 1984; Ramd Stark 1990). Ramos and Stark (1990)
showed that in rapid arm raising movements, treeelarge destabilizing upward angular
momentum of the arms, which could cause a back¥edlrdf not counteracted by
anticipatory muscle activity.

APAs were first observed by Belen’kiy and colleagiiBelen’kiy et al. 1967) who
reported that during arm raising in a standing foasi the leg muscles involved in postural

control are activated 50-100 ms prior to the primever activation. Since then, APAs have
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been described for several movements, such as nemterof the arm, leg, trunk, and head
while standing (Belen’kiy et al 1967; Cordo and haer 1982; Breniere and Do 1986;
Mouchino et al. 1991, Danna-dos-Santos et al. 20@@kearm loading and unloading
(Hugon et al. 1982; Dufosse et al. 1985, Johanadrivéagnusson 1989; Laquantini and
Maioli 1989; Paulignan et al. 1989; Aruin and L&td995a; Bennis et al. 1996); and quick
loading and unloading of the upper extremitiesmysitting and standing (Lavender et al.
1993; Aruin and Latsah 1995b; Aruin and Latash 1®6ratori and Latash 2000).

APAs are commonly quantified by using EMG signblsly segment kinematics and
displacements of the COP. Previously, it was beliethat APAs were only generated when
expected movements are performed by large bodg pad not when the movement is
produced by a smaller effector, such as fingewlwen a predictable perturbation is
introduced by an external source. For instancgad reported that when a subject held a load
in a hand and the experimenter triggered a loahsel, even if the perturbation was
predictable, no APAs were observed (Hugon et é8821®ufosse et al. 1985; Paulignan et al.
1989; Scholz and Latash 1998). More recent studhge shown that APAs can be generated
not only by small movements such as that of a fitge also in the absence of movements.
In their study, Aruin and Latash (1995b) used défe effectors to trigger the same
unloading perturbation. In another condition, tkpeximenter caused the same perturbation.
They confirmed that only self-initiated perturbatsowvere accompanied by APAs, but even a
very small finger movement was enough to triggeA8R_ater, Shiratori and Latash (2001)
reported that when a standing subject is requezhtch a load without any movement,
visual information about the falling object wasfguiént to trigger APASs.

In general, the generation of APAs is affectedhgyfollowing factors: a) expected
direction and magnitude of the perturbation; b)rabteristics of voluntary movements
associated with the perturbation; c) the currestymal task where situations of extreme
stability/instability tend to decrease APAs magdéwand, in extreme cases, they are
abolished (Aruin et al. 1998); d) time constrasugh reaction time is able to delay APAs
and turn them suboptimal (Slijper 2001).
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2.6.2 Passive elasticity of the soft tissues surnagding joints

‘Muscle stiffness’ is a common term used to déscthe mechanical property of the
muscle-tendon unit to generate an opposing forawiths deformed. This term has
received elaborated criticism (Latash and Zatsid®§3) and, in order to follow a more
accurate terminology, here the term “apparentielgstwill be used to describe this
relation.

The apparent elasticity of the muscle-tendon uast heen assumed to play an
important role for the control of the posture swiaying quiet stance since these tissues
generate opposing forces to help restore the bqdyilerium (Fitzpatrick et al. 1992b;
Magnusson et al. 1994; Winter et al. 1998; Moras®b Schieppati 1999). Studies have
suggested that the apparent elasticity aroundrtkie gints is enough to maintain quiet
standing (Fitzpatrick et al. 1992b and Winter etl@98). Fitzpatrick et al (1992b) found a
linear relation between ankle torque and the aakbpilar displacement under very small
perturbations of the posture. The perturbationeva@plied with similar magnitudes of those
representing the body sway. The ability of the angdssive elasticity to maintain upright
stance was assessed when the subjects balancadl eglaivalent to their mass when neither
vestibular nor visual information were used. Theyrfd that in standing subjects, the ankle
passive elasticity was sufficient to maintain tipeight posture. Winter et al (1998) described
similar results. They assumed that the apparesti@ly of the muscle-tendon unit acts as a
spring and is the cause of the COP moving in phatbethe COM. They used the inverted
pendulum model to calculate the apparent stiffleésse mechanical system and showed that
the restoring forces act at very small delays. &the delay was below the threshold of any
vestibular or proprioceptive response, they coraduthat balance during quiet standing can
be controlled merely by setting the appropriatéffetss”.

The results presented by Fitzpatrick (1992b) andt®vi(1998) have been criticized
by those who believe that the apparent elastid¢ith® muscle-tendon unit is not enough to
keep the body stable in quiet standing. MorassoSarieppati (1999), using their own
method of computing “stiffness”, showed that th&t@eng forces provided by the passive
elasticity of the muscle-tendon unit are too lowrtaintain vertical posture. They also
suggested the existence of contributions from ggriatormation to the control of quiet

stance. However, it is important to note that the groups defined stiffness differently and
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this fact might have lead to the difference of aginn the role of muscle stiffness in posture

control (Latash and Zatsiorsky 1993).

2.6.3 Preprogrammed reactions to external perturbabns

External perturbations to upright posture are Ugualunteracted by both passive and
actively generated responses. While passive rasistaf the surrounding joint tissue and
stretch reflexes are commonly considered enougheiatain postural balance under small
displacements of the COM as in quiet stance, ie edsere perturbations become larger,
preprogrammed reactions are used. These preprogrdmeactions consist of a combination
(spatial and temporal) of muscle activation spedir a given perturbation and acting at a
time delay of approximately 50-100 ms after theyréation has been applied.
Preprogrammed reactions are considered differecompared to spinal reflexes since they
depend on the instruction given to the subjectthed magnitude is independent of the
magnitude of the applied perturbation. In the pastas hypothesized that preprogrammed
reactions represented a transcortical reflex inmglweurons located in the cortex. However,
these reactions were observed in decerebratedpgmalized animals which contradicts the
transcortical theory.

These reactions have been studied in humans véthgé of specially designed force
platforms (Nashner 1976). These platforms can ettheslate in AP or ML directions, or
rotate clockwise and counterclockwise directiormiad the horizontal axis crossing the
center of the platform. In response to suddengiatfperturbations, stereotypical postural
responses in the leg and trunk muscles are obsdrvéte case of a person subjected to a
backward support surface translation, the body svi@yvard. At a latency of about 80 ms,
an increase in the background activity of dorsascies is observed (soleus, biceps, femoris,
erector spinae). Muscles are recruited in a ditst@lroximal recruitment order, pulling the
body backwards. With a forward translation, thetk@muscles are activated in a distal-to-
proximal order resulting in pulling the body forwlaiThese activation patterns and
consequent changes in kinematics are commonlydcafiehe ankle strategyince most of

the observed movement in response to the pertarbaticurs at the ankle joint. This strategy
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is commonly seen in young, healthy subjects dusimgll and slow horizontal displacements
of the supporting surface on firm and long surfg¢ésrak and Nashner 1986).

When subjects are subjected to perturbations langmagnitude, for example in
situations where either the base of support is serall or its displacement of is performed
faster, the recruitment order of preprogrammedti@ag in postural muscles changes to
proximal-to-distal. Also, in order to minimize tle&cursion of the COM housed in the lower
trunk, subjects tend to flex or extend the hip. §ltbe denominatiorhip strategyis
commonly used to describe this type of reactiorar@es in the ankle and or hip strategies
have been found to occur with age. For examplgoung subjects, an ankle strategy is
observed in response to a surface translation wihidderly subjects the same perturbation
might generate a hip strategy or even a step giwdWoollacott and Shumway-Cook 1990).
Ankle and hip strategies can be viewed as possyrargies; among the infinite number of
possible relations between the joints and mustilesmaintenance of upright balance relies
on a small number of more or less fixed relatiopst@mong joint rotations.

The main point of describing these defenses agposttiral perturbations is to
provide an idea about the control necessary to eosgie the effects inflicted by postural
perturbations. The tuning of the temporal and gpdistribution of motor activity among
muscles with such precision found in APAs and psgpammed reactions exemplifies the
matter. However, one must not forget that thisrtgmmust also be part of another relation, a

relation between a posture directed motor tasktl@@ctual generation of movements.

2.7 Supra-spinal control of human posture

The human brain has fascinated many researcheaslémg time and this interest has
resulted in the development of several technig@i@svestigation about how the brain and its
structures are involved in the generation of mov@mand processes of postural control.
Results from behavioral studies, clinical obsens/aiand brain imaging techniques are the
most common methods of investigation which haveipiexl valuable evidence suggesting
the involvement of the cerebral cortex and othairbstructures to processes related to the
control of human posture.

Behavioral studies and clinical observations hawwided strong evidence of supra-

spinal contributions to the postural control byatiglg changes in body behavior to specific
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injured areas and areas usually targeted by pajiesloAn extensive literature have been
produced with the purpose of study the abnormalibie posture control of humans survivors
of stroke, patients with Parkinson’s and Alzheimisease, and traumatic brain injury
(Diener et al 1984; Bazalgette et al 1986; Viadteal 1987; Bouisset and Zattara 1990;
Horak and Diener 1994; Nakamura and Meguro 193hd&lnov et al 2006b; Slobounov et
al 2008).The result of these studies are suggetatenot only a few but a great number of
structures in the central nervous system are fuedégatly involved on the processes of
posture control; to name a few, the cerebellumalbganglia, thalamus, and many cortical
areas are commonly described in an extensive nuailstudies Diener et al 1984;
Bazalgette et al 1986; Viallet et al 1987; Bouiss®d Zattara 1990; Horak and Diener 1994;
Ouchi 1996; Karnath 2000a,b; Slobounov 2006a).

According to Latash (2008b) disorders of balareetlae most common clinical
consequences of cerebellar injuries. These diserday appear alone when the vermis or
the fastigial nucleus of the cerebellum is affeaedn combination with disorders of limb
movements. Patients with cerebellar disorders 8fyishow increased postural sway
(Diener et al 1984; Horak and Diener 1994) and amynpatients, this increased sway is seen
in anterior-posterior direction. These patient® &as1d to react to unexpected perturbations
of their base of support with exaggerated postaspponses (Horak and Diener 1994). Both
groups of muscles acting at the ankle joint shownarease in their response as compared to
responses seen in a person without a cerebellandeis

Neurophysiological abnormalities of the basal genglich as those associated with
Parkinson’s disease also affect normal posturahtieh (Bazalgette et al 1986; Viallet et al
1987; Bouisset and Zattara 1990). Patients witkiRson’'s disease commonly demonstrate
profoundly different postural adjustments. Morecpeally, APAs seen in a postural
muscles before the execution of a voluntary movesileave a smaller amplitude as
compared to healthy subjects (Bazalgette et al 198tese patients more frequently
demonstrate anticipatory co-contraction of antasfamuscles (Viallet et al 1987; Bouisset
and Zattara 1990). While anticipatory co-contrat@pparently stiffens a joint and stabilizes
it against perturbations, it is less efficient thhe more common pattern of alternating
activity in postural muscle groups. In additiontipats with Parkinson’s disease also show

an imparment of the ability to voluntarily moduldkeir pre-programmed reactions
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associated with postural perturbations. All thelsgeovations taken together indicate, first, a
fundamental role of the basal ganglia in the prees®f controlling posture; and second, an
impaired ability of patients with Parkinson’s taogram and initiate movements, and to
voluntarily modulate the course of their action®ré postural perturbation has been applied.

Studies on the role of supra-spinal structuretherregulation and control of posture
also involve the postural behavior of survivorswbke (Brunnstom 1970; Davies 1985;
Bohannon 1986; Pedersen et al 1996; Karnath 200@dtbough the consequences of such
events extensively vary among patients due to ifferent brain areas affected, a common
general clinical finding of paresis (decrease otahel strength and impairment on the ability
to move and control joints in certain segments)henside of the body contra-lateral to the
side of the brain lesion is described. The terrmiparesis, is commonly used to describe
impairments on the control of the trunk, upper Bovder limbs contra-lateral to the side of
the brain lesion. A large number of patients surifigof hemiparesis have a relatively good
trunk balance soon after the stroke, some patieagsloose lateral balance and fall toward
the paralyzed side even when sitting (BrunnstonD1®avies 1985; Bohannon 1986;
Pedersen et al 1996; Karnath 2000a,b) and otharallgcexhibit a even more peculiar
behavior of using the non-affected arm or leg tivaty push the body away from the non-
paretic side. Davies (1985) was the first to déscthis peculiar behavior in hemiparetic
patients and termed it as contraversive pushinty @fatively recently the origin of the
contraversive pushing was uncovered and its caas®&éen attributed to an altered
perception of the body orientation in relation tawgty (Karnath et al 2000a,b). Karnath et al
(2000Db) results suggest that contraversive pugbatignts commonly have lesions located
on the ventral posterior and lateral posterior euat the posterior thalamus. Their result also
point at a brain structure fundamentally involvedhe control of the upright body posture,
the thalamus.

Another growing body of experimental studies denratisig the role of supra-spinal
structures involved in postural control comes frageries of behavioral studies involving
patients suffering from post-traumatic consequentesild brain injury, or MTBI. Although
the results of these studies do not point at aegiip supra-spinal structure, they suggest
that even in mild cases where no anatomical tik=siens are verified within the brain

matter, the blunt trauma affects the intricate mekwf mechanisms controlling the upright
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posture. Several previous studies have identifiesgative effect of MTBI on postural
stability not only shortly after the injury but alas long-term effects of the trauma (Ingersoll
and Armstrong 1992; Wober et al 1993; Sloboun@®086b; Slobounov et al 2008). More
specifically, an increase in postural sway is obse@with a larger increase in the anterior-
posterior (AP) direction (Ingersoll and Armstron@92; Wober et al 1993). In addition to
traditional measurements of the body’s center esgure displacement (COP), other
measurements such as virtual time to contact (MI@e revealed similar results illustrating
the ability to detect longer lasting effects of train trauma than COP based measures
(Slobounov et al 2006b; Slobounov et al 2008).dPati who suffered MTBI also exhibit
postural dysfunction when performing more challeggbostural tasks (Slobounov et 2006b)
such as responses to visual field motion.

Another important observation from behavioral sésdin the role of supra-spinal
structure involved in mechanisms of postural cdngr¢the existence of the anticipatory
postural adjustments (APAS) prior to postural pdxdtions. As described earlier (see the
APA section) these anticipatory adjustments are bsethe controller to overcome (at least
partially) the mechanical effects of external ameinal mechanical perturbations to the
stability of the body (Belen’kiy et al 1967; Cordad Nashner 1982; Aruin and Latash 1996;
Shiratori and Latash 2000; Shiratori and Latashl208PAs commonly occur prior to the
application of postural perturbation and therefame suggestive of the existence of feed-
forward mechanisms of control. Although the existenf APAs does not point directly to
the involvement of any specific cortical involverhghis the modulation of APAs based
upon on the subject’s prior knowledge (cognitivediion) on the mechanical effects of such
perturbation that suggests participation of cortstaictures in human posture control. For
example, Shiratori and Latash (2001) have showrelaiions between the kinetic energy
carried by an object released by an experimen@A&A magnitudes in the trunk, leg and
arm muscles during the task of catching a loadenvtihnding. Their results have
demonstrated that subjects are able to recognz@uaticipate the effect of a predictable
perturbation and modulate their anticipatory musclévity with respect to the time of
impact and the mechanical effect caused by the lo&llikely that cognitive centers of the
brain, such as the frontal lobe, are involved is task as well as cortical areas responsible
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for processing multisensory information such asperal-parietal cortex, supplementary
motor area, and prefrontal cortex (de Waele @01, Quant et al, 2004; Adkin et al, 2006).
Along with behavioral studies and clinical obselwas, several lines of research
using brain imaging techniques have helped reseesth understand the intricate task of
producing movements and controlling the human pesiDeecke et al (1969) studied the
electroencephalogram (EEG) in humans and obsehatdtructures within the frontal lobe
were activated much earlier than the primary matea (about 1.5 s prior to the first EMG
modulation changes). This finding had driven thihars to suggest that the primary motor
area serves as a muscle activator area but ngblas@er of complex motor behaviors. The
activity reported by Deecke et al (1969) represgateegative cortical potential recorded
over the frontal lobe and the center of the sddpwadays, this evoked potential is
commonly referred to as the Bereitschaftpotendithough EEG technique has been used
with success in studies involving voluntary movemenly a few studies have been
performed related to postural control (Dietz etl&I85; Ackermann et al, 1986; Dimitrov et
al, 1996; Saitou et al, 1996; Slobounov et al, 2@@ant et al, 2004a,b; Slobounov et al
2005; Adkin et al, 2006) . These studies have sstgdein particular, that postural
adjustments and compensatory postural movemend/gmgupra-spinal, including cortical
structures. Saitou et al (1996) described the exest of MRCP (motor-related cortical
potentials) in tasks involving ballistic movemeanfghe body (tip-toe rising) similar to those
seen prior to the execution of voluntary movemetde limbs. Slobounov et al (2005)
confirmed these results and expanded the knowleggkescribing an increase in the
gamma-range activity about 200 ms prior to the n&aleoint during body sway in the
anterior direction. These results taken togethppstt the notion that postural adjustments
are not just automatic muscle responses to pettarbaediated by the brain stem and spinal
cord but cortically controlled intentional movem&nAlso, the burst of gamma activity close
to the perceived safety boundaries of stabilitydates the existence of a neural detector for
postural instability triggering the initiation obmpensatory postural movement to prevent a
fall. In addition, Slobounov et al (2000) foundecdease in the EEG power in concussed
individuals during a task requiring the recognitafrunstable postures and thus inferred that
people who have suffered mild traumatic brain nj(MTBI) have an impaired ability to

recognize the limits of their functional boundarngstability. These finding may result from
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damage to the brain that causes reduced locabgircitas well as reduced synchronization
of the active generators of the higher frequenaydbas measured by EEG (Thompson,
2005).

The use of brain image techniques as a methodcofjrézing increased activity on
specific structures of the brain matter also inekithe use of event-related functional
Magnetic Resonance Imaging (fMRI). Although the a6BMRI is still very limited in its
practical application to studies of posture confimlorder to collect data, subjects must be
kept as immobile as possible what makes its agmitéo posture studies very restricted)
Slobounov et al (2006a) cleverly set experimentatising FMRI to relate brain activation
sites to postural tasks. They evaluated the algfityealth subjects to recognize unstable
positions of a projected image of a virtual bodyilesthey could submit the subject to fMRI.
They explored the possible existence of a neutalctiar for postural instability and found
that successful recognition of unstable posturdadas activation of distinct areas of the
brain including bilateral parietal cortex, antemingulate cortex and bilateral cerebellum In
addition, significant activation is observed in thesal ganglia (caudate nucleus and
putamen) but only during perception of animatedyres. Their findings point to the
existence of modality-specific distributed actieatiof brain areas responsible for detection
of postural stability.

Ouchi (1999) used another brain imaging technigositron emission tomography
(PET) to investigated the role of different brairustures involved in the control of different
postures: supine with eyes open; standing withtteggther (eyes open or closed); unipedal
standing on one foot; and standing with two feg¢aimdem. Their results have shown that, as
compared with the supine posture, standing undleoafigurations studied revealed
activation of cerebellar structures and visualeartSpecifically, these results suggest that
the cerebellar efferent system plays an importaletin maintenance of standing posture and
that the visual association cortex may sub-sergelaéing postural equilibrium while

standing.
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2.8 The relation between posture control and movemé generation

Since forces and moments generated by a voluntaement can destroy the
postural equilibrium (Ramos and Stark 1990), it b@sn suggested that any movement
performed has two distinct components (Bernstei719The first component is directed to
the execution of the desired motor act. The secongponent is directed to the regulation of
the posture. Two different views exist about hoesthcomponents are coordinated.

The first view suggests that postural synergiesfarseparated group of motor
programs. This postural motor program can be coetbwith another plan controlling the
desired motor act (Massion et al. 1999). This weas termed ‘dual control scheme’ or DCS
by Slijper (2001). The second view suggests thel slistinction between the organization of
the movement and the organization of the postues dot exist and they are part of a same
motor plan. This later view was termed ‘single cohscheme’ or SCS by Slijper (2001).
Evidence of both views can be found in resultsxpiegiments that explored the anticipatory
postural adjustments (APA) features under the i@atime paradigm.

Both views have generated predictions about the Af#d their relation to the focal
action. The DCS view assumes two independent dgmooesses running in parallel that
make it possible to dissociate the onset of a fowalement from the postural adjustments.
In another words, the relative timing between thA%and the focal onset can vary when
time constraints imposed by reaction time exise DICS hypothesis has been supported by
results showing the onset independence of the Bowhbpostural acts. Particularly, that the
onset of the postural response is delayed in montsmeade under RT when compared to
self-paced conditions (Bouisset and Zattara 19@dvBnutti et al. 1997).

The SCS view assumes that the generation of APAdamal movements originate
from a single control process and would generatariant timing between postural and focal
components. Evidence for the SCS hypothesis hasfbaad in experiments showing a
dependency of APAs on features of the focal adtian triggered the perturbation (Aruin and
Latash 1995; Touissant et al. 1997a,b). In a spettformed by Aruin and Latash (1995),
APAs scaled with the magnitude of the focal actidrile the perturbation was constant and
predictable. In the studies performed by Touissaal. (1997a,b), changes in APAs were

dependent on the technique used to lift the loate together, these results corroborate the
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SCS hypothesis since there is a dependency obtia¢ ihovement and the postural
generation processes.

In a series of studies conducted by Slijper (200@)h hypotheses were tested in
regard to self-paced (SP), simple reaction timeenwnts (SR), and choice reaction time
(CRT) instructions. In one of these studies, addath mechanical perturbation was used
consisting of a load release task that eliminatgdcanfounding mechanical factor. The
APAs of trunk and lower limb muscles were recordad compared across the three types of
instruction. The main results show that APA onseider SRT were delayed as compared to
SP conditions (similar results were found by Zattand Bouisset 1988; Benvenuti et al.
1997). In CRT conditions, APAs occurred earliemti@ SRT conditions and no differences
were found between CRT and SP conidtions. Thesdtsespeak in favor of the DCS
hypothesis.

2.9 Synergies

In motor control literature, a large number of stéschave been published using the
word “synergy”. For example, entering the combioatimotor synergy’ in Pubmed
generates about 250 articles’ titles as resulhefsearch. However, one would be surprised
how the concept of the word ‘synergy’ differs amahg publications.

In the Cambridge international dictionary of Engl{4996), synergy is defined as
‘the combined power of a group of things when dreyworking together which is greater
than the total power achieved by each working sajedy’. In motor control, it was probably
Sir Hughling Jackson (1889) the first to introdtice idea that muscles are controlled in
groups and not independently. He did not use time ®ynergy’ explicitly but instead, the
idea is implicated in his so frequently cited quiota’...the central nervous system knows
nothing about muscles, it knows only movemefits great French neurologist Felix
Babinski studied motor disorders in persons wittelsellar injuries and used the term
“asynergia” to describe certain cases of loss daatibn. Sir Charles Sherrington (1906)
also used the term synergy as terminology arouadéginning of the 2bcentury. He
referred to synergy as sets of muscles (or musolepg) performing essentially the same

action. For instance, all muscles related to flexabthe knee are considered synergistic,
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namely biceps femoris, semitendinosus, and semimarobus. One can argue that this view
was established on the beginning of th8 26ntury when foundations of motor control
started to take shape. However, this definitiono® the most accepted in clinical practice, is
based on the association of the anatomical fundionuscles, and does not take into
account any other feature necessary to the develojpof a organized movement such as
temporal and scaling relations.

Bernstein (1969) laid down the foundations of hammevement coordination studies
by describing the problems to be solved by theraénervous system. Bernstein described
the possibility of achieving a certain motor pumpy using different limb configurations
(the degrees of freedom (DOF) problem) and sugdektt human control of movements is
organized hierarchically in at least 4 differervdls (A, B, C, and D). Level A was
considered the level of muscle tone. Level B wassitered as the level of muscular and
articular links. Level C was considered as levedmdice and level D was considered as level
of actions. According to Bernstein (1969), the ld¥és the level of synergies where the
elements performing the movement interact with edblr. Bernstein emphasized that the
occurrence of synergies is probably the way ofiaglthe degrees of freedom problem since
it reduces the total number of variables to betdeith by the CNS. In summary, Bernstein
was able to formalize the main problems facingasdeers studying the control of
movements, while emphasizing that the problemuwdyghg movements is one of
understanding the control of a redundant systentuldel out any straight-forward and
unambiguous relation between the nervous impulsédhee movements themselves.

In line with Bernstein’s ideas, Gelfand and Tsetli866) defined functional
synergies as fixed and reproducible interaction of the jointsgmoups of joints, organized
and controlled by the CNS for effective solutioa gpecific problemThese task-specific or

intention-specific structural units have certaiogerties:

1- The internal structure of the unit is more comphan its interaction with the

environment.

2- Part of a structure cannot itself be considersttuctural unit for the same tasks.
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3- Parts of a structural unit that do not work wigspect to a task is eliminated or it

adapts itself within the main task.

In addition, these authors also proposedtireciple of minimal interactionvhich
they described at two levels: 1) at the level téiiaction among elements (local) where the
functional outcome of each element on its own staminimally dependent on the output of
other elements; and 2) at the level of interachietween individual elements and the higher
level of the hierarchy (global) where the effectbénges in the output of each element on
the common, functionally defined outcome of thet ismiminimized by changes in the output
of other elements (Gelfand and Latash 1998).

It is clear that the definition of motor synergyrposed by Gelfand and Tsetlin (1966)
is far more complete than others presented eafliegir definition has not only a more
detailed description but its practical applicati@s allowed others to develop tools to
recognize a synergy and explore its features.

The term postural synergy was introduced by Bemsi@nsidering it as a
combination of control signals to a number of mesalhose purpose is to assure the
stability of a limb or the whole body in anticipati of a predictable postural perturbation or
in response to an actual perturbation (Latash, 199&ditionally, postural synergies have
been viewed as a separate group of motor progfsamsan be mixed with the programs of
the desired movement. An alternative view is thaté is only one program involving both
aspects of the movement, postural control and hmkion. According to the latter view, any
movement involves many more joints than those agigrused to produce the movement.
Thus, changes in activity of postural muscles bexaot an addition to a motor program but
an inherent part of it.

Postural synergies have traditionally been stuthidbe context of postural reactions
to external perturbations and postural adjustmestdted to voluntary movements. Studies
have examined both kinematics and muscle actiaM@s) as the variables of interest.
Alexandrov and his collaborators (1998) studiedakial synergies during upper trunk
bending and found that forward and backward movesneare performed simultaneously
with opposite movement of the lower body segmertigs strategy kept the body center of

mass within the boundaries of the base of suppaptincipal component of analysis on the
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joint displacement with respect to time was perkdrand a very strong correlation among
joint action was found. The correlation was strengugh such that the first PC accounted
for approximately 99% of the total variance. Themsults showed that the ratio among the
movements performed by the joints did not vary mitiehs ensuring the position of the
COM within the base of support.

Another example of studies involving motor synesga@d using the kinematics as
variables of interest comes from a group of coltabws led by Scholz and Schoner (1999).
This group developed a different approach to explbe synergistic features of the motor
system; the uncontrolled manifold hypothesis (UCMdthesis) (Scholz and Schéner,
1999). The UCM hypothesis implies that the conémodicts in the space of elemental
variables (for example, joint angles or digit f@fand creates synergies that stabilize (in a
sense of decreasing variability across repetitias) an important performance variable (for
example, endpoint trajectory or the total forceduwed by the hand). As such, the
hypothesis emphasizes a feature of motor synetiggg¢€an be called stability/flexibility:
Synergies ensure stability of a performance vagialdlile allowing variability of elemental
variables that allows to perform other tasks antt/ateal with perturbations to actions.

According to this hypothesis, when a controller tg8ao stabilize a particular
performance by using the activity of multiple elerts it selects a subspace within the space
of the elements’ action corresponding to a deserahlue of the performance variable. This
subspace is the uncontrolled manifold. These astbiidied tasks as sit-to-stand where the
joint configuration observed at each point in ndirea time was analyzed with respect to
the variability found across the trials. The vallishwas decomposed into components that
did and did not affect the variables consideredesxribing the performance to be
controlled, in particular COM displacement. Thatfivariability component is parallel to the
uncontrolled manifold (UCM) while the second oneithogonal to the UCM (ORT). The
results showed that the position of the COM indhgittal plane was very well stabilized by
co-variations of the joint rotations. Scholz andh&uer also analyzed other performances
variables such as head position, which was fourtstabilized to a lesser degree. Other
experiments using different tasks have been regpdnyethis group such as kinematics of the
arm during quick draw pistol (Scholz et al. 20G8¢esbie launching, and recently the

method was used in a study of quiet stance.
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EMGs of postural muscles have also been used isttitly of postural synergies. For
instance, in an experiment performed by Cordo aashNer (1982) postural muscle activity
was recorded during a pushing (or pulling) of oriesgy by a stiff handle that was held or
subjects were instructed to pull or push rapidiytfemhandle. The results showed postural
reactions in response to both perturbations aradmdstural activity prior to the movement
initiation (APAS). They found certain temporal asphtial patterns in the activation of the
postural muscles (postural synergies). For exanppteimal muscles were activated first
followed by distal muscles. However, the idea géél synergies is not well accepted since
other factors such as magnitude and direction digeation can change the temporal and
the spatial distribution of the muscle activatibloak and Nashner 1986). Also, analysis of
latency or magnitude of EMGs modulation have bessduo define synergies. Various
statistical techniques have been applied to rezegsynergies and they include cross-
correlations (Danna-dos-Santos et al. 2007b),gdiatween related pairs of muscles
(Nashner 1977), correlation and regression (Bouetsal. 1977), and principal component
analysis (Alexandrov et al 1998).

More recently the UCM method was also applied udigts involving EMGs as the
elemental variables of interest (KrishmanoorhtgleR003; Wang et al. 2006; Danna-dos-
Santos et al. 2007a).

2.10 The uncontrolled manifold hypothesis

As stated earlier, one of the central problemsstigated in motor control literature
is the degrees-of-freedom problem described by ®eimin 1967. This problem has also
been called the motor redundancy problem and hsenairom observations made by
Bernstein on the work of blacksmiths during theibeing of the 28 century. Bernstein
observed that during the execution of the labortask of hammering all the joints showed
higher variability of angular movements than tipedi the hammer used to hit the chisel.
Bernstein’s insight, based on the idea that thjedtary of the tip of the hammer was being
kept more stable than the parts generating the merne was that the CNS has no sensory
elements linking physically the hammer to the hrdinus, Bernstein concluded that, in some

way, the joints where capable of putting the hamimeertain positions by using a variety of



37

configurations. This pattern reflects a commonlkgrsteature in human movements: motor
variability.

Most theories of human movement control attemptesbtve the redundancy
problem by selecting an optimal solution basedamescriteria (e.g. Cole and Abbs 1986;
Viviani and Flash 1995). These theories try to elate DOFs in order to find a singular
solution that optimizes the chosen criteria. Althlothese theories explain some human
motor behavior, their biological meaning is stifiscure. It was Gelfand and Latash (1998)
who expanded the ideas published by Gelfand antlim §£966) and proposed thprinciple
of abundance According to this principle, there is no elimtian of DOFs but instead, all
DOFs patrticipate in the motor task. In this way tlumerous elements are able to
accomplish the motor goal and also ensure a cataount of flexibility is case of sudden
perturbation or execution of a secondary concornttesk

In experimental situations, stability of a perforroa variable can be assessed by
quantifying the variability of the variable acrdsse samples or its reproducibility across
different trials (Schoner, 1990). This analysivafiability is the core of the UCM
hypothesis. This approach has made possible t@sslinportant questions in the motor

control scenario such as:

1- when is a synergy present?

2- how to quantify the strenghtness of a synergy.

3- how to text the development of a new synergy.

This approach has been used to study a numbeneiftic, kinetic and muscle
activation variables. Scholz and Schoner (1999jistla sit-to-stand task where joint
configurations were analyzed with respect to todkial variability. By applying the UCM
method of computation they found that the positb@OM in the sagittal plane was kept
more stable than its position at the horizontaheldl he same group also investigated the
kinematics of a quick-draw pistol shooting taske¥heported that the variable stabilized the

most along the execution of the movement was tlea@tion of the pistol.
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The motor control laboratory at Penn State wasoresiple for expanding the use of
the UCM approach to other levels of analysis (Kmeioorthy et al. 2003b, 2004; Wang et
al. 2005). This group has used the UCM approadchvestigate the coordination involved
among the muscle activation patterns found priorduring the execution of a motor task.

The implementation of such method follow requirkee tollowing steps;

1- Identifying the elemental variables. More speaify they have proposed the use
of principal component analysis (PCA) with factatraction on indices of integrated EMGs
across repeated trials. The new set of variaklesltant from PCA analysis are referred as
muscle modes and considered as the elemental \eariab

2-Selection of a performance variable. Displacensé@OP, shear forces and
moments around the vertical axis are being cuyerathsidered among the studies in

development.

3-Computation of the Jacobian of the system redagimall changes in the important
control variable to small changes in the magnitofdine muscle modes. This step is

achieved by using multiple linear regression.

4-The UCM is computed and the variance in magnitfdauscle modes is
decomposed into two components. The first compomamhely Vucm represents the
variability that does not exert any changes ingagormance variable while the second one,
Vort is the component where any variation of musotele magnitude will influence the

performance variable.

Mostly these studies have been related to the figag®n of muscle synergies
involved on the control of vertical posture. Krisimoorthy et al (2003) performed a series of
studies involving load release and voluntary digcbody sways and analyzed the synergies
involved in preparation for the self-inducted pepation. The results have pointed in the
direction that the controller united the musclefummctional groups to stabilize such variables

as the COP coordinate. In summary, the method éas shown to be reliable and a new
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group of questions have been raised allowing rekees to go further in the understanding

of human movement control.
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CHAPTER 3

STUDY #1

Muscle Modes and Synergies during Voluntary Body Say

3.1 Introduction

The notion of muscle synergies has been used eghect to the control of
movements in a variety of species ranging fromickimbryos to spinal frogs, cats, and
humans (Bradley and Bekoff 1990; Holdefer and Mi#l802; Johnson and Bekoff 1996;
Lemay and Grill 2004; Saltiel et al. 2001). Usingsule synergies has been viewed as a
solution to the notorious problem of motor redurda(Bernstein 1967; Turvey 1990) by
decreasing the number of degrees-of-freedom atdheol level. Correlation techniques and
matrix factorization methods have been used totiiyesmaller sets of variables that are able
to describe the behavior of muscles across a yasfedctions or along the time course of an
action (d’Avella et al. 2003; Ivanenko et al. 20@006; Maier and Hepp-Reymond 1995;
Tresch et al. 2006; Weiss and Flanders 2004).

Recently, a somewhat different approach to motoesyies has been developed
based on the principle of motor abundance (GeltamtiLatash 2002) and using the
framework of the uncontrolled manifold (UCM) hypetlis (Scholz and Schéner 1999;
reviewed in Latash et al. 2002). The UCM hypothesgies that the controller acts in the
space of elemental variables (for example, joigfiesor digit forces) and creates synergies
that stabilize (in a sense of decreasing varigpifin important performance variable (for
example, endpoint trajectory or the total forceduwed by the hand). As such, the
hypothesis emphasizes a feature of motor synetiggg€an be called stability/flexibility:
Synergies ensure stability of a performance vagialdlile allowing variability of elemental
variables that allows to perform other tasks antbateal with perturbations to actions.

Muscle activations commonly co-vary; such a coate&sh may or may not be related
to stabilizing a particular variable (lvanenko et2904; Ting and Macpherson 2005; Tresch

et al. 2006). Since the times of Hughlings JacK4®&89), researchers have assumed that the
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brain does not control large muscle groups by senaidependent signals to each muscle.
Hence, co-variation of muscle activations may ifteot a control strategy specific for a
given task but relatively task-independent builtefations. To deal with this issue the idea
of muscle modes (M-modes, Krishnamoorthy et al.3200) has been introduced as
elemental variables manipulated by the controdezrhange in the magnitude of each mode is
expected to produce parallel changes in activdéeels of many muscles. Analysis of
variance of muscle modes has revealed multi-musclde synergies stabilizing shifts of the
center of pressure (COP, the point of applicatibtihe resultant vertical force acting on the
body from the support) when a standing person predan action (Krishnamoorthy et al.
2003b, 2004; Wang et al. 2005).

Two recent studies have shown a drop in an inderuifi-M-mode synergies
stabilizing COP shifts - this index reflects howlhahanges in the gains at individual modes
co-vary to stabilize a COP shift - when a stangiagson was initiating a quick action, a
quick step or a quick whole-body sway (Wang e2@05, 2006). This finding has been
interpreted as a purposeful destabilization ofGE° coordinate to facilitate its quick
change. However, other interpretations of thesdiriigs are possible. In particular, the high
rate of COP shift could by itself influence theénxdof synergies, as supported by a recent
modeling study (Goodman et al. 2005). It is alssgide that the structure of M-modes
and/or their effects on COP shifts (the Jacobiathefsystem) depend on the rate of COP
shift.

The main purpose of the current study has beesstdhbw M-modes, their effects of
COP shifts (the Jacobian), and multi-M-mode syresrgiepend on the speed of voluntary
COP shift. We used a cyclic voluntary COP changay3 at different frequencies to
produce COP shifts at different rates. Our mainoflypses have been that (1) a change in the
sway frequency would lead to changes in the straattiM-modes and/or in the Jacobian,
and (2) an increase in the sway frequency would tea drop in the index of multi-M-mode
synergies. Confirming these hypotheses, partigutad second one, would mean that the
earlier conclusions on purposeful destabilizatibthe COP coordinate during fast actions
have to be reconsidered. Refuting the first hypsgkevould support the notion of M-modes

as preset muscle groups that are used by the dentnithin a broad range of tasks.



42

Refuting the second hypothesis would support tea tthat the controller can purposefully

destabilize a performance variable (COP coordirtaté&cilitate its quick change.

3.2 Methods
Subjects

Eight subjects (five males and three females) Wighmean age 30.8 years (+ 6.5
SD), mean weight 72.5 kg (£ 17.2 SD) and mean hdigh cm (7.0 SD) participated in the
experiment. All the subjects were healthy, withaay known neurological or muscular
disorder. All subjects were right-handed basedeir preferential hand usage during
writing and eating. All the subjects gave infornoethsent based on the procedures approved
by the Office for Research Protection of The Pelvasya State University.

Apparatus

A force platform (AMTI, OR-6) was used to recor@ tmoments of force around the
frontal and sagittal axes (My and Mx, respectivagll the vertical component of the
reaction force (Fz). Disposable self-adhesive spelets (3M Corporation) were used to
record the surface muscle activity (EMG) of thédwing muscles: soleus (SOL),
gastrocnemius lateralis (GL), tibialis anterior (JTAiceps femoris (BF), semitendinosus
(ST), rectus femoris (RF), vastus lateralis (VL3stus medialis (VL), lumbar erector spinae
(ES), and rectus abdominis (RA). The electrodegwétaced on the right side of the
subject’s body over the muscle bellies. The distdmtween the two electrodes of each pair
was 3 cm.

The signals from the electrodes were amplifie8000) and band pass filtered (60-
500 Hz). All the signals were sampled at 1000 Hih&i12-bit resolution. A personal
computer (Gateway 450Mhz) was used to control fipeement and to collect the data using
the customized Labview-based software (LabviewMational Instruments, Austin TX,
USA).
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Procedures

The experiment started with two control trials thatre later used for normalization
of the EMG signals (see the next section). In thaaés, the subjects were instructed to stand
quietly and hold a standard load (5 kg) for teroses in front of the body keeping the arms
fully extended. The subjects held the load by pngssn two circular panels attached to the
ends of a bar. The load was either suspended fiermiddle of the bar or it was attached
through a pulley system such that it produced amang acting force on the bar (Figure 3.1).
Two trials were performed with the load acting devand and upward in a balanced order

across subjects. The time interval between thettals was 30 s.
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Figure 3.1 A schematic representation of the subject’s poste in the control trials. The subject
stood on the force plate holding a load (5 Kg) irént of the body or behind the body (using the
pulley system) for 10 s. EMG electrode position ishown for soleus (SOL), gastrochemius
lateralis (GL), tibialis anterior (TA), biceps femaris (BF), semitendinosus (ST), rectus femoris
(RF), vastus lateralis (VL), vastus medialis (VL)Jumbar erector spinae (ES), and rectus
abdominis (RA).
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The main task involved continuous voluntary swa)Vh the anterior-posterior
(AP) direction at different frequencies. Subjectyevinstructed to stand on the force plate
with their feet in parallel and apart 15 cm. Thastfposition was marked on the top of the
platform and reproduced across all frequencies.arhmes were always kept crossed against
the chest. The instruction was to produce a coatisisway reaching as far as possible
forward and backward while keeping full contacboth heels and toes with the platform
during the movement. A metronome paced the subjeabvements. The metronome was set
at five different frequencies: 0.25 Hz, 0.50 HAQHz, 1.50 Hz, and 2.00 Hz. Subjects were
asked to reach the most backward and most forwasiipns at each metronome beat; they
were free to select their own limits of COP sHifence, complete cycles of body sway were
performed at 0.125 Hz, 0.25 Hz, 0.50 Hz, 0.75 ki, 5.00 Hz, respectively.

A period of familiarization with the task was giveneach subject prior to data
collection. During the familiarization period, saebjs performed the sway under all five
frequencies during 2.5 minutes divided into fivetgmns of 30 second each. Continuous
visual feedback on the AP location of the centepretsure (COR) was provided by the
monitor placed 2.0 m in front of the subject at ¢lye level. The sequence of body sway
frequencies was presented in a balanced ordem@adtual trials, no visual feedback was
provided.

Each trial started with the subject standing quiéthen, the metronome was turned
on, and the subject was asked to begin swaying Election started after the subject had
completed at least four complete sway cycles afasted until fifteen full cycles were
recorded. Only one trial was performed at eachueeqy, and the order of frequencies was
randomized across subjects. A resting period @y sgconds was given between trials when
the subjects were allowed to sit and relax. Theageduration of the experiment was forty

minutes, and none of the subjects complained mfifat

Data processing

All signals were processed off-line using LabVievatid MatLab 6.5 software
packages. Signals from the force plate were fittevéh a 20 Hz low-pass, second order,
zero-lag Butterworth filter and CQPcoordinate was computed using the following

approximation:
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CO Pap = —My/FZ

As commonly accepted in studies of COP shifts,gm@ied the effects of the shear
forces on the moments of forces measured by thtoptabecause of the small lever arm of
those forces (the AMTI platforms record the momaerith respect to the platform center
located 36 mm beneath the surface). Our pilot aas@sts suggest that the contribution of
shear forces to the estimated COP shifts was alwailsunder 10%.

For each sway frequency, twelve complete sway sywekere used for data analysis.
The duration of each cycle was time normalized ghahthe total duration of each cycle was
always 100%. The initiationgitand end of each cycle)Xwas defined by two consecutives
extreme anterior positions of CQP CORyp displacementACOP,p) was computed by
subtracting the average CgRoordinate over a trial from the averaged G&édordinate
over each 1% window of the cycle.

EMG signals were rectified and filtered with a 58 ldw-pass, second-order, zero-
lag Butterworth filter. Changes in muscle actiassociated with CQP shift were
quantified as follows. Rectified EMG signals wemngegrated over 1% time windows of the
cycles (EMG). In order to compare tHEMG indices across muscles and subjects, we
normalized them by the EMG integrals computed lier¢ontrol trials when the subjects
stood and held the 5.0 Kg lod&MG indices for the dorsal muscles (SOL, GL, BF, B¥)
were divided by the EMG integrals over a time wiwdaf the same duration in the middle of
the control trial when the load was held quietlyront of the bodylEMG indices for the
ventral muscles (TA, VM, VL, RF, RA) were divideg the EMG integrals obtained in the
middle of the control trial when the load was susjesl behind the body. This method of
normalization is the same used in our earlier ssdf muscle mode synergies
(Krishnamoorthy et al. 2003a,b; Wang et al. 2005).
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Statistics

Defining M-modes with principal component analy{§I€A)

For each subject and each frequency)BMG data formed a matrix with ten
columns corresponding to ten postural muscles 200 tows corresponding to 1% time
windows of all twelve cycles analyzed. The corielaimatrix among theEMG was
subjected to PCA (using SPSS software) Wighimaxrotation. The factor analysis module
with principal component extraction was employed.

For each subject, the first three PCs were seldotddrther analysis based on the
following criteria: an inflection point in the sa®lots (the following PCs accounted for
approximately similar amounts of variance per P@) lbaving indices of at least one muscle
loaded significantly per PC (Krishnamoorthy et28103a; Wang et al. 2005). We are going
to address these PCs as muscle modes (M-modeddviand M) and hypothesize that
magnitudes of (coefficients at) the M-modes areimdated by the controller to produce
COP shifts. In other words, M-modes represent mitactors in the muscle activation space
that can be recruited by the controller with diéfier magnitudes. PCs number four and higher
did not have significantly loaded muscle activatiodices and were highly variable across
the subjects. Therefore, we do not present dataase PCs although occasionally PC4
could account for a comparable amount of variandddt of PC3.

In order to test the hypothesis that M-modes (R@syimilar across the different
frequencies of sway and subjects, we used a métiradiuced by Krishnamoorthy and
colleagues (2003a). Within this analysis, the ®hd M-modes were first sorted by their
action on the center of gravity (for details sesufis). This method compares a group of
vectors in the muscle activation space (for exanthieM, vectors for a given subject across
all the sway frequencies) to a central vector regméng another group of vectors (for
example, the Mvectors for another subject across the same swguéncies). The central
vector is a PC vector for which the sum of squalisthnces between it and the remaining
vectors within the same group is minimal. The mdttests an assumption that all vectors of
the same number in all subjects and across aliémgjes point in similar directions. In this
case, cosine of the angle between a central vantbany vector of the same number is
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expected to be close to unity, while cosine ofahgle between a central vector and any
vector of a different number is expected to beelkaszero.

The procedure includes the selection of a cen&rallor among the actual PC vectors
leading to the identification of three central \ostfor each comparisops( p2, andps
corresponding to M M,, and My). The central vectors were identified for eachjsctbover
all frequencies fi(s)}, and for each frequency over all subjeqigf]}. It was hypothesized
that (1) for each subject, a PC veqbpiis collinear to a central vectop{s)} if i =) (where
i,j =1,2,3) and orthogonal to itiit£ j; and (2) for each task, a PC veqpis collinear to a
central vector i(f)} if i =] and orthogonal to it if # .

Absolute values of the cosines between the 10-dinaal PC vectors were used as a
measure of closeness of their directions. We ubsdlate values of the cosines rather than
angles themselves for statistical purposes; naieaingles 0° and 180° are equivalent for PCs
and for absolute cosine values while they are aplgrdifferent in angular units. Cosines of
angles between each central vegi@ (i = 1, 2, 3) for a selected sway frequency pfdr
each individual subject performing at each swagdesncy and cosines of angles between
eachpi(s) (i = 1, 2, 3) for each subject apdor each sway frequency performed by each
subject were calculated. These were further tranmsfd into z-scores using Fisher’s z-
transformation. Further, these values were averaibdr across subjects or across
frequencies.

A one-way ANOVA with factofFrequency0.125, 0.25, 0.50, 0.75, and 1.00 Hz) was
used to analyze possible changes in the amourdrnce explained by individual PCs. To
test similarities between PCs across the subjectsaay frequencies, a fact@entral
Vector(p1, p2, andps) was used in combination wifrequency Significant effects were

further explored with Tukey’s pair-wise contrastte

Defining the JacobianJ(matrix)

Linear relations between changes in the magnitatid®smodes AM) and CORp
shifts ACOPyp) were assumed and the corresponding multiple ssgmne equations were
computed over the 12 cycles performed by each subiel at each frequency. The

coefficients of the regression equations were gednn a matrix that is a Jacobian matrix:
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ACOPBRyp= Ki* AM1 + ko* AM>+ ka* AM3;
J = [Kakoks] "

Within this approach, thé& matrices are reduced toqB) vector-columns. For each
subject, this analysis was run over the twelveviddial cycles for each time interval (each
1% of the total cycle). The analysis was run owdirdycles (100 intervals per frequency).

A two-way mixed design ANOVA was used with factdtsmode(M1, M2, M3) and
Frequency0.125, 0.25, 0.50, 0.75, and 1.00 Hz) to anapassible differences in the
regression coefficients across the M-modes andi&egjes of body sway. A one-way
ANOVA was used with factofrequency(0.125, 0.25, 0.50, 0.75, and 1.00 Hz) to analyze

possible changes in the total amount of varianpéaged by the linear regression.

UCM analysis — Index of synergy

The uncontrolled manifold hypothesis assumes tietontroller manipulates a set of
elemental variables to stabilize a value or a fimtdile of a performance variable (Scholz
and Schoner 1999; reviewed in Latash et al. 2082)ur analysis, M-modes play the role of
elemental variables, while CQ@Pshift represents the performance variable. Henee,
analyze the variance in the M-mode space at eaabepdf the sway cycle and compare its
components that are compatible with a stableregoducible from cycle to cycle, value of
the CORp coordinate (estimated as its average value aptiese of the cycle) and those that
lead to changes in this coordinate. To do thisgwh cycle (N EMG indices were
computed and transformed imi®1 using the results of the PCA in Step-1 of the ysial
The AM space has dimensionalityz3. A hypothesis that a particular magnitud@AGOPp
is stabilized by co-variation @M magnitudes accounts for one degree of freedish)(

Thus, the system is redundant with respect toasle of stabilizing particulakCOPyp
values. The mean magnitudes of eath were computed. Since the model relathh to
ACOPxp is linear, theAM mean values were subtracted from eakhcomputed value and
the residuals were subjected to further analysfslbswvs.

The UCM represents combinations of M-modes thatcansistent with a stable
(reproducible from cycle to cycle) value 8£OPsp. The UCM was calculated as the null

space of the correspondidgnatrix (defined at Step-2 of the analysis). Thi space of] is



a set of all vector solutionsof a system of equatiodg=0. The null space is spanned by
basis vectors;. The vector of individual mean-fréeMs was resolved into its projection

onto the null space:

n-d
fuem = Z(QT [ﬂAM ))fim
i=1
and component orthogonal to the null space:
forr = (AM ) = fucm
The amount of variance per DOF within the UCM is:
N
Vuem =0Gewm :Z fiom I(n= d)Nyias)
i=1
and orthogonal to the UCM is:
N
VORT = O6RT :Z fSrr /(ONyiais)
i=1
Vucm and \ort were the main dependent variables used in thilysisaln lay terms,
they correspond to “good variability” ()w that does not affe&@COPyp computed for a
certain time interval during the oscillation cycée)d “bad variability” (\brt that changes
ACOPRsp). A two-way mixed-design ANOVA was used with fast&requency(0.125, 0.25,
0.50, 0.75, and 1.00 Hz) aMariance(Vycw and \ogrr) to analyze possible differences in
the values of these two variables across the sregyéncies. To quantify the relative
amount of the total variance that is compatiblégiabilization of a particular CQPshift
we used an index\l) reflecting the difference between the variandtaiw the UCM and
orthogonal to the UCM. It was computed as:
AV = NUCM _VORT)/ VTOT
where all variance indices are computed per degiréeedom;Vor stands for total

variance.

3.3 Results
Although we analyzed the data separately oventiehalf-cycles of the sway

corresponding to the backward and forward COP,ghiéire were no significant effects of
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the COP shift direction on any of the importantoome measures Therefore, for clarity and
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brevity, only results representing full cycles vii# reported. This section is organized in a
the following way. First, the basic patterns of GEBhifts and muscle activity are described.
Further, the results of the PCA are presented antiysis of mode similarity across the sway
frequencies and subjects. Finally, we describedhelts of the uncontrolled manifold

analysis applied to the mode data.

Patterns of CORr and muscle activity

Across all five frequencies of sway, the subjectsenable to show qualitatively
similar ‘sine-like’ time profiles of COR. The average sway frequencies across the eight
subjects were 0.12+0.01 Hz, 0.49+0.004, 0.99+010%5+ 0.03, and 1.9+0.17 for the
nominal metronome frequencies of 0.125, 0.5, 18,dnd 2 Hz. Figure 3.2 shows the
CORyp profile averaged across 12 trials during body spexjormed by a typical subject at
0.125 Hz and 0.75 Hz (thick line and thin line pestively). Note the similarity of the
shapes and similar peak-to-peak amplitudes invibepanels. Characteristics of C£P
shifts were similar across all other frequencieshl& 3.1 summarizes the averages and
standard errors of the peak-to-peak GRdHsplacement for each frequency of the sway.

Effects of sway frequency of the peak-to-peak @QOfsplacement were tested with
a one-way repeated measures ANOVA with the fa€tequency(0.125, 0.25, 0.50, 0.75,
and 1.00 Hz). No differences across the five fregies were found (k35 = 1.11, p>0.3).
These results confirm that subjects had similar £Q@lsplacement across the five
frequencies. As expected, the peak rate of {g@Paled with the sway frequency. Averaged
across subjects peak rates were 0.10 m/s (+ 0.0a8),m/s (+ 0.010), 0.37 m/s (x 0.015),
0.49 m/s (x 0.026), and 0.62 m/s (+0.058) for tHk28, 0.25, 0.5, 0.75, and 1.0 Hz
respectively. A one-way ANOVA showed a significaffects ofFrequencyon the peak rate
of COP,p change across the five frequencigs, 65 = 43.57, p<0.001). All Tukey's pair-wise

comparisons showed significant differences (p<0.01)
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Figure 3.2 Average COPRyp displacement across cycles for a representativelsgact. Thick and
thin lines represent COR» overall pattern for the sway frequency of 0.125 Hand 0.75 Hz (the
lowest frequency and the second highest frequenagspectively). Note the similarity in the time
profiles and similar sway amplitudes in these twoasks.

Table 3.1Peak-to-peak COP displacements across sway frequéss

0.125 0.25 0.50 0.75 1.00
Frequency (Hz)

Hz Hz Hz Hz Hz

16.06 + 16.25 + 17.80 + 15.28 + 15.88 +
Average CORr (cm)

0.62 0.67 0.56 1.17 1.21

Means and standard errors of peak-to-peak fs@€ross subjects for the five different body
sway frequencies are shown.

There were regularities in the patterns of actoratf the leg and trunk muscles
across the sway frequencies. In particular, dutregforward-to-backward part of the sway
cycle (0 to 50%), there was a decrease in the Eattivation of dorsal muscles (SOL, GL,
BF, ST, and ES) and an increase in the activityeotral muscles (TA, VM, VL, RF, and
RA). At the instant of the most backward COP disptaent (50% of the cycle time), ventral
muscle activity was typically high and the dorsaistle activity was low. Over the
backward-to-forward sway (51 to 100%), the ventnakcles activity decreased while the
dorsal muscles exhibited an increase in their #gtiVhe overall pattern is illustrated in

Figure 3.3 that shows EMG profiles for six of tlka postural muscles in a representative
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subject during body sway at 0.125 Hz (thin lines) 8.75 Hz (thick lines). The subset of six
muscles was selected to illustrate typical actbrapatterns in muscles crossing the three
major leg joints. Note that at the higher sway frexcy there was an increase in the peak
EMG levels and also a shift from the smooth, sike-thanges in the muscle activity (at

0.125 Hz) to more abrupt bursts.
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Figure 3.3 Normalized muscle activity averaged across cycléwith standard error bars) for a
typical subject. Muscle activity is displayed in abitrary units and sway cycle is expressed in
percentage of its total duration. Phases 0% and 180 indicate the most anterior COP position
(‘Front’) and phase 50% indicates its most posterioposition (‘Back’). The scales have been
selected for better visualization.
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Principal component analysis (PCA)

To identify groups of muscles whose activity wasdodated in parallel during the
sway, we used PCA (as described in the Methods) W& run on data over the whole
cycle duration. Based on the criteria describethénMethods, three first PCs were chosen in
each data set.

The first three principal components (PC1, PC2,l268) accounted, on average, for
84.6% (+1%) of the total variance during body sywayformed at 0.125 Hz, 77.2% (+ 0.3%)
at 0.25 Hz, 70.9% (+ 0.5%) at 0.50 Hz, 66.7% (4) @70.75 Hz, and 65.4% (+ 1%) at 1.00
Hz. Figure 3.4 (Panel A) illustrates the dependaridke total amount of variance explained
by the first three PCs on sway frequency. A sigalfit decrease in the z-scores of the amount
of variance explained by the first three PCs, (f=82.64, p<0.001) was confirmed by a
one-way ANOVA with factoFrequency(0.125, 0.25, 0.50, 0.75, and 1.00 Hz). Tukey’s
pair-wise contrasts showed significant differenoetsveen all frequency pairs (p<0.05) with
the exception of 0.75 Hz and 1.00 Hz pair. Althotigh variance explained by the first three
PCs decreased as a function of sway frequencyssthne whole range of frequencies the
total amount of explained variance was similarighbr than values reported in earlier

studies using PCA for muscle mode identificatiomiggnamoorthy et al. 2003b; Wang et al.
2005).

A B
100 - —~ 100 - 0O M1-mode (push-back)
Q\C’/ Q\C’/ O M2-mode (push-forward)
3 80 _[_ _L _]:_ _L T 80 - O M3-mode (mixed)
= _I_ k=
@© 4 @ B
= 60 = 60
x x
40 - W 40 -
)
o o
g 20 7 .g 20 7 "E‘-\k'l_‘ ’{Pj’%‘ "%’%‘
S R
> O T T T T 1 > O T T T T 1
0.125 0.25 050 0.75 1.00 0.125 0.25 050 0.75 1.00
Frequency (Hz) Frequency (Hz)

Figure 3.4 Panel A: Averages across subjects, maximum and mimum ranges of the amount of
variance explained by the three first principal conponents. Note the drop in the amount of
variance with sway frequency. Panel B: Averages aoss subjects, maximum and minimum

ranges of variance explained by each mode (Mode pash-back; Mode 2= push-forward; and
Mode 3= mixed).
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Loadings at individual muscle activation indices ttee first two PCs were similar
across both subjects and frequencies. In particoes of the first two PCs showed high
loading values for thEEMG indices of the dorsal muscles, while the otP€rshowed high
loading values for thEEMG indices of the ventral muscles (Table 3.2).1&&h2 shows
individual loadings for all muscles under all fis&ay frequency conditions, averages for
each muscle loading were calculated across subjButsthird PC typically showed only a
couple of muscles significantly loaded, and thessaites varied across the subjects. Because
this pattern was similar to that described by Kaeimoorthy and colleagues (2003a,b), we
decide to use the same names for the PCs, naneetgubh-back’M-mode (or M), the
“push-forward”M-mode (M), and the thixed” M-mode (V).

Variations in muscle activation during the swayleywere accompanied by cyclic
changes in the magnitudes of the M-modes. In gérderang the forward-to-backward part
of the cycle (0 to 50%) there was an increaseemtlgnitude of M and M- modes and a
decrease in the magnitude og-hode. During the backward-to-forward part of tlyele (51
to 100%) this pattern changed to a decrease;iralll Ms- modes and an increase in-M
mode magnitude. This pattern is illustrated in FegB.5 that shows M-mode profiles
averaged across subjects during body sway at HtZ®anel A) and 0.75 Hz (Panel B).

The average amount of variance accounted for bly ebthe three M-modes is
illustrated in Figure 3.4 (Panel B) across the sWwaguencies. Since, in different subjects the
“push-backor the “push-forward modes could account for larger amounts of varaiice
averaging was performed over the modes of the seame rather than over the modes that
accounted for most variance. Note that the firgt taodes accounted, on average, for 60% to
80% of the total variance.

A two-way mixed-design ANOVA with the factoFsequency0.125, 0.25, 0.50,

0.75, and 1.00 Hz), ardd-mode(M,, M,, and M) was used on the z-scores. There were
significant main effects dfrequency(Fy4, 315= 21.45, p<0.001) andl-mode(F;, 315=

417.76, p<0.001). There was also a significarequencyx M-modeinteraction (g, 315=

14.29, p<0.001). Tukey’s pair-wise comparisons cordd significant differences between
0.125 Hz and all other frequencies (p<0.01) withéRkception of 0.25 Hz. The same method
confirmed that the data for the three modes wemifegsantly different from each other
(p<0.05).
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0.25 Hz 0.50 Hz 0.75 Hz 1.00 Hz
0.125 Hz
Muscle
PC1 PCz PC3 PC1 PCZ PC3 PCl PCz PC3 PCl PCZ PC3 PCl PCz PC3
M1- M2- M3- M1- M2- M3- M1- M2- M3- M1- M2- M3- M1- M2- M3-
mode mode mode mode mode mode mode mode mode mode mode mode mode mode mode
SOL 0.86 + 0.26 + 0.08 + 0.84 + ;0'27 0.02 + 0.70 + -0.30 + 0.15 * 0.76 + 0.21 0.16 + 0.70 + 017 0.28
0.07 0.16 0.17 0.06 010 0.03 0.24 0.13 0.31 0.23 +0.11 0.3 0.30 0.09 +0.39
GL 0.88 + 013 + 0.08 + 0.84 + ;0'22 0.04 * 072 + 023 + 017 * 077 + -0.19 0.18 * 0.68 + 0.16 + 030 *
0.04 0.13 0.15 0.05 014 0.04 0.25 0.17 0.32 0.22 +0.11 0.32 0.32 0.10 0.40
BE 0.80 + 017 012 + 0.79 + ;0'12 0.03 + 0.77 + 019 + 0.03 + 062 + 0.14 017 + 057 + 019 + 038 +
0.14 0.13 0.29 0.05 0.25 0.11 0.10 0.13 0.23 0.25 +0.19 0.48 0.30 0.19 0.35
ST 054 + 0.13 * 0.16 * 042 * 027+ 001+ 051 * 0.25 + 0.05 038 * 020 + 022 * 040 * 0.14 * 037 *
0.46 0.51 0.32 0.45 0.55 0.09 0.41 0.42 0.31 0.33 0.47 0.44 0.40 0.36 0.43
ES 075 + 035+ 009 * 070 + 032 0.04 * 058 * 039+ 007 059 * 023 0.04 * 052 + 024 % 029 *
0.10 0.12 0.14 0.11 014 0.08 0.12 0.16 0.16 0.06 +0.14 0.32 0.23 0.19 0.30
TA 20.08 £ 0.84 * 0.14 * 019 + 0.77 = 0.16 * 021 % 0.69 * 0.03 * 031+ 054+ 0.12 * 019 060 * 013 ¢
0.28 0.05 0.17 0.17 0.09 0.22 0.24 0.13 0.24 0.15 0.12 0.33 0.24 0.17 0.14
VL 019 £ 0.90 * 0.01 * 027 0.84 % 0.05 0.20 + 0.80 * 0.01 * 0.20 £ 0.76 * 0.00 019+ 072 * 003 £
0.10 0.03 0.06 0.07 0.02 0.05 0.14 0.06 0.07 0.11 0.06 0.14 0.18 0.07 0.19
VM 018 £ 091 * 0.07 * 027 0.83% 0.10 * 023+ 0.84 * 0.00 023 % 0.76 * 0.07 * 022+ 0.78 * 007 £
0.11 0.03 0.10 0.12 0.10 0.08 0.07 0.05 0.09 0.11 0.15 0.25 0.06 0.09 0.12
RE 023+ 091 * 0.07 * 031 % 0.82 % 0.10 * 024 + 0.84 * 0.02 + 024 + 0.77 £ 0.07 * 024 0.78 * 20.08 £
0.10 0.04 0.09 0.10 0.08 0.10 0.09 0.04 0.12 0.11 0.11 0.26 0.10 0.05 0.12
RA 0.13 * 027 * 071 * 0.05 012 0.97 * 0.08 * 0.14 * 0.61 * 20.03 + 023 % 052 * 004 + 046 * 012 *
0.21 0.28 0.50 0.05 0.08 0.03 0.10 0.20 0.61 0.11 0.25 0.52 0.12 0.25 0.56

Averaged across subjects data are shown with shideéaiations. SOL — soleus, GL — lateral gastratns, BF — biceps femoris, ST —
semitendinosus, ES — erector spinae, TA — tibaligrior, VL — vastus lateralis, VM — vastus madijaRF — rectus femoris, RA — rectus
abdominis.




56

A 0.125 Hz B 0.75 Hz
e \]+ mode (push-back)
18.0 18.0 M2- mode (push-forwerd)
14.0 14.0 II{{I —— M3-mode (mixed)
510.0 IIIIII glo.o II Hh
g 6.0 4 \ 8 60 |
® 2 iR
= =

g
o

-6.0 T T T T T T T T T T -6.0 - T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Front Back Front Front Back Front
Sway cycle phase (%) Sway cycle phase (%)

Figure 3.5 Modulation of the three mode magnitudes within tke sway cycle for a low frequency
(0.125 Hz, panel A) and for a high frequency (0.7Hz, panel B) sway. Averages across subjects
are shown with standard error bars. M1-mode magnitale is shown by dark thick lines while
M2- and M3-mode magnitudes are represented by darkhin lines and dashed lines,
respectively. Mode magnitudes are displayed in artriary units and sway cycle is expressed in
percentage of its total duration. Phases 0% and 100 indicate the most anterior COP position
and phase 50% indicates its most posterior position

Verification of M-mode similarity across frequerscand subjects

As described in Methods, we used absolute valuéseofosines between M-modes
in the muscle activation space as a measure ofasityi Cosines between central vectgss,
and each individual M-mode vector were computedamdpared across the five frequencies
of body sway and across subjects. For this purghseabsolute cosine values were
transformed into z-scores. Figure 3.6 shows thenmescores of cosines for analysis across
the sway frequencies. Note the significantly highscores between a central vector and
individual vectors of the same M-mode. The contiagarticularly obvious for the first two
M-modes (M and M).

A two-way mixed-design ANOVA with factofgl-mode(M1, M2, and M3)and
Central Vector(pl, p2 andp3) was used on the z-scores (Figure 3.6). There gignificant
main effects oM-mode(Fy2, 10s712.11, p<0.001) and @entral Vector(F2, 10s76.47,
p<0.01). There was also a significditmodex Central Vectointeraction(Fa, 10s786.97,
p<0.001). Tukey's pair-wise comparisons confirmgdiScantly higher z-scores for cosines
of the angles between thefdnd M-modes for the different frequencies and the céntra

vectors of the same number (p<0.001). Hence, tigidual M-mode vectors Mand M
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clustered around their central vectors (cosineestlose to unity), i.e. the M-modes
observed at different sway frequencies were apprataly similar. Adding a fact@ubject
to this analysis did not change the results sihisefactor showed no significant effects.

A similar pattern was found for analysis acrosgexttb. Figure 3.7 is organized
similarly to Figure 3.6 but it presents data fdrsalay frequencies separately. In this case, a
three-way ANOVA with factor&requency(0.125, 0.25, 0.50, 0.75, and 1.00}mode(M1-

, M2-, and M3- modesindCentral Vector(pl, p2 andp3) was preformed. The results were
similar to those described in the previous pardgrapparticular, there was a significavit
modex Central Vectoiinteraction (kz270)= 9.01 p < 0.001) confirming the significantly
higher z-scores for cosines of the angles betwsei- and M-modes for the different
subjects and the central vectors of the same nu(pk@r001). Hence, the individual M-
mode vectors Wland M clustered around their central vectors, i.e. thenbtles found in
different subjects were approximately similar.

The third mode (M) was much more variable across both subjectsragdiéncies.

As a result, the cosine values between individual/&ttors and the Bentral vector were
not dramatically different than between vectorshhecentral vector and vectors;Mnd M.

Taken together, these findings confirm similaritfMdmode composition in the
muscle space across both subjects and sway fregaeatleast for the first two M-modes. It
corroborates the idea similar sets of muscle madesised to control large groups of

muscles involved in whole-body sway at differemiguencies.

204 m M1- mode (push-back)

1.8 1 0 M2- mode (push-forward)
1.6 1 & M3- mode (mixed)
1.4 -
1.2
1.0
0.8 -
0.6 -
0.4 -
0.2 -
0.0 -

z-score of cosines

Central PC1 Central PC2 Central PC3

Figure 3.6 Averages and standard errors of z-scores of thebaolute values of cosines between a
central vector, p;, and each mode vector; the data were averaged assobody sway frequencies
(with standard error bars). Note that z-scores ardnigher between a central vector and mode
vectors corresponding to the same mode group.



58

0~ Il V1- mode (push-back)
[ IM2- mode (push-forward)
57 PZAM3- mode (mixed)

Central PC1
z-scores of cosines

o O B P N N W

Central PC2
z-scores of cosines

0.125 0.25 0.50 0.75 1.00

Central PC3
z-scores of cosines
-

(63}
|

0.125 0.25 0.50 0.75 1.00
Frequency (Hz)

NN\

Figure 3.7 Panels A through C show Z-scores of the absolutalues of cosines between a central
vector, p;, and each mode vector, PCs, averaged across sulbjagnder different sway

frequencies (with standard errors). Note that z-sa@s are highest between a central vector and
mode vectors corresponding to the same mode group.

Identifying the Jacobians: Results of multiple eggion analyses

This analysis investigated whether similar linedations between gains at the M-
modes and COP shifts can describe the data atefitfeway frequencies. The linear
relations between changes in the magnitudes of Mes@Ms) and the associated CQP

shifts ACOPsp) were computed using multiple regression analyis.each regression
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analysis, the data were pooled over the time iatenwithin a cycle and across the 12 cycles.
The coefficients of the multiple regression anayasie presented in Table 3.3 for each
subjects and each sway frequency. The data in TaBlshow that in most cases-VM,-,

and Ms-modes were significant predictors&COPy magnitude. Table 3.3 also shows
information on how often each M-mode was a sigaifigpredictor (p<0.05) ACOPxp.

Note that M-mode was the best predictor in a sense that itepeorrelation withACOPsp
magnitude was significant in more cases than fewther two M-modes, followed by M
mode, while M-mode happened to be the worst predictor amonthtiee.

The mean values and standard errors across sufgeetsch regression coefficient are
displayed in Figure 3.8 (panel A). A two-way mixgelsign ANOVA was used with factors
M-mode(M; , M2, and M) andFrequency(0.125, 0.25, 0.50, 0.75, and 1.00 Hz). There was
a significant main effect d¥l-mode(F,, 30;= 1.13, p<0.05) but no effect Bfequency(Fp,

301 = 5.74, p>0.10). Tukey's post-hoc contrasts coréd that the regression coefficients for
M- and My-modes were different from the regression coefficfer the M-mode (p<0.05).
Panel B of Figure 3.8 shows the amount of varian@eCOP,p explained by the regression
model, i.e. its coefficient of determination. THetgshows a drop in the amount of variance
explained with an increase in the sway frequengys €ffect was confirmed by a one-way
ANOVA with factor Frequency(0.125, 0.25, 0.50, 0.75, and 1.00 Hz) that showed
significant main effect on z-scores of the varia(f§gi0s) = 101.64, p<0.001). Tukey's pair-
wise comparisons showed that z-scores were diff@x@oss all body sway frequencies
(p<0.05). Note that despite the low absolute vatue regression coefficient at the-khode
was significantly different from zero (p < 0.05).
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Figure 3.8 A: Linear regression coefficients between each Miode and COP shifts with
standard error bars. B: Variance explained by linea regression of ACOP,r against the three
M-mode magnitudes. Note the drop in the amount ofariance explained with sway frequency.



Table 3.3Linear regression coefficients between M-modes ar@OP shifts
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req
0.125 Hz 0.25 Hz 0.50 Hz 0.75 Hz 1.00 Hz
Subject
M1- M2- M3- M1- M2- M3- M1- M2- M3- M1- M2- M3- M1- M2- M3-
mode mode mode mode mode mode mode mode mode mode mode mode mode mode mode
1 2.90 ** -0.10 0.60 * 3.13* -0.03 0.27 ** 2.44 * 0.32 ** 0.71 0.37 ** -0.50 ** 0.02 0.52 ** -0.37 ** -0.46
2 1.55 ** -0.45 ** 451 * 2.17 * 0.16 * 6.66 ** 1.30 ** 0.35 ** 0.75 1.34 ** 0.23* 4.15 * 1.48 ** -0.07 0.28 **
3 1.33 ** -0.87 ** 1.66 ** 4.71* 0.20 -3.73 * 1.90 ** -0.59 ** 0.21 -0.52 ** -0.24 ** 1.86 ** 1.12 ** -0.03 -0.07
4 0.34 * 0.00 10.05 ** 0.98 ** -0.44 ** 4.01* 0.49 ** -0.24 ** 4.13 ** -0.48 ** -0.41 ** 1.76 ** -0.39 ** -0.12 * 1.42
5 2.81* -0.71 ** -0.29 1.34 ** -0.55 ** 0.86 1.13 ** -0.15 -0.18 0.67 ** 0.03 -0.60 1.39 ** 0.78 ** -7.37 7
6 3.18* -1.23 ** 12.01 ** 3.76 ** 0.92 ** -2.70 1.54 ** -0.49 ** 0.25* 3.45* 0.28 ** -0.61 ** 1.93 ** 0.18 ** -0.27 **
7 1.70 ** -2.39 ** 2.15* 2.40 ** -0.54* -1.52 1.57 ** -0.61 ** 0.51 0.70 ** 0.20 -0.65 ** 0.48 ** -0.36 ** 1.32 %
8 2.14 * -0.51 ** 3.94 ** 0.72 ** -0.21* 0.91 ** 0.17 ** -0.34 ** 0.69 0.32 ** 0.17 ** -0.34 ** 0.02 0.05 0.37 **

Results of multiple regression analysis are shawreéch subject under the five different sway fesuuies (Freq).

* p<0.05

** n<0.001.




61

UCM analysis

Data from twelve continuous sway cycles under different frequencies were used
to perform analysis of the structure of variabibigross each sway cycle in the space of M-
modes. The method partitioned the total variandbenM-mode space across cycles into two
components. The first componentydy)) was within an uncontrolled manifold (UCM)
computed as the null-space of the correspondimgtrix defined at an earlier step of
analysis. The other componentyyf) was within a sub-space orthogonal to the UCM.
Further, we used an index\() reflecting the difference betweenM, and \bgr, both
normalized by the degrees-of-freedom in each salsesp/Ne interpret positive values/Af
as reflecting a multi-M-mode synergy stabilizing #wverage COP shift.

In general, subjects demonstrated an increasetim\igy and \brr when the sway
frequency increased. These results are displayEayure 3.9(Panel A), which shows the
Vucm and \orr per degree-of-freedom averaged across subjects.thiat \(,cu (black bars)
was always larger thano¥r while both increased with the sway frequency.

To analyze the effects of sway frequency on theuwartance components, a two-way
ANOVA with repeated measures, with the facterequency(0.125 Hz, 0.25 Hz, 0.50 Hz,
0.75 Hz, and 1.00 Hz) andariance-Componer(Vycm and \brt) was performed. There
were significant main effects of borequencyFy, 7o 4.38, p<0.01) anWariance-
ComponentF1, 7o 25.82, p<0.001) without a significant interacti{@®0.1). Tukey's pair-
wise comparisons showed significant differences/een both 0.125 Hz and 0.25 Hz as
compared to 1.00 Hz (p<0.01 and p<0.05, respdgjiwll other pair-wise comparisons did
not reach significance.

To test whether the two variance components chasigeithrly with changes in the
sway frequency and phase, an ind&X)(reflecting their normalized difference was used.
Time changes of this index for three sway frequemare shown in panel B of Figure 3.9.
Note that at low sway frequenci#®/ was modulated within the sway cycle (black solid
lines), while for the highest frequency, it wasneaonstant. The dependence of the average
magnitude oAV on sway frequency is shown in panelA¥. was always significantly larger
than zero for all frequencies, which means thattmasance within the M-mode space was
within the UCM. We interpret this as a sign of altmM-mode synergy stabilizing COP

shifts. There were no differencesAN across the five sway frequencies: The one-way
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repeated measures ANOVA with factenrequency(0.125 Hz, 0.25 Hz, 0.50 Hz, 0.75 Hz and
1.00 Hz) showed no effect Bfequencyon AV (Fps 39= 0.65, p>0.5).
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Figure 3.9:A: Averaged across subjects Vcy and Vorr cOmponents of the total variance for
each sway frequency (with standard error bars). Dak bars represents \(,cm While light bars
represent Vorr. Note larger Vycw @and an increase in both variance components withidquency.
B: Time profiles of AV averaged across subjects over the full sway cyamder three different
sway frequencies, 0.125 Hz (the dark thick line),.B0 Hz (the dark thin line), and 1.0 Hz (the
dashed line). C: Means and standard errors foAV across subjects. Note that the values are
positive and show inconsistent changes with freque.
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To further analyze possible modulation of M-modgarece and its components
within the sway cycle, Vcm and \brr were averaged within each 10% windows of the full
cycle. The results are shown in Figure 3.10 whéferdnt panels displays results obtained
under different sway frequenciesydfr data are shown with dark bars whilgr{is shown
with light bars.

It is clear from Fig. 11 that there was modulatdithe two variance components
within the cycle, particularly pronounced foydf and for the low sway frequencies. For the
higher frequencies, this effect is less pronounegile Vycy showed a general increase in
magnitude. For instance, for the very first windofanalysis, Vicm was 1.84 crhat 0.125
Hz, 2.45 criat 0.25 Hz, 4.55 cfrat 0.50 Hz, 6.45 cfat 0.75 Hz, and 11.48 émat 1.00 Hz.
VorT Showed much less pronounced modulation withircitode across all sway frequencies.

A three-way ANOVA with repeated measures, withdesEFrequency(0.125 Hz,

0.25 Hz, 0.50 Hz, 0.75 Hz, 1.00 HX)ariance-Componer(luycm, Vort), andCycle phase
(1-10, 11-20 ... 91-100) was performed. There wageificant main effects of all three
factors,Frequency(Fa, 700 25.24, p<0.001)Variance-Componer(f1 700 140.48,
p<0.001), andcCycle Phas€Ryo, 700 4.99, p<0.001). Two interactions were also diatily
significant,Frequencyx Variance-Componer{fs, zoor 8.42, p<0.001), andariance-
Componentx Cycle Phas€Fa, 7oor 25.24, p<0.001) reflecting the stronger modutatd
Vucwm as compared to 34t with both sway frequency and cycle phase.

Two two-way ANOVAs were performed as a follow-uptést the effects of
frequency and cycle phase opdy andVort separately. BotkrequencyandCycle phase
had significant effects oném (F,3s07 17.14.48, p<0.001;f=s0= 4.43.48, p<0.001) while
only Frequencyshowed a significant effect oroir (F1,3507 14.33, p<0.001)No
interactions were significant.

Tukey's pair-wise comparisons showed thggwduring sway at 0.125 Hz was
different from \{,cm during sways at 0.50, 0.75, and 1.00 Hz (p<0.Bmgnificant
differences were also seen between 1.00 Hz vs, 0.26, and 0.75 Hz (p<0.001)oNr
showed significant differences between 0.125 HOvVA and 1.00 Hz (p<0.001) as well as
between 0.25 Hz vs. 0.75 and 1.00 Hz (p<0.001)cBorparisons among the cycle phases,
Vucm showed differences between the first 10% vs. ha$e30%, 31-40%, 41-50%, and
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51-60% (p<0.05). Significant differences were aksached between 91-100% vs. 31-40%
and 51-60% (p<0.05).

Overall, this analysis confirms the existence oftrmaode synergies stabilizing COP
shifts across the studied range of sway frequengiéisough the two components of
variance, Wcv and Vort, Showed pronounced modulation across frequenoigplases of
the sway cycle, the index of synerg\) stayed at comparably high levels across all the

sway frequencies
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Figure 3. 10V ycm and Vorr averaged within 10% windows of the sway cycle (witstandard
errors). Panels A through E show results obtainednder the five different frequencies of sway.
Dark bars show Vycw While light bars show \ogrr, both in cn?. Note the larger ,cm Values and
stronger Vycw modulation within the sway cycle, which tends to écome smaller at the higher
frequencies
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3.4 Discussion

The main outcome of the study is the rejectionaththypotheses formulated in the
Introduction. An increase in the sway frequencyttechajor changes in the peak rate of COP
trajectory accompanied by substantial changesaieMG patterns. Nevertheless, there were
no significant changes in the composition of thesateitmodes (M-modes) and in the
mapping between small changes in the M-mode madgstand COP shifts (the Jacobian).
The total variance of M-modes increased signifiganith an increase in the sway
frequency. However, this increase was not assatiai significant changes in the index
AV of the multi-M-mode synergy stabilizing the CORBjéctory. These results provide the
most comprehensive support for the notion of mdHlimode synergies in whole-body tasks.
They also support the idea that the central nerggatem can modulate the level of
participation of such synergies in a task-speeifiy. The results also have implications for
such important issues of motor control as the obutrdiscrete and rhythmic movements

and the use of motor abundance.

Modes and synergies

We would like to emphasize the main differencesvbeh our approach to muscle
synergies and approaches that have been used trothes studies. When a person performs
an action involving many muscles, muscle activapatterns show variations both along the
time course of the action and across its repestidmalysis within the space of muscle
activations reveals co-variations that allow toatié® the data more economically, with a
smaller set of variables. Each variable from thigker set maps onto many muscles and
leads to parallel changes in their activation. Aetst of computational methods have been
used to discover such smaller sets of variablebvila et al. 2003; Ivanenko et al. 2004,
2006; Maier and Hepp-Reymond 1995; Weiss and Flar2i#04); a recent study compared
several methods and showed that they all lead te moless similar results (Tresch et al.
2006). Variables from such smaller sets have babadcsynergies. These have been
reported for a variety of human actions involviagyong others, hand action (Maier and
Hepp-Reymond 1995; Weiss and Flanders 2004), balgkitum eu al. 1995), locomotion
(Ivanenko et al. 2004, 2006), and sit-up (Cordal e2006). They have also been described
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for patients with spinal cord injury (Minassianaét2004). The main role of synergies has
been assumed to help solve the problem of motameahcy, although they have also been
discussed in relation to optimizing biomechanieakbrs (Stokes and Gardner-Morse 2001).

We accept the proposition that the central nengystem reduces the number of
variables it manipulates for tasks involving laggeups of muscles. However, we would like
to view the variables defined with the help of P@Aother matrix factorization techniques
not as synergies but as elemental variables (M-s)ad®responding to a smaller number of
degrees-of-freedom but still leaving room for flakty to perform typical motor actions. If
one considers COP shifts in the anterior-postafii@ction, manipulating magnitudes of
three M-modes may be viewed as a means to simgaififrol as compared to manipulating
activations of a dozen or so muscles. However,dbes not by itself define a single solution
for the problem of motor redundancy. The residbairalance (Gelfand and Latash 2002) of
three M-modes allows forming synergies that stabié coordinate or a trajectory of the
COP.

In a recent study (Torres-Oviedo et al. 2006), aitptively similar approach has
been taken in the analysis of combinations of neusades stabilizing the center of mass
during postural perturbations. The modes in thadystvere defined using non-negative
matrix factorization methods. That study, howewdsd, not use a formal model between
changes in M-mode magnitudes and center of magkdements that would be equivalent
to the Jacobian used in our study.

Concepts of stability and flexibility are centraldur understanding of synergies. The
main function of synergies is to ensure stabilitygerties, i.e. small in-trial or between-trials
variability of an important performance variablevl Vort) While allowing relatively high
variability of elemental variables (highy¥u). Potentially, this leaves room for performing
other concurrent tasks with the same set of eleatheatiables (M-modes) or dealing with
unexpected perturbations (cf. Yang et al. 2006js Thderstanding originates from the
principle of abundance (Gelfand and Latash 2008)¢ckvviews the apparently redundant
design of the motor apparatus not as the sourcernputational problems but as a powerful,
flexible apparatus.

Note that the differences between the two appraatheynergies are not only

linguistic. Our understanding emphasizes that syyasrare functional in a sense that they
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reflect control strategies that provide stabilifyroportant performance variables, while the
alternative approach views any stable relationsre@bemental variables as a synergy. To
use an intuitive illustration: The four legs ofadlie are a synergy according to the more
traditional approach (their forces scale togethiéhn e weight of objects placed on the top
of the table) but not according to our approachk étaling reflects a single M-mode that

reflects the structural design of the table, nobmtrol strategy).

M-modes and COP displacements

Hypothetically, different sets of M-modes can beated within the same space of
muscle activations. Depending on planned actiasdme leg and trunk muscles can be
united into sets of modes that are optimal to enstabilization of relevant performance
variables. The three modes identified in the curséudy are used for COP stabilization
across subjects and velocities of COP shift. Howevdifferent set of modes may be
assembled by the central nervous system for ardiffeaction, for example kicking a
football. Indeed, an earlier study with subjectbaing on a narrow support and using light
touch has revealed sets of M-modes that were gtiaéty different from those observed
during more natural standing (Krishnamoorthy eP@04). However, in other studies, M-
modes observed in different subjects performinteckht actions while standing were shown
to be similar (Krishnamoorthy et al. 2003a; Wangle2005). All the mentioned studies
compared a few discrete actions associated with S at similar rates.

In the present study, we used a much broader maingges of COP shifts.
Comparison of the absolute values of cosines betwags of M-mode vectors in the space
of muscle activations confirmed similarity of M-nmexiboth across subjects and across sway
frequencies. The mappings between M-mode magnita@< OP shifts (the Jacobian) were
also similar across the sway frequencies. Thislresaon-trivial, because sways at different
frequencies within this range involve differentjbcoordination patterns: An increase in the
sway frequency has been shown to lead to a decire#ise ankle joint motion amplitude and
an increase in the hip joint motion amplitude (Adegrov et al. 1998; Duarte and Freitas
2005; confirmed in our experiments by a pilot aseyf kinematics in selected subjects).
We conclude, therefore, that the method of defillhghodes is robust across the used range

of rates of COP shifts. This conclusion is in limi¢h the general idea that a smaller number
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of variables (M-modes in our study or “synergiestarlier studies) can be used to construct
behaviors with different characteristics (Loeblef800; Saltiel et al. 2001; d'Avella and
Bizzi 2005; Ting and Macpherson 2005). We viewdhatrast between the different motor
patterns and similar sets of M-modes stabilizing®&ifts as corroborating this general
idea.

Despite the general similarity of M-modes acrogssWay frequencies, there was a
significant decline in the amount of variance ia tiriginal data accounted for by the three
M-modes at higher frequencies. At slow sway fregies) the first three M-modes accounted
for about 80-85% of the total variance (this comnegdrvorably with earlier studies, which
reported only 60% to 70% of the total variance aoted for by similar sets of three M-
modes, Krishnamoorthy et al. 2003a,b; Wang et@52 The amount of variance dropped
to under 70% for the fastest sway frequencies.dh@s also a decline in the amount of
variance in the COP shifts accounted for by thedimregression model based on the three
M-modes. Note that these relatively modest amooiwsiriance explained by the three M-
modes can be due to two factors, the inherentlgynaature of the raw signals (EMG) and
the participation of the same muscles in actiofferdint from the explicit task (see later).

There may be several explanations for these firediRgst, swaying at higher
frequencies may be viewed as a more challengirkg éasl an increase in task complexity
has been shown to be associated with violatiopsaportional scaling of muscle activations
(Cordo et al. 2006). It is also possible that CORsat a higher frequency are associated
with an increase in the role of other task comptsesuach as, for example, keeping the trunk
vertical or stabilizing the location of the centémass (cf. Freitas et al. 2006). An increase
in the role of those “other task components” migtig about two consequences. First, a
larger number of M-modes based on the same setis€les could play important roles.
Second, there may be a drop in the total amouwdg@nce in the muscle activation space

related to performance of the explicit task, tisaghifting the COP.

Discrete and continuous whole-body actions
Our study showed, on average, similar indices dfifM+rmode synergies across all
the sway frequencies. As such, its results arkisgly different from those of two earlier

studies with the initiation of a quick step ancaajuick voluntary sway (Wang et al. 2005,
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2006). In those studies, COP shifts at rates coampato those at the highest sway
frequencies in our experiment were associated aviibamatic drop in a similar index of
multi-M-mode synergiesV). Why did the two groups of studies from the sdaimratory
that used similar methods of data recording antiysisgproduce such contrasting results?

A major difference is that the former studies udisdrete tasks performed on the
background of steady-state standing while the atistidy used continuous cyclic COP
shifts. Several recent papers have suggested ajuaitifferences between the neural
control of discrete and cyclic actions (Wei et28l03; Schaal et al. 2004). We would like to
build on this view and suggest that stability gfeaformance variable across repetitive trials
may not necessarily be directly related to its ddaé can be modified by the controller
independently of the speed.

Within the equilibrium-point hypothesis of motorntml (Feldman 1966, 1986), a
discrete action may be viewed as resulting frorhifh i the equilibrium state of a system or,
in the dynamic systems parlance, a shift of itspaitractor. A cyclic action may be viewed
as a consequence of another steady-state of arsyslenit-cycle attractor. Within this
framework, posture and cyclic actions are simitea isense of both resulting from a steady-
state at a control level. A discrete action is gately different representing consequences
of a change in a steady-state.

Recent studies of multi-finger synergies (Shimle2@05; Olafsdottir et al. 2005) and
multi-M-mode synergies (Wang et al. 2005, 2006)ehsirggested that a synergy stabilizing a
steady-state value of a performance variable (fotak or COP coordinate, respectively)
may be weakened or destroyed in anticipation ¢inénprocess of a quick shift of the
performance variable. This makes sense: Othertisesynergy would counteract the
required change in the variable. Does this mearthieacentral nervous system cannot
stabilize a trajectory of a performance variablardyits quick change (as would also be
supported by recent modeling work, Goodman etQ05?

Our current results suggest that this is not sa.gérformance variable (COP
coordinate) changes as a result of a steady-ssattation, it can be stabilized by a synergy
among elemental variables (M-modes), even if tleedpf the process is high. This result
underscores a basic difference between stabilistezdy-state processes (postural or

oscillatory) and transient processes.
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Modulation in the use of muscle abundance

Despite the fact that the average magnitude oifhitiex of multi-M-mode synergy
(AV) was similar across the sway frequencies, itsutaigbn within the sway cycle showed
substantial variations. The modulation was pronedrat slower sway frequencies and it all
but disappeared at the highest frequency. Notethlieathodulation primarily involved
changes in the v component of the variance (“good variance”) wiile amount of ¥rr
(“bad variance”) stayed relatively unchanged. Irtipalar, at low sway frequencies, the
controller allowed relatively more M-mode variatyilivhen the COP coordinate was close to
its most backward location (50% in Fig. 10) as caregd to its most forward location (0%
and 100% in Fig. 10). These observations confirat tihe CNS can modify the amount of
“good variance” (flexibility) in a task-specific wdcf. Yang et al. 2006).

We can offer only a tentative interpretation of tleserved pattern of modulation of
the two components of M-mode variance. At low sivaguencies, the body’s center of
mass was expected to move together with the COiR énag) such that the subjects could
use vision to grade their sway amplitude, partidulduring forward sway. They were
expected to rely more on proprioception during ekl sway. This might lead to more
stereotypical muscle activation (M-mode) patterhdevapproaching the most forward COP
coordinate as compared to those during approatchenghost backward coordinate. At the
highest sway frequency, the COP displacements metso quickly that they did not lead to

visible body displacements. As a result, the widiaycle modulation of Wy disappeared.

Concluding comments

The method of identifying muscle modes and multiriMdee synergies has proven to
be robust across a variety of multi-muscle wholdybiasks. Still many important aspects of
multi-M-mode synergies remain to be explored. Amtragse are the following:

How does muscle mode composition depend on sesgggls? A few studies have
led to inconsistent results on the effects of sgnsignals on multi-muscle groups (Allum et
al. 1995; Cheung et al. 2005).

What are the neurophysiological mechanisms treatrasstability of M-modes and
M-mode synergies? A recent study on human sublgctganenko and colleagues (lvanenko

et a. 2006) has suggested an important role afgghal cord in the organization of multi-
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muscle modes (addressed as synergies in the titey) SThis view has been supported by
earlier animal studies (Mussa-Ivaldi et al. 1994wella et al. 2003; Lemay and Grill 2004).
On the other hand, supraspinal structures, sutheaserebellum and the motor cortex, have
also been implied in discussions of muscle grotjmik and Gibson 1987; Lemon et al.
1998; Schieber 2001; Holdefer and Miller 2002; Kaamd Nitz 2003; Thach and Bastian
2003).

What is the role of feedback and feed-forward rme@ms in multi-muscle
synergies? Several recent models have suggestdabthamechanisms can lead to
structuring motor variability as predicted by th€M hypothesis (Todorov and Jordan 2002;
Latash et al. 2005; Goodman and Latash 2006). \&/etdrat the very early stages of studies
of multi-muscle synergies, but the current resafessencouraging showing that we possess

tools for quantitative assessment of such synergies
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CHAPTER 4

STUDY #2

Flexible Muscle Modes and Synergies in Challenging/hole-Body Tasks

4.1 Introduction

Over the past few years, the notion of multi-musgleergies has been explored using
a variety of computational methods. All these apphes have assumed that a neural
controller manipulates a few control variables taggr translate into changes in activation
levels of numerous muscles (cf. Hughlings Jacks®891 In particular, matrix factorization
techniques have been used to identify muscle graugsn which levels of muscle
activation scale in parallel (d’Avella et al. 20@®05; Krishnamoorthy et al. 2003a,b, 2004;
Ivanenko et al. 2004, 2005; Ting and Macphersorb20@esch et al. 2006). Such groups
have been addressed as muscle synergies or musgés ifM-modes). In some of the
studies, another step was taken. Namely, co-vaniati hypothetical control variables (gains
at which M-modes are recruited) have been studiedlation to specific performance
variables such as coordinate of the center of preq€OP, the point of application of the
resultant force acting on the body from the suppuartich is assumed to be important for
postural tasks (Krishnamoorthy et al. 2003b; Warg.2005, 2006; Danna-Dos-Santos et
al. 2007).

The latter approach is based on the idea of ardeical control of complex, multi-
muscle actions that dates back to the seminal Wwpi®&elfand and Tsetlin (1966). A recent
development of these ideas (reviewed in Latash 082, 2007; Ting 2007) suggests that
neural control is based on a hierarchy of synerdggmed as neural organizations
responsible for organizing a redundant set of efgate@ariables such that it stabilizes an
important global variable. According to this vietlvere may be a hierarchically lower
synergy that stabilizes composition of muscle gsoapd ensures proportional involvement

of muscles within a group; in other words, it siabs the direction of a vector in muscle
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activation space corresponding to a M-mode. THearetis a hierarchically higher synergy
that coordinates involvement of the M-modes toitaban important mechanical variable,
for example COP coordinate.

Several experiments with postural tasks have tedemasmall number of M-modes
that showed similar compositions across both taskissubjects (Krishnamoorthy et al.
2003a; Wang et al. 2005, 2006; Danna-Dos-Santals 2007). One study, however,
reported that when subjects were asked to perfoensitnple tasks of quick arm movements
and voluntary body sway while standing on a boaitt & narrow support area, the
composition of the M-modes changed (Krishnamooethgl. 2004). These observations have
been confirmed in a recent study where the subyeete asked to stand on a narrow base of
support and release a load held in front of theyl{ddaka et al. 2007). Changes in the M-
mode composition were rather dramatic: While comijnobserved M-modes involved
muscles crossing different postural joints on thesdl or ventral side of the body, the
“atypical modes” involved joint-specific parallédh@nges in activation levels of agonist-
antagonist muscle pairs. Hence, they have beersskht as co-contraction M-modes.

In this study, we hypothesized that the compasitibM-modes could indeed change
under challenging conditions. To induce more sutltienges in the M-mode composition,
we explored a range of complicating factors thatlende task more challening but did not
lead to losing balance (unlike the cited studiegngtihe subjects stood on boards with the
very narrow support area, Krishnamoorthy et al.2280d Asaka et al. 2007). Namely, we
explored the effects of closing the eyes, applyiigp-frequency, low-amplitude muscle
vibration to the Achilles tendons, and standingpae foot on the M-mode composition
during voluntary postural sway in the anterior-posir direction. These manipulations are
known to make postural tasks more challenging (Aland Pfaltz 1985, Goodwin et al.
1972; Lackner and Levine 1979; Roll et al. 1989).

To explore possible changes at the upper levidleohypothetical hierarchy, we used
the framework of the uncontrolled manifold (UCM)doghesis (Scholz and Schéner 1999;
Latash et al. 2002). This framework allows to gifgrthe co-variation among elemental
variables (M-modes) that helps stabilize a perforceavariable (COP coordinate). More
specifically, the analysis produces a quantitatidex that shows how much variance in the

space of M-modes is compatible with a certain valude COP coordinate. We
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hypothesized that adjustments in the compositidd-ohodes under more challenging
conditions would make it harder for the controteorganize such a co-variation leading to a

drop in the index of multi-M-mode synergies.

4.2 Methods
Subjects

Ten subjects (four males and six females) withntiean age 30.1 years (+ 6.4 SD),
mean weight 74.4 kg (£ 14.2 SD) and mean heigl8 ih'{+ 0.051 SD) participated in the
experiment. All the subjects were healthy, withaay known neurological or muscular
disorder. All the subjects were right-handed basetheir preferential hand usage during
writing and eating. All the subjects gave inforngeshsent based on the procedures approved
by the Office for Research Protection of The Pelvasya State University.

Apparatus

A force platform (AMTI, OR-6) was used to recor@ tmoment of force around the
frontal and sagital axes (Mand Mk, respectively), the vertical component of the tieac
force (F), and the horizontal component of the reactiondan the anterior-posterior
direction (Fx). Disposable self-adhesive electrodes (3M Corpmratvere used to record the
surface electrical activity (electromyogram, EMG}lee following muscles: soleus (SOL),
gastrocnemius medialis (GM), gastrocnemius late(&L), tibialis anterior (TA), biceps
femoris (BF), semitendinosus (ST), rectus femdRiB)( vastus lateralis (VL), vastus
medialis (VM), lumbar erector spinae (ES), andus@bdominis (RA) (see Figure 4.1). The
electrodes were placed on the right side of thgestib body over the muscle bellies. The
distance between the two electrodes of each pair3nam.

The signals from the electrodes were amplifie8000) and band pass filtered (60-
500 Hz). All the signals were sampled at 1000 Hthai12-bit resolution. A desktop
computer (Gateway 450Mhz) was used to control ¥peement and to collect the data using
the customized LabView-based software (LabViewMNational Instruments, Austin TX,
USA).
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A set of two muscle vibrators (VB100- Dynatronicdswsed. The vibrators were
placed over the right and left Achilles tendons aadured with elastic bands. The vibration

at 100 Hz was used in some of the conditions @ee)!

Procedures

The experiment started with three control triabst tvere later used for normalization
of the EMG signals (next section). In the firsalyisubjects were instructed to stand on the
force plate quietly for ten seconds keeping theybaattical, with the arms crossed on the
chest and looking at a stationary target placedrili@ front of the subject at the eye level.
The feet were kept parallel and apart 15 cm. Tdus position was marked on the top of the
force plate and reproduced across all the triadsdjgt those when unipedal stance was
required).

In the second and third control trials, the sullsjeeere instructed to stand quietly and
hold a standard load (5 kg) for ten seconds intfadthe body while keeping the arms fully
extended. The subjects held the load by pressirtgzorircular panels attached to the ends
of the bar. In order to create a downward forceuirgng the subject to activate the dorsal
muscles, the load was suspended in front of theesufsom the middle of the bar. In the
other control trial, an upward force was producsgliring the subjects to activate the frontal
muscles; the force was produced by the load atthtththe bar but suspended behind the
subject through the pulley system (Figure 4.1). fiitme intervals between all three trials
were 30 s. The subjects were instructed to stasdnitar postures across the three control
trials. To check similarity of the postures acrtiescontrol trials, COP average location was
computed immediately after each trial. A trial witblding a load was only accepted when
both CORp and COR)_ average coordinates were close to the coordinat@sgithe quiet
standing trial: Namely, the difference betweendbeditions in the COP average coordinate
had to be within 20% of the maximal COP migratiange during the quiet standing trial. If
this criterion was not met, the subject was aska@peat the load holding trial.

The main task involved continuous voluntary swathia anterior-posterior direction
(AP) at a frequency of 0.5 Hz under five differerperimental conditions: bipedal stance
with eyes opened (BO); bipedal stance with eyesetldBC); bipedal stance with eyes
closed and vibration applied bilaterally to the Alels tendons (BV); unipedal stance with
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eyes opened (no vibration) (UO); unipedal vibratiath eyes opened and vibration applied
unilaterally to the Achilles tendon of the suppogtieg (UV).

In conditions with bipedal stance (BO, BC, and B&)bjects were instructed to stand
on the force plate in the same position as duhegcontrol trials, keeping their feet parallel
and apart 15 cm, and arms crossed against the (Egste 4.2A). In conditions with
unipedal stance (UO and UV), subjects were instidith stand with the right foot over the
center of the force plate while the left foot wiiedl by flexing the knee (Figure 4.2B). The
left knee was kept in contact with the right knd@la/the left foot was above the ground in a

self-selected, comfortable position.

VM

)

FoTCE e

Figure 4.1 A schematic representation or tne Supject's poste In tne control trials. The subject
stood on the force plate holding a load (5 Kg) irrént of the body or behind the body (using the
pulley system) for 10 s. EMG electrode position ishown for soleus (SOL), gastrocnemius
medialis (GM), gastrocnemius lateralis (GL), tibials anterior (TA), biceps femoris (BF),
semitendinosus (ST), rectus femoris (RF), vastustéalis (VL), vastus medialis (VM), lumbar
erector spinae (ES), and rectus abdominis (RA). Thevo drawings represents a lateral and a
medial view of the electrodes placement.
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The instruction under all the conditions was todoie a continuous sway of the body
in the AP direction in such a way that the disphaept of the body’s COP was
approximately 40% of the subject’s foot length. &rditory metronome paced the subject’s
movements, and visual feedback on the AP locatidheocenter of pressure (CeHpP was
provided by the monitor placed 1.0 m in front o Bubject at the eye level. Subjects were
asked to sway the body using mainly ankle rotaftankle strategy”, Horak and Nashner
1986; Alexandrov et al. 2001) and reach the mastdod and backward point of the required
distance at each metronome beat (Figure 4.2A anpt8 metronome frequency was set at
1 Hz. Visual feedback was used only during theahghase to promote similar peak-to-peak
CORyp displacement across the experimental conditiohs.visual feedback was
unavailable over the period of data recording.

A period of familiarization with the task was givemeach subject prior to data
collection. During the familiarization period, sabjs performed the body sway for 3 minutes
under each condition (except BV and UV) divideaiBtepisodes of 60 s each. Since during
the actual trials visual feedback was used onthi@beginning of the trial, the subjects
practiced to keep swaying while maintaining theittern of COP displacement unchanged
once the visual feedback was turned off. Vibrati@s not used during the familiarization
period to avoid possible adaptation of its effedts1g the actual experiment. The sequence
of conditions during the familiarization period waresented in a balanced order.

Each trial started with the subject standing ugrgghetly. Then, the metronome was
turned on, and the subject was asked to begin ssgyadnder the BO and UO conditions,
data collection started after ten seconds of svgpgimd it lasted for 30 s. Under the other
three conditions (BC, BV and, UV), data collectstarted 40 s after the initiation of sway.
This was done to reach steady-state and avoidiérareffects during either the eyes closed
or vibration condition (Polonyova and Hlavacka 2001

Only one trial was performed for each conditiororfrthis single trial, twelve
continuous sway cycles were taken for further aresdy(details ilData processingThe
order of conditions was balanced across subjeicig§ different for different subjects).
Resting periods of two minutes were given betweiatst A chair was placed behind the

subject close to the force plate such that theestilopuld sit and take a rest without moving
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the feet. The average duration of the experimentfardyg-five minutes, and none of the

subjects complained of fatigue.
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Figure 4.2 Schematic representation of the experimental satp. Subjects were instructed to
sway rhythmically while standing on both feet or orone foot (Panels A and B, respectively).
Variations of these conditions included applicatiorof vibration to the Achilles tendon and
closing the eyes. The nominal COP amplitude was 40%f the foot length, and the frequency
was 0.5 Hz.

Data processing

All signals were processed off-line using LabVievastd MatLab 6.5 software
packages. Signals from the force platform wereri@tl with a 20 Hz low-pass, second order,
zero-lag Butterworth filter, and CQPcoordinate was computed using the following
approximation:

COPRsp = (~My+(Fx*h))/Fz,
where h is the distance between the force platfgin of coordinates and its top surface (h
= 36 mm according to the manufacturer’s specifure)

For each experimental condition, twelve completayseycles recorded within a
single trial were used for data analysis. Theatin (b) and end of each cycle)tvere
defined by two consecutives extreme anterior pmsstiof CORp. The duration of each cycle
was time normalized such that the total duratiosawth cycle was always 100%. CHP

coordinates within each 1% window were averagedltiag in a sequence of 100 points,
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each representing 1% of the sway cycle. GQORsplacement was computed by subtracting
the average CQR coordinate computed over the whole trial fromdkieraged COR
coordinate computed over each 1% window of theecycl

EMG signals were first rectified and filtered walb0 Hz low-pass, second-order,
zero-lag Butterworth filter. Changes in muscle\atibn associated with CQpshift were
guantified as follows. Rectified EMG signals wemngegrated over 1% time windows of each
cycle (EMG) as described in the previous paragraph. Titusgulure resulted in a sequence
of 100 points for each muscles and each sway cycle.

In order to compare thH&EMG indices across muscles and subjects, we nazeahli
them by the EMG integrals computed for the corthials when the subjects stood and held
the 5.0 Kg load. Within each of the two controalsi the rectified EMG signals were
integrated over a time interval corresponding ®dhration of 1% of the sway cycle as
defined earlier. This time interval was selectethimmmiddle of the control trials when all the
muscles showed steady activation levlEG indices for the dorsal muscles (SOL, GL,
GM, BF, ST, ES) were divided by the EMG integradsnputed for the control trial when the
load was held quietly in front of the bod$£MG indices for the ventral muscles (TA, VM,
VL, RF, RA) were divided by the EMG integrals cortgulifor the control trial when the load
was suspended behind the subject’s body. This dethnormalization was used in earlier
studies of muscle modes and synergies (Krishnatmpettal. 2003a,b; Wang et al. 2005;
Danna-dos-Santos et al. 2007).

Statistics

Defining M-modes with principal component analy§i€A)

For each subject and each experimental condite1BMG data formed a matrix
with eleven columns corresponding to the elevenysabmuscles and 1200 rows
corresponding to 1% time windows of all twelve @gchnalyzed. The correlation matrix
among thd EMG was subjected to PCA (using SPSS software) Méttimaxrotation. The
factor analysis module with principal componentaation was employed. For each subject,
the first five PCs were selected since PCs numkersl higher did not have significantly

loaded muscle activation indices in any of the doorak. Besides, analysis of the scree plots
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also showed that PCs number six and higher acaddot@bout the same amounts of the
total variance across all the conditions.

We are going to address the first five PCs as rausddes (M-modes, MM,, M3,

Mg, and M) and hypothesize that magnitudes of (gains atMheodes are manipulated by
the controller to produce COP shifts. In other vépid-modes represent unitary vectors in
the muscle activation space that can be recrujdtddocontroller with different magnitudes.

The loadings at individual muscle activation indiegere studied across the first five
M-modes. In order to investigate qualitatively gtucture of each M-mode, we analyzed
how the loadings afEMG indices of activation of the recorded postunaiscles were
organized within each M-mode and how they wereibisted among the M-modes. We
considered a muscle as part of a M-mode whenaidimg had an absolute value equal or
larger than 0.50. We will refer to such casesigsificant loadinggKrishnamoorthy et al.
2003a,b; Wang et al. 2005; Danna-dos-Santos 20ar).

Changes in the M-mode composition across conditieere studied using the
number of occurrences of significant loadings iohelsl-mode. These were further studied
with non-parametric methods. A Friedman'’s test whih factordM-mode(Mj, Mz, M3, My,
and Ms) andCondition (BO, BC, BV, UO, and UV) was ran, and Mann-Whititests were
used as post-hocs to explore significant effectee-€ample Wilcoxon’s tests were used as
post-hocs in cases where no significant loadingg wbserved within a PC across all ten
subjects; this happened in the BO and BC conditions

Defining the Jacobian J(matrix) with multiple regression

Linear relations between changes in the magnitati®smodes AM) and CORp
shifts ACOPxp) were assumed and the corresponding multiple ssgne equations were
computed over the 12 cycles performed by each suijel at each experimental condition.

The coefficients in the regression equations wernged in a Jacobian matri){(

ACOPAp: kl*AM1+ kz*AM2+ h*AMg"‘ k4*AM4+ k5*AM5;
J = [kikokskaks]"
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Within this approach, thé matrices are reduced toqb) vector-columns. For each
subject, this analysis was run over the twelveviddial cycles for each time interval (each
1% of the total cycle). The analysis was run owdirdycles (100 intervals per experimental

condition).

UCM analysis: Computing the synergy index

The uncontrolled manifold (UCM) hypothesis assuthas the controller manipulates
a set of elemental variables to stabilize a valua time profile of a performance variable
(Scholz and Schéner 1999; reviewed in Latash &0fl2, 2007). In our analysis, gains at M-
modes play the role of elemental variables, whildP&sp shift represents the performance
variable. Hence, we analyze the variance in the ddlerspace at each phase of the sway
cycle and compare its two components. One comparfehe M-mode variance is
compatible with a stable, i.e. reproducible frongleyto cycle, value of the CQPcoordinate
(estimated as its average value at that phasesaiyitie). The other variance component led
to changes in the CQPcoordinate. To compute the two variance compon#msfollowing
analysis was performed.

For each cycle (n)JEMGindices were computed and transformed mitb using the
results of the PCA in Step-1 of the analysis. Fenthwo types of analysis were run. The first
analysis used only the first three M-modes thasBadl the acceptance criteria under each of
the five conditions. Under the three most challeggionditions (BV, UO, and UV), Mand
Ms were accepted as well. Hence, under those conditlte analysis was repeated for the
complete set of five M-modes.

Hence, theAM space had the dimensionality of eitme3 orn=5. A hypothesis that a
particular magnitude cfCOPxp is stabilized by co-variation @M magnitudes accounts for
one degree of freedord<1). Thus, the system is redundant with respettie¢dask of
stabilizing particulanCOPap values. The mean magnitudes of eAbh were computed for
each subject and each task separately across saowelea trial. Since the model relating
AM to ACOPxp is linear, theAM mean values were subtracted from eakkhcomputed
value and the residuals were subjected to furthalyais as follows.

The UCM represents combinations of M-mode magesutiat are consistent with a

stable (reproducible from cycle to cycle) valueAGfOP.p. The UCM was calculated as the
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null-space of the correspondidgnatrix (defined at Step-2 of the analysis). Thi-space
of Jis a set of all vector solutionxsof a system of equatiodg=0. This space is spanned by
basis vectorsg;. The vector of individual mean-freéMs was resolved into its projection

onto the null-space:
n-d
fUCM = Z(QT E(AM )%D
i=1
and component orthogonal to the null-space:

forr = (AM ) ~ fucm
The amount of variance per DOF within the UCM is:

N
Viem = Toem = Z fiem /((n - d)Ntrials)
i=1

and orthogonal to the UCM is:

N
Vort = J(Z)RT = Z fOZRT /(d Ntrials)

i=1

Vucm and \bgrt Were the main dependent variables used in thiysisaln lay terms,
they correspond to “good variability” ()u that does not affe@COPsp computed for a
certain time interval during the oscillation cycke)d “bad variability” (\brt that changes
ACORyp). Two-way mixed design ANOVA with the facto@ondition(BO, BC, BV, UO,
and UV) andvariance-Componer{ucv and \ort) was performed to analyze the effects of
experimental conditions on the two variance comptsie

To quantify the relative amount of the total vadarhat is compatible with
stabilization of a particular CQP shift we used an indeX\V) reflecting the difference

between the variance within the UCM and orthogomdhe UCM.AV was computed as:

AV = Myenm ~Vort) Vior

where all variance indices are computed per degfrfeedom;Vror stands for total
variance. A one-way ANOVA with the fact@ondition(BO, BC, BV, UO and UV) was
used to test the effect of condition & when only the first three M-modes were
considered. A two-way mixed design ANOVA with fact@ondition(BV, UO and UV) and
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Dimensionality(n=3; n=5) was used to test the effect of condition arduse of either three

or five M-mode sets during the data processingdn

4.3 Results

This section is organized in the following way.gEjithe basic patterns of CQP
shifts and muscle activity are described. Furttrer results of the PCA are presented, and M-
modes are identified and analyzed. Finally, we dies¢he results of the UCM analysis
applied to the M-mode data.

Patterns of COR» and muscle activity

Across all five conditions of body sway, the subjagere able to show qualitatively
similar, sine-like time profiles of CQP. The average CQP displacements across the ten
subjects are shown in Figure 4.3A (dark bars); these 38.47 + 1.30%, 46.99 £ 2.39%,
44.43 £ 2.17%, 41.10 + 1.60%, and 39.70 = 1.78%0af length for the BO, BC, BV, UO,
and UV conditions, respectively. To remind, the nahtarget amplitude was 40% of the
foot length. Figure 4.4 shows the CProfile averaged across 12 cycles during body sway
performed by a typical subject under all five expental conditions. Note the similarity of
the shapes across all five conditions. Figure 48k bars) also presents the average mean
velocity of CORp shift and its average frequency of oscillation asrthe ten subjects. The
average mean velocity of C@Pwas 9.90 £ 0.45 cm/s, 12.07 £ 0.64 cm/s, 11.458 6m/s,
10.96 £ 0.37 cm/s, and 10.62 + 0.44 cm/s for the BO, BV, UO, and UV conditions
respectively. The average frequency of G@Fas 0.50 £ 0.00 Hz, 0.50 + 0.00 Hz, 0.49 £
0.07 Hz, 0.50 + 0.00 Hz, and 0.49 + 0.00 Hz forBi® BC, BV, UO, and UV conditions
respectively (Figure 4.3B).

Effects of the five different experimental conditgoon peak-to-peak CQF
displacement, mean velocity, and oscillation fremyewere tested with three one-way
repeated measures ANOVAs with the fac@andition(BO, BC, BV, UO, and UV).

ANOVA confirmed significant effect o€onditionon peak-to-peak CQP displacement (f;
36) = 5.63, p<0.01) and on the mean velocity of G&XPj4, 36)= 5.45, p<0.01). The pair-wise
comparisons showed significant differences onlyveen the BO and BC conditions

(p<0.05). There were no significant effect<Gafnditionon frequency of oscillation (Fz¢ =
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1.06, p>0.05). Altogether, these results indich& the subjects were able to keep the pace

and CORp trajectories similar across the conditions.

COPap mean
displacement

] Mean velocity

:C;; 60.0 1 ] Swayfrequency‘ 1.0
29 500 - 08 ¢
22 40.0 - <
<z - 06 3
£5 300 - :
= -04 &8
£8 200 - =
& 100 - - 0.2
(@]

0.0 - 0.0

Condition

Figure 4.3 Means and standard errors of peak-to-peak COJ in % of foot length (Panel A,
dark bars), mean velocity (Panel A, light bars), ad frequency of body oscillation (Panel B)
across subjects for the five different experimentatonditions are shown. BO - bipedal stance
with eyes open, BC - bipedal stance with eyes clds®V - bipedal stance with eyes closed and
vibration applied bilaterally to the Achilles tendons, UO - unipedal stance with eyes open (no
vibration), UV - unipedal vibration with eyes openand vibration applied unilaterally to the
Achilles tendon.

-8.0
-16.0 1
-24.0 1
-32.0

COP,p (% foot length)

0 10 20 30 40 50 60 70 80 90 100
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Sway cycle (%)

Figure 4.4 Average COPRyp displacement across 12 cycles for a representatigabject (subject
2). Different lines represent CORp patterns under the five experimental conditions. Nte the
similarity in the time profiles and similar sway anplitudes in the five tasks.
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There were regularities in the patterns of actoratf the leg and trunk muscles
across all five experimental conditions of swaypémticular, during the forward-to-
backward part of the sway cycle (0 to 50%), theas & decrease in the level of activation of
dorsal muscles (SOL, GL, GM, BF, ST, and ES) antharease in the activity of ventral
muscles (TA, VM, VL, RF, and RA). At the instanttbe most backward COP location
(50% of the cycle time), ventral muscle activitysatgpically high and the dorsal muscle
activity was low. Over the backward-to-forward swag to 100%), the ventral muscles
activity decreased while the dorsal muscles exéib#n increase in their activity. This
overall pattern is illustrated in Figure 4.5 thiabws EMG profiles for ten postural muscles in
a representative subject during body sway unde(tBick lines) and UV(dashed lines). Note
that some muscles (SOL, GM, GL, ST, TA, RF, and \&ipwed an increase in the peak
EMG levels and also a shift from the smooth, sike-thanges in the muscle activity (at BO)
to more abrupt bursts under the UV condition. Hosvewther muscles (BF, ES, and VL) did
not show any visible increase in the level of attiunder more challenging conditions such
as UV.Principal component analysis (PCA)

To identify groups of muscles whose activity wasdodated in parallel during the
sway, we used PCA (as described in the MethodsA W& run on data combined over the
whole cycle duration and over the 12 sway cyclesan the 1200x1IEMG matrix. Based
on the criteria described in the Methods, the fix@ PCs were chosen in each data set. The
five first PCs were selected since under the BV, @@ UV conditions, each of the first five
PCs could contain significantly loaded muscle atton indexes. Across all conditions, PC6
through PC11 showed no significant loadings. UnldeBO and BC conditions, virtually all
significant loading were in the first three PCshnatfew (for the total of six cases across all
subjects) in PC4 and none in PC5.
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Figure 4.5 Integrated over each 1% of the cycle and normalizd muscle activation indices
(IEMG) averaged across 12 cycles for a typical subgt under the BO (bipedal stance, open eyes)
and UO (unipedal stance, open eyes) conditions (gband dashed lines, respectively). Panels A-
F show IEMG of dorsal muscles (SOL, GM, GL, BF, STES) and panels G-J show IEMG of
ventral muscles (TA, VL, RF, VM, RA). IEMG is in arbitrary units, and sway cycle is percent

of its total duration. Phases 0% and 100% indicat¢he most anterior COP position (‘Front’)

and phase 50% indicates its most posterior positiofiBack’). The scales have been selected for
better visualization.
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The first five principal components (which we referas muscle modes,;MM,, M3,
Mg, and M) accounted, on average, for 98.41% (+ 0.18%) etoal variance during body
sway performed under the BO condition, 98.64% (8%) under the BC condition, 97.82%
(= 0.24%) under the BV condition, 96.07% (+ 0.68dar the UO condition, and 95.39% (+
0.84%) under the UV condition. Figure 4.6A illusesthe total amount of variance
explained by the first five M-modes averaged acsudgects under each experimental
condition. Note that there is a drop in the vareaegplained from BO and BC through UV.
This drop was significant according to a one-wayQAM with the factorConditions(BO,
BC, BV, UO, andUV) on the z-scores of the amountasfance explained by the first five
M-modes (fa, 451=12.08, p<0.001).

A
100.0 -
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96.0
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Variance explained (%)
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Figure 4.6 Panel A: Averaged across subjects amounts of vaice explained by the five first
principal components (M-Modes). Note the drop in tle amount of variance from BC through
UV conditions. Panel B: Averaged across subjects ants of variance explained by each M-
mode (M, through Ms). Note that there is a drop in the variance explaied by the first two M-

modes and an increase of the variance explained bye last three M-modes across the five
conditions.



92

Tukey'’s pair-wise contrasts showed significanteti#hces between the following
comparisons: BC vs. UO and UV (p<0.001); BO vs. &id UV (p<0.01); and BV vs. UV
(p<0.05). However, we would like to emphasize thattotal amount of explained variance
was high across all conditions reaching values ydvearer 90%.

The amount of variance accounted for by each M-nvadied across the
experimental conditions. Specifically, the firsiotM-modes (M and M) showed a drop in
the amount of variance from the relatively easyditions (BO and BC) to the more
challenging conditions (BV, UO, and UV), while treenaining three M-modes showed an
opposite trend (Figure 4.6B). This finding is ilkeded in Figure 4.6B were the average
amount of variance explained by each M-mode adf@sten subjects is shown. Note that
both black and gray bars (\Mnd M, respectively) show a drop in their values from BO
through UV while the striped, checkered and whaeslrepresenting MM, and M, show
an increase in their values. The average amowdradnce explained by Mand M
combined XVar(M;,My)) was 81.37 + 1.77%, 81.64 + 2.08%, 68.61 + 1.7@6094 +
3.47%, and 64.27 + 2.66% for the BO, BC, BV, U@4 &V conditions, respectively. For
the same conditions, the average amount of variexgkained by the remaining 3 M-modes
(Xvar(M3,M4,Ms)) was 17.11 + 1.68%, 17.00 £ 1.98%, 29.20 + 1.62%13 + 2.89%, and
31.12 £ 2.04% . This trend was confirmed by a twapsmixed-design ANOVA with factors
Condition(BO, BC, BV, UO, and UV), anWlariance(ZVar(M;,M,); ZVar(Ms,M4,Ms)).
There was a significar@onditionx Varianceinteraction (f, 0= 19.74, p<0.001) in
addition to significant main effects Gondition(Fa, 90= 3.73, p<0.01) anWariance(F1, go;
=697.41, p<0.001). The effect @arianceconfirmed thatVar(M;,M,) was higher than
>Var(Ms,M4,Ms) across all conditions. The effects@dndition reflected a significant
difference between BC and UV (Tukey'’s pair-wise pamnisons, p<0.05Condition x
Varianceinteraction reflected a siginificant differenceween changes iBVar(M;,M,) and
>Var(Ms,M4,Ms) between each of the two easier conditions (BOB@yand each of the
three more challenging conditions (BV, UO and U¥hitrmed by Tukey’s pair-wise
comparisons (p < 0.05).

The composition of individual M-modes was similara@ss subjects and between the
BO and BC conditions; however, under the BV, UQ] BV conditions this composition

showed modifications. In general, under the BO B@dconditions, subjects showed
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significant loadings of the muscle activation irefianainly concentrated in the first two M-
modes. The third M-mode rarely had more than ogwifszantly loaded muscle index.
Commonly, significant loadings of the indices foe tdorsal muscles (SOL, GM, GL, BF,
ST, and ES) were united in one of the first two Mew®s, while the indices for the ventral
muscles (TA, VL, VM, and RF) were united in the etlof the two first M-modes.
Sometimes, indices for most muscles, dorsal anttalewere found in the same M-mode
(M3), but in such cases the loading coefficients herdorsal and ventral muscles always had
opposite signs.

Substantial modifications of the M-mode compositieere found under the BV, UO,
and UV conditions. In particular, we observed altty of the significant loadings to
emerge in the third, fourth, and fifth M-mode {N\,, and M).

Table 4.1 shows individual loadings for all musalkesler the BO and UV conditions
for a typical subject. Note that under the BO ctindj two distinct subgroups of significant
loadings can be seen in the first M-mode (signifidaading values are shown with bold
numbers). The first subgroup contains indices fiogia dorsal muscles with positive loading
factors while the second subgroup contains indmefur ventral muscles with negative
loading values. Mshows one significant loading for a dorsal mugsi@L) and four
significant loadings of the opposite sign for tlemtral muscles (TA, VL, RF, and VM).
Under the UV condition, significant loadings weees in M (for BF and ST), M (for RA),
and M; (ES).

The data summarizing the total number of signifidaadings observed in each M-
mode for all ten subjects are shown in Figure Mate that, as compared to the BO and BC
conditions, there is a decrease in the total nurabsignificant loadings within Mand M,
under the BV, UO, and UV conditions (black and goays, respectively) and a parallel
increase in the number of significant loadings inavd M (white and checkered bars). This
finding was confirmed by a series of non-paramediatistic tests. First, a Friedman'’s test
performed with factorM-mode(M;, M2, M3, M4, and M;) andCondition (BO, BC, BV,

UO, and UV) showed overall significangez[@]= 18.68, p<0.01). Kruskal-Wallis tests ran as
post-hocs confirmed a significant effectdfmodebut not ofCondition Mann-Whitney

tests showed significant differences for the foilagycomparisons: Mvs. all other M-modes



(p<0.01 for all comparisons), Mss. all other M-mode$<0.01 for all comparisons), s.
Mzand M (p<0.05), and Mvs. Ms (p<0.05).

To analyze possible interactions between the fadtemode(Mi, My, M3, M4, and
Ms) andCondition(BO, BC, BV, UO, and UV) on the number of signéfint loadings
observed, another series of Mann-Whitney tests vareFor M, M,, M4, and M the tests
showed that the BO and BC conditions were signfigedifferent from the BV, UO, and
UV conditions (p<0.05 for all comparisons). Fog,Mhe BC condition was significantly
different from the BV, UO, and UV conditions (p<B8.fbr all comparisons). So, taken
together these results suggest that under morkenbalg conditions, more significantly

loaded muscle indices appeared inanid M.

94
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Table 4. 1 Loading coefficients for the PCAs

BO BV

PC1 PC2 PC3 PC4 PC5 PC1 PC2 PC3 PC4 PC»

SOL 0.85 -0.50 0.07 -0.06 -0.01| SOL 0.54 -0.77 -0.28 0.17 -0.01

GM 0.87 -0.46 0.13 0.00 -0.03 GM 0.60 -0.67 -0.37 0.17 -0.04

GL 0.90 -0.38 0.03 -0.13 -0.05 GL 0.39 -0.82 -0.34 0.20 0.01

BF 0.86 -0.42 0.18 0.12 0.09] BF 0.61 -049 -054 0.23 -0.14

ST 0.85 -0.45 0.18 0.00 0.04| ST 0.73 -0.51 -0.35 0.20 -0.20

ES 0.95 0.10 0.15 0.02 0.26] ES 0.06 -0.28 -0.95 0.01 0.01

TA -0.61 0.71  -0.05 0.31 0.02] TA -0.92 0.32 0.00 -0.06 0.13

VL -0.58 0.77 -0.03 -0.17 0.08| VL -0.91 0.31 0.14 -0.15 -0.13

RF -0.60 0.79 -0.06 0.01 0.00] RF -0.91 0.33 0.14 -0.18 -0.01

VM -0.56 0.81 -0.03 0.03 0.00] VM -0.92 0.27 0.13 -0.22 0.01

RA 0.05 -0.18 0.95 -0.02 -0.26| RA -0.20 0.18 0.05 -0.96 0.01

Uo Uv

PC1 PC2 PC3 PC4 PC5 PC1 PC2 PC3 PC4 PCh

SOL -0.61 0.49 034 -050 0.06 | SOL 0.85 -0.48 0.09 0.12 0.13

GM -0.67 0.38 0.22 -057 0.08 | GM 0.80 -0.564 0.13 0.10 0.10

GL -0.57 0.53 0.36 -0.47 0.02] GL 0.85 -0.45 0.09 0.13 0.20

BF -0.40 0.71 0.11 -0.53  0.06 BF 0.76 -0.27 0.51 0.17 0.13

ST -0.18 0.98 -0.03 -0.09 -0.05| ST 0.22 0.04 0.95 0.08 -0.17

ES 0.32 0.02 -0.93 0.11 0.03 ES -0.39 0.38 0.37 0.09 -0.74

TA 0.60 -0.34 -0.48 0.38 -0.11 TA -0.71 052 -0.20 -0.06 -0.26

VL 0.94 -0.23 -0.14 0.10 -0.13 VL -0.37 0.91 0.00 -0.04 -0.14

RF 0.91 -0.17 -0.29 0.21 -0.07 RF -0.42 0.88 0.01 -0.07 -0.19

VM 0.88 -0.22 -0.29 0.25 -0.09 VM -0.44 0.87 0.03 -0.09 -0.13

RA 0.13 0.02 0.01 0.04 -0.99 RA 0.15 -0.08 0.09 0.98 -0.04

Data for a typical subject under the BO (bipedal since with eyes open), BV (bipedal stance
with eyes open and vibration applied bilaterally tothe Achilles tendon), UO (unipedal stance
with eyes open), and UV (unipedal stance with eyepen and vibration applied unilaterally to
the Achilles tendon) conditions are shown. Loadingsver 0.5 are shown in bold (significant
loadings). SOL — soleus, GM — medial gastrocnemiu§L — lateral gastrocnemius, BF — biceps
femoris, ST — semitendinosus, ES — erector spindeA — tibialis anterior, VL — vastus lateralis,
VM — vastus medialis, RF — rectus femoris, RA — reéas abdominis.
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Figure 4.7 The total number of significant loadings of the mdices of muscle activation for each

M-mode for all ten subjects under each experimentatondition. Note a decrease in the number
of significant loadings in the M- and M»- modes from BC through UV conditions and a paralle
increase in the number of significant loadings fothe Ms- M4-, and Ms-modes.

UCM analysis

Data from twelve continuous sway cycles for eactheffive experimental conditions
were used to perform analysis of the structuresofability in the space of M-modes. The
method partitions the total variance in the M-megace across cycles into two components.
The first component (Vcm) is within an uncontrolled manifold (UCM) approxated as the
null-space of the correspondidgnatrix describing the linear relations betweemges in
the magnitude of M-modeai) and CORp shifts ACOPsp) (see Methods). The other
component (¥g7) is within a sub-space orthogonal to the UCM. ket we computed an
index (V) reflecting the normalized difference betweescM and \orr. We interpret
positive values oAV as reflecting a multi-M-mode synergy stabilizitng average COP
shift.

Using the same data sets we performed two sepaaatdgzes that differed in the
number of accepted M-modes. First, we analyzedahn@bility in the 3-dimensional space

of the first 3 M-modes across all five conditiohsthe second analysis, we considered the 5-
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dimensional space of the first five M-modes (dimenality n= 5). For this second analysis,
only the data for the three most challenging expenital conditions were considered (BV,
UO, and UV). We did not perform this analysis foe BO and BC conditions, because
modes M and M accounted for little variance and had no signiftbaloaded muscle
indices in those conditions.

TheJ matrix was computed using multiple linear regessif changes in the
magnitudes of M-modea\M) against COR» shifts ACOPsp) over the 12 cycles performed
by each subject, for each experimental conditigrassely. The coefficients in the
regression equations were arranged in a vectoixm@imatrix) and it null-space was used
to approximate the uncontrolled manifold. In casbsre we accepted only the first three M-
modes for further analysis, tdematrix was a 3x1 vector-column. In cases wherditiee
first M-modes were accepted, thenatrix was a 5x1 vector column.

Figure 4.8 shows the average across the ten sslgewunt of variance COPxp
explained by the regression model (with standamk€y. The average amount of variance
explained based on the first 3 M-modes was 50.8®3%, 49.82 + 2.60%, 47.25 + 3.49%,
43.57 + 3.03%, and 40.03 + 4.08% for the BO, B¥, BO, and UV conditions,
respectively. For the same conditions, the aveaageunt of variance explained based on the
first 5 M-modes was 53.26 + 3.01%, 54.59 + 2.61%78 + 3.04%, 45.43 + 3.03%, and
41.92 + 3.85%. Note that there was a decreasesiartiount of variance explained by the
linear model from less challenging conditions tlglothe more challenge ones (BO through
UV). A two-way mixed design ANOVA with factoiSondition(BO, BC, BV, UO and UV)
andDimensionality(n=3; n=5) was run on the z-scores of the variance aceduior by the
linear model. There was only a significant effeic€Condition(F490=4.16, p<0.01). Tukey’s
tests confirmed a significant difference betweend@ UV, and between BC and UV.

In the three-M-mode analysis, there was an incre¥gcy from BO through BV
conditions; the averaged across subjeciswalues were similar for the UO and UV
conditions but higher than those computed for t@e BC, and BV conditions. These results
are displayed in Figure 4.9A, which shows thewand \bgr indices per degree-of-freedom
averaged across all ten subjects. Note that,\(black bars) was consistently larger than

VoRT.
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To analyze the effects of the experimental cond#ion the two variance components
for the three-M-mode analysis, a two-way mixed-ges\NOVA with the factor€ondition
(BO, BC, BV, UO, and UV) an¥ariance-Componer(ycm and \orr) was performed.
There were significant main effects of b@bndition(Fy4, o= 6.44, p<0.001) andariance-
Componen(F1, oo 15.20, p<0.001) without a significant interact{@»0.1). The effect of
Variance-Componerdonfirmed that Vjcm > Vort. Tukey's pair-wise comparisons showed
significant differences between the following paB® and UO (p<0.001), BO and UV
(p<0.01), BC and UO (p<0.01), BC and UV (p<0.0B) and UO (p<0.01), BV and UV

(p<0.01) . All other pair-wise comparisons did nedich significance.
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Figure 4.8Variance explained by linear regression oACOP,p against changes in the three M-
mode (black bars) and in the five M-mode magnitudeéwhite bars). Note the drop in the
amount of variance explained from BO through UV

The five-M-mode analysis also showed lowejcVM values in the BV condition as
compared to the UO and UV conditions that weredif®¢rent from each other (Figure
4.9B). This analysis confirmed significantly highéscy values as compared taN. Two-
way mixed-design ANOVA with the facto@ondition(BV, UO, and UV) and/ariance-
Componen{Vycm and \orr) showed significant main effects of ba@londition(F2, sai=
3.48, p<0.05) an¥ariance-Componer{fy:, sa= 15.86, p<0.001) without a significant

interaction (p>0.1). The effect dariance-Componerdonfirmed that ey > VorT. Tukey's



pair-wise comparisons showed significant differenioetween BV and UO conditions

(p<0.05). All other pair-wise comparisons did nesich significance.
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Figure 4.9 Panels A and B: Averaged across subjectsg¥y and Vorr components of the total
variance for each condition (with standard error bas) when 3 or 5 M-modes were considered.
Dark bars represents \{,cy While light bars represent \orr. Panels C and D: Means and
standard errors for AV across subjects when 3 or 5 M-modes were consigel Note that the
values are positive and show inconsistent change#timthe task. Panels E and F: Time profiles
of AV averaged across subjects over the full sway cyaleder all five experimental conditions of
body sway when 3 or 5 M-modes were considered.
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To test whether the two variance components chasigeithrly across the
experimental condition, an inde&Y) reflecting their normalized difference was uséde
dependence of the average magnitud&\obn the experimental conditions is illustrated in
Figure 4.5 9C and 9D. TheV/ index was always significantly larger than zevo dll
conditions and for both three-M-mode and five-M-ra@halyses, which means that most
variance within the M-mode space was within the UCM

A one-way ANOVA with the facto€ondition(BO, BC, BV, UO and UV) was used
to test the effect of condition axV when only the first three M-modes were considered
This ANOVA showed no effect a@ondition(Fa,45= 0.68, p>0.5). A two-way mixed design
ANOVA with factorsCondition(BV, UO and UV) andimensionality(n=3; n=5) was used
to test the effect of condition and the type oflgsia (three or five M-modes) okV. This
two-way ANOVA shows significant main effect f@ondition(F2 4= 3.30, p<0.05) but no
effect ofDimesionality(F1,54= 0.70, p>0.5) and no interaction (p>0.1). Tuk@gs-wise
comparisons showed significant differences betwkerBV condition as compared to the
UO and UV conditions (p<0.05). All other pair-wisemparisons did not reach significance.

Time changes of th&V index for all five conditions are shown in panElaind F of

Figure 4.9. No clear pattern AV modulation within the sway cycle was found.

4.4 Discussion

The results of the study provide support for thst fhypothesis that the composition
of M-modes could adjust under challenging condg&iddowever, the results speak against
the second hypothesis that the index of M-modear@tion would become weaker in more
challenging conditions. In particular, in accordamdgth the first hypothesis, more
challenging postural tasks were associated witinerease in the number of principal
components (M-modes) that contained significardfdied indices of muscle activation.
However, the performance of more challenging tagks not associated with a decrease in
the index of the multi-M-mode synergy stabilizin@E shifts. The introduced index of the
synergy was comparable across all conditions, lagektwas no modulation of this index
over the sway cycle. Further in the Discussionawalyze the findings with respect to the

hierarchical organization of muscle groups in tablas require keeping vertical posture.
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Muscle modes in the hierarchy of postural control

At virtually any level of description, human bodiesve too many elements to be
controlled independently by the central nervousesys Bernstein was arguably the first to
make the redundancy of the neuromuscular systezntsat issue of motor control (Bernstein
1967). He suggested that the controller united efgminto groups (synergies) and used a
fewer number of control variables partly solving ffroblem of motor redundancy.

A recent development of these ideas combined thétprinciple of abundance
(Gelfand and Latash 1998) has allowed to introdudefinition of synergies that made
possible their quantitative analysis (reviewed atdsh et al. 2002, 2007). At any level of a
control hierarchy, synergies have been defineceasahorganizations of elements that
ensure low variability (high stability) of a pauiar overall output variable of that level. For
example, in multi-digit studies, two levels of caithave been identified. At the upper level,
the task is distributed between the actions othiibenb and the virtual finger (VF, an
imagined finger with the mechanical action equatdmbined action of the four fingers,
Arbib et al. 1985; Mackenzie and Iberall 1994).tiA¢ lower level, the action of VF is
distributed among the actual fingers of the hayteggies stabilizing the overall mechanical
action of the hand at the thumb-VF level and theiabilizing the VF action at the individual
finger level have been described (reviewed in Datky and Latash 2004).

The two-level hierarchical scheme of postural camhentioned in the Introduction
may be viewed as similar to that of the hierardhecatrol of the hand. One may view M-
modes as “virtual muscles” manipulated at the hidgnel of the control hierarchy, while
mapping of M-modes on actual muscle activatioma@gous to mapping of the VF action
on individual finger actions. The only differencethat there are always two digits
considered at the higher level of the hierarchlgand studies, the thumb and VF, while the
number of “virtual muscles” can vary at least beawéhree and five as shown in our current
study.

Recently, the idea that the neural controller @niteiscles into groups to reduce the
number of control variables (Hughlings Jackson }88%& led to the emergence of a variety
of methods identifying such muscle groups duringletbody tasks such as postural
preparation and responses to perturbations, stgpgn swaying (Krishnamoorthy et al.
2003a,b; lvanenko et al. 2004, 2005; Ting and Macgdn 2005; Torres-Oviedo et al. 2006;
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Torres-Oviedo and Ting 2007). Many of these studsexl matrix factorization techniques to
identify eigenvectors in the space of muscle attwa including the principal component
analysis with factor extraction (for comparisorddferent methods see Tresch et al. 2006).
Such eigenvectors have been termed synergies mlemasdes (M-modes).

The latter term was introduced to imply that soakscle groups play the role of
elemental variables to construct synergies foiptimpose of ensuring low variability (high
stability) of important performance variables (Kmamoorthy et al. 2003a,b). However, as
mentioned in the Introduction, addressing a vaei@s a performance variable stabilized by a
synergy or as an elemental variable depends olevikeeof analysis. For example, muscle
activation level may be viewed as a performancebbe stabilized by co-varied activity of
motor units or as an elemental variable formingudtirnmuscle synergy. Hence, in this study
we accepted, as an axiom, that the control of wholdy movements is based on an at least
two-level hierarchy. At the lower level, M-mode® &rmed by synergies in the space of
individual muscle activations while at the highevél M-modes play the role of elemental
variable and form synergies stabilizing physicaiataes important for the interaction with
the environment.

This hypothesis implies, in particular, that M-mamtenposition may change under
certain changes in external conditions of task ettec. A few studies have indeed described
atypical co-contraction M-modes when subjects peréal whole-body tasks while standing
on a board with a reduced support area (Krishnatnget al. 2004b; Asaka et al. 2007).

In the current study, we used relatively minor pticating factors for the postural
tasks. For example, closing eyes is known to irsergestural sway (Allum and Pfaltz 1985;
Fitzpatrick et al. 1992; Schumann et al. 1995)ibistnot associated with losing balance in
most persons. Standing on one foot is a more cigfig task, (Tropp and Odenrick 1988;
Goldie et al. 1992; Harrison et al. 1994), but npestple can do it easily. Vibration applied
to the Achilles tendons is known to produce magstdbilizing effects on vertical posture
during quiet standing (Lackner and Levine 1979; &¢glwva et al 1993; Calvin-Figuiere et al.
1999), likely because of the unusually high leedativity of primary muscle spindles
(Lackner and Levine 1979). It is also known to léadeorganization of postural adjustments
to self-triggered perturbations (Kasai et al. 208per and Latash 2004) and to produce

significant changes in locomotor patterns (lvaneekal 2000). Note, however, that even in
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the most challenging condition of our study — swayivhile standing on one foot with
vibration of the Achilles tendon — the subjectsevable to perform the task successfully
without losing balance. This is in contrast to fitegjuent losses of balance reported in the
mentioned studies by Krishnamoorthy, Asaka and tt@ieagues who used more
challenging tasks performed while standing on aowasupport surface (Krishnamoorthy et
al. 2004; Asaka et al. 2007).

While the two least challenging conditions (swaywith the eyes open and closed)
were associated with three M-modes (similar toie@astudies, Krishnamoorthy et al.
2003a,b, Wang et al. 2005, Danna-Dos-Santos 20al), the three more challenging ones
were associated with the emergence of the fourdhith M-modes that showed significant
loadings of muscles that used to be significardided in one of the first three M-modes
under the BO and BC conditions. Was this a spldr@ M-mode into two or a more
complex reorganization? We cannot answer this guregtartly because of the relatively
arbitrary identification of significantly loaded tle activations as those with the loading
factors over 0.5. However, overall, the increastnénumber of M-modes may be
interpreted as an increase in the number of comtnadbles manipulated by the controller at
the higher level of the hierarchy as the tasks inecanore complex.

There was substantial variability across the subjecthe composition of the fourth
and fifth M-modes; more frequently these M-modestamed significantly loaded indexes
of activation for dorsal proximal muscles such & BT, and ES (see Table 4. 1). These
observations fit the hypothesis on different raéthe distal and proximal muscles in
anticipatory postural adjustments during challegginstural tasks (Shiratori and Latash
2000). They are also compatible with the reportsnoiscle groupings seen during balance
recovery following an external perturbation thatemmble the hip-strategy of postural
stabilization (Torres-Oviedo et al. 2006; Torresi&lo and Ting 2007).

The observed adjustments in the composition andoeuiwf M-modes corroborate
the idea that M-modes represent not hard-wired haugoupings but flexible combinations
of muscle activations. On the other hand, sevendilee studies have shown similarity of the
M-mode composition across subjects and tasks winetewbody tasks were performed in
natural standing conditions without any complicgtiactors (Krishnamoorthy et al. 2003b;
Danna-Dos-Santos 2007). This combination of lowamality and flexibility of the M-mode
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composition is a trademark of a synergy (Latasl.e2007) supporting the hypothesis that
M-modes represent synergies at the lower levdi®aissumed control hierarchy.

What is the purpose of multi-muscle synergies?

Within our approach, synergies are viewed as newganizations of elemental
variables with the purpose to stabilize a perforoeavariable (reviewed in Latash et al.
2007). This definition implies that the main purpa@$ a synergy is to decrease variability of
the corresponding performance variable. Receniegybdowever, have emphasized another
important feature of synergies, namely that théynathe central nervous system to perform
secondary tasks, using the same set of elementables, without sacrificing accuracy of
performing the primary task (Gorniak et al. 2008a#g et al. 2008). For example, a multi-
joint synergy involved in carrying a cup of coffa#ows to use the same arm to open the
door without spilling the contents of the cup.

In postural studies, several performance variatiedd be stabilized by co-varied
involvement of the same set of M-modes. In pardaguCOP trajectories in the anterior-
posterior and in the medio-lateral direction cooddstabilized simultaneously in preparation
to stepping (Wang et al. 2005), while COP trajectorthe anterior-posterio direction and
the shear force in the same direction could bdlstet) simultaneously during an unusual
task of producing a large shear force pulse (Radteat. 2008)A priori, we hypothesized
that an increase in the number of M-modes couldentiag& task more challenging for the
controller and would have adverse effects on itstyako form COP-stabilizing synergies.
This prediction, however, has been falsified ineélperiments (see Figure 4.8). With the
benefit of a hindsight, this outcome makes sernd#s ithe general view on motor
redundancy as not a complicating factor for thetrodier but as a luxury that allows to
ensure stable behaviors with respect to variouspeance variables and in various
conditions (Latash et al. 2007; Zhang et al. 20B@nce, adding elements at any level of a
hierarchy is not expected to make control more dexpather to make it more powerful.

In our study, the larger sets of M-modes could hdimved the same muscles to be
used to stabilize not only the explicitly requineatiable (COP coordinate in the anterior-
posterior direction) but also other variables. &@mmple, during swaying while standing on

one leg, COP coordinate in the medio-lateral dioachad to be kept within a relatively



105

narrow range corresponding to the decreased suapat When tendon vibration was
applied, the distorted sensory information fromc¢hd# muscles (Lackner and Levine 1979)
could force the central nervous system to atterattier sources of sensory information (for
example, from proximal leg muscles, as suggestestumied of patients with diabetes, Van
Deursen and Simoneau 1999) and stabilize corregpgnuechanical variables. Having a
larger set of M-modes allowed the controller temdt to those secondary components of the
task without a detrimental effect on the indextabdization AV, see Figure 4.9) of the
performance variable related to the explicit, priynask component (COP coordinate in a

sagittal plane).

Potential role of sensory and biomechanical factors

We manipulated both sensory signals and mecharocalitions for the main task of
body sway. In particular, closing the eyes mayiesed as a purely sensory manipulation.
Vibrating the Achilles tendons has a strong senséffact, particularly on the primary
endings of the muscle spindles (Brown et al. 13if)it can also lead to the tonic vibration
reflex (Eklund and Hagbarth 1966), which may aftket mechanics of the movement. On
the other hand, performing the task while standin@ne foot may be viewed as
mechanically more challening because of the smailter of the support area in the medio-
lateral direction. In unipedal conditions, howeubBere are also changes in the sensory
information coming from both legs, the unloaded and the twice-loaded one.

Earlier studies have reported modifications indbmposition of muscle modes in
response to changes in both biomechanical (Krislooattmy et al. 2004) and sensory factors
(Cheung et al. 2005; M-modes have beeed addressgahargies in that study). In our study
both, primarily sensory (vibration) and primarilyeohanical (unipedal stance), factors had
comparable effects on the M-mode composition.

There have also been reports of task-specificgdgm the muscle groupings, for
example during forward and backward pedalling (Raasd Zajac 1999; Ting et al. 1999).
In this study, we did not modify the explicit taskowever, earlier studies used a variety of
tasks such as quick arm motion, load release, istgpand voluntary sway at a variety of
frequencies, and, as long as the tasks very peefaaring natural bipedal stance, no

differences were seen in the M-mode compositiomsfitramoorthy et al. 2003a; Wang et al.
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2005, 2006; Danna-dos-Santos et al. 2007). Theseave@mmon feature across the tasks,
that is they were all associated with reproducib@P shifts. In a recent study, different
compositions of M-modes were seen when the subperfermed an unusual task that
required the production of a large pulse of theaslierce in a sagittal plane (Thomas et al.
2008). As such, this finding is similar to the regan the cited studies of pedalling. Taken
together, it is possible to conclude that substhotianges in the task and/or in the external
conditions (both sensory and mechanical) may pred@bhanges in the composition of M-
modes.

Comments on methodological issues

Principal components analysis with factor extractias been used in several studies
of multi-muscle systems participating in postuealks (Krishnamoorthy et al. 2003a,b; Ting
and Macpherson 2005; Wang et al. 2005, 2006; Td@rasdo et al. 2006; Danna-dos-Santos
et al. 2007; Torres-Oviedo and Ting 2007). Othetrixéactorization tools have also been
used, in particular non-negative matrix factorigzatiechniques (Saltiel et al. 2001). A recent
paper compared the results of several of thoseadstand found that several of the methods
led to comparable results including the PCA witttda extraction (Tresch et al. 2006). All
these tools use linear methods of data analysisaansiich, they may lead to unreliable or
misleading results when aplied to sets of variatllas show strong non-linear relations to
each other.

The strongest argument in favor of applying line@thods of analysis is the large
amount of variance that the method can accountridhat sense, the large amounts of total
variance accounted for by the sets of M-modes (EigL6) may be viewed as supporting
applicability of the used method of M-mode idewmttion. On the other hand, the amount of
variance explained showed a tendency to decreats umore challenging conditions, which
may be interpreted as a tendency towards moreinearlrelations among muscle activation

indices. Note, however, that even the lowest amotimériance explained was over 95%.



107

4.5 References

Alexandrov AV, Frolov AA, Massion J (2001) Biomeci@al analysis of movement
strategies in human forward trunk bending. I. ModgIBiol Cybern84: 425-434.

Allum JH, Pfaltz CR. (1985) Visual and vestibulantributions to pitch sway stabilization
in the ankle muscles of normals and patients widtdral peripheral vestibular deficits.
Exp Brain Re$8: 82-94.

Arbib MA, Iberall T, Lyons D (1985) Coordinated dom programs for movements of the
hand. Exp Brain Res Supdl0: 111-129.

Asaka T, Wang Y, Fukushima J, Latash ML (2007) bewy effects on muscle modes and
multi-mode postural synergieSxp Brain Re€pub ahead of print. PMID: 17724582.

Bernstein NA (1967Yhe Co-ordination and Regulation of MovemeRt&srgamon Press,
Oxford.

Brown MC, Engberg |, Matthews PB (1967) The relatensitivity to vibration of muscle
receptors of the cal. Physiol192: 773-800.

Calvin-Figuieri S, Romaiguere P, Gilhodes JC, RBl(1999). Antagonist motor responses
correlate with kinesthetic illusions induced byden vibration Exp Brain Re424:342-3

Cheung VA, d’Avela A, Tresch MC, Bizzi E (2005) Gead and sensory contributions to the
activation and organization of muscle synergiesndunatural motor behaviarg
Neurosci25:6419-6434.

Danna-dos-Santos, Slomka K, Latash ML, Zatsiorky §2@07) Muscle modes and
synergies during voluntary body sw&xp Brain Re4.79:533-550.

d'Avella A, Bizzi E (2005) Shared and specific masynergies in natural motor behaviors.
Proc Natl Acad Sci U S A02: 3076-3081.

d'Avella A, Saltiel P, Bizzi E (2003) Combinatioobmuscle synergies in the construction of
a natural motor behavioNat Neurosc6: 300-308.

Day BL, Steiger MJ, Thompson PD, Marsden CD (1988gct of vision and stance width
on human body motion when standing: Implicationsafiferent control of lateral sway.
Physiol469: 479-499.

Eklund G, Hagbarth KE (1966) Normal variabilitytohic vibration reflexes in maxp
Neurol 16: 80-92.



108

Fitzpatrick RC, Gorman RB, Burke D, Gandevia SCO@)Postural proprioceptve reflexes
in standing human subjects: bandwidth of responddransmission characteristids.
Physiol458: 69-83.

Gelfand IM, Latash ML (1998). On the problem of @date language in motor control.
Motor Control2: 306-313.

Gelfand IM, Tsetlin ML (1966). On mathemathical nebdg of the mechanisms of the
central nervous system. In Gelfan IM, Gurfinkel \F@min SV, Tsetlin ML (edsylodels
of the structural-functional organization organizatof certain biological systems
Nauka, Moscow, pp 9-26. 1966.

Goldie PA, Evans OM, Bach TM (1992). Steadinessne-legged stance: development of a
reliable force-platform testing procedufech Phys Med Rehal3:348-354.

Goodwin GM, McCloskey DI, Matthews PB (1972) Theattution of muscle afferents to
kinaesthesia shown by vibration induced illusiohemovement and by the effects of
paralysing joint afferent8rain 95: 705-748.

Gorniak SL, Duarte M, Latash ML (2008) Do synergiaprove accuracy? A study of
speed-accuracy trade-offs during finger force patidn. Motor Control(in press).

Harrison EL, Duenkel N, Dunlop PR, Rusell G (19B4galuation of single leg stance
following anterior cruciate ligament surgery antaskilitation.Phys Ther74: 245-252.

Horak FB, Nashner LM (1986) Central programmingaos$tural movements: adaptation to
altered support-surface configuratiodNeurophysiob5: 1369-1381.

Hughlings Jackson J (1889) On the comparative sbiidysease of the nervous systdsnt
Med J355-362, Aug. 17.

Ivanenko YP, Grasso R, Lacquaniti F (2000). Infleesof leg muscle vibration on human
walking.J Physiol84: 1737-1747.

Ivanenko YP, Poppele RE, Lacquaniti F (2004). Figsic muscle activation patterns
account for muscle activity during human locomotid®Physiol556: 267-282.

Ivanenko YP, Cappellini G, Dominici N, Poppele REBcquaniti F (2005) Coordination of
locomotion with voluntary movements in humad®Neurosci25: 7238-7253.

Kasai T, Yahagi S, Shimura K (2002) Effect of viftwa-induced postural illusion on
anticipatory postural adjustment of voluntary armvement in standing humar@ait
Posturel5: 94-100.



109

Krishnamoorthy V, Goodman SR, Latash ML, Zatsiorsky} (2003a) Muscle synergies
during shifts of the center of pressure by stangieigons: Identification of muscle
modesBiol Cybern89: 152-161.

Krishnamoorthy V, Latash ML, Scholz JP, Zatsiorsky (2003b) Muscle synergies during
shifts of the center of pressure by standing pexdexp Brain Red52: 281-292.

Krishnamoorthy V, Latash ML, Scholz JP, Zatsiorsky (2004) Muscle modes during
shifts of the center of pressure by standing pexsifiects of instability and additional
support.Exp Brain Red57: 18-31.

Lackner JR, Levine MS (1979) Changes in apparedy looientation and sensory
localization, induced by vibration of postural miesg vibratory myesthetic illusions.
Aviat Space Environ Me80: 346-354.

Latash ML, Scholz JP, Schoner G (2002) Motor cdrsirategies revealed in the structure of
motor variability.Exer Sport Sci Re30: 26-31.

Latash ML, Scholz JP, Schéner G (2007) Toward a thewary of motor synergiebotor
Control 11: 275-307.

MacKenzie CL, Iberall T (1994)he grasping handAmsterdam: North Holland.

Nakagawa H, Ohashi N, Watanabe Y, Mizukoshi K (3988 contribution of
proprioception to posture control in normal sulgeétta Otolaryngol Sup@04:112-
116.

Polonyova A, Hlavacka (2001) F. Human postural pasps to different frequency
vibrations of lower leg muscleBhysiol Re$0: 405-410

Raasch CC, Zajac FE (1999) Locomotor strategy éolapng: muscle groups and
biomechanical functions. NeurophysioB2: 515-525.

Roll JP, Vedel JP, Roll R (1989) Eye, head andetabmuscle spindle feedback in the
elaboration of body referencd%.og Brain Re€80: 113-123.

Saltiel P, Wyler-Duda K, D'Avella A, Tresch MC, RizZ& (2001) Muscle synergies encoded
within the spinal cord: evidence from focal intrexgd NMDA iontophoresis in the frog
NeurophysioB5: 605-619

Scholz JP, Schoner G (1999) The uncontrolled mihénalysis concept identifying control
variables for a functional taskxp Brain Red426:189-306.



110

Schumann T, Redfern MS, Furman JM, el-Jaroudi Aggairo LF (1995) Time-frequency
analysis of postural sway.BiomechH28: 603-607.

Shiratori T, Latash ML (2000) The roles of proxinaald distal muscles in anticipatory
postural adjustments under asymmetrical perturbatiamd during standing on
rollerskatesClin Neurophysioll11: 613-623.

Slijper HP, Latash ML (2004) The effects of musdlaration on anticipatory postural
adjustmentsBrain Res1015: 57-72.

Robert T, Zatsiorsky VM, Latash ML (2008) Multi-nale synergies in an unusual postural
task: Quick shear force productidexp Brain Regin press).

Ting LH (2007) Dimensional reduction in sensorimagstems: a framework for
understanding muscle coordination of postirag Brain Resl65: 299-321.

Ting LH, Kautz SA, Brown DA, Zajac FE (1999) Phaseersal of biomechanical functions
and muscle activity in backward pedalidgNeurophysioB1: 544-551.

Ting LH, Macpherson JM (2005) A limited set of migssynergies for force control during a
postural taskd Neurophysiof3: 609-613.

Torres-Oviedo G, Macpherson JM, Ting L (2006). Mesynergy organization is robust
across a variety of postural perturbatiohsleurophysio96:1530-1546.

Torres-Oviedo G, Ting L (2007) Muscle synergiesrabterizing human postural responses. .
J Neurophysiof8: 2144-2156.

Tresch MC, Cheung VC, d'Avella A (2006) Matrix fagkzation algorithms for the
identification of muscle synergies: evaluation onidated and experimental data séts.
NeurophysioB5: 2199-212.

Tropp H, Odenrinck P. (1988) Postural control imgée limb stancel Orthop Re$: 833.

Van Deursen RW, Simoneau GG (1999) Foot and amkisasy neuropathy, proprioception,
and postural stability]l Orthop Sports Phys Th@0: 718-726.

Wang Y, Asaka T, Zatsiorsky VM, Latash ML (2006) s8tle synergies during voluntary
body sway: Combining across-trials and within-altainalysesExp Brain Red.74: 679.

Wang Y, Zatsiorsky VM, Latash ML (2005) Muscle sygies involved in shifting center of
pressure during making a first stéxp Brain Red67: 196-210.

Zatsiorsky VM, Latash ML (2004) Prehension synesgiexerc Sport Sci Re32: 75-80.



111

Zhang W, Zatsiorsky VM, Latash ML (2008) What dmsesgies do? Effects of secondary
constraints on multi-digit synergies in accurateésproduction tasks. Neurophysio(in

press)



112

CHAPTER 5

STUDY #3

Postural Control during Upper Body Locomotor-Like M ovements:

Similar Synergies Based on Dissimilar Muscle Modes

5.1 Introduction

Recently, the control of large muscle groups hanlaldressed using the classical
notion of multi-muscle synergies (Bernstein 196 )all these studies, an assumption has
been made that the central nervous system (CNSpuaiates a few variables to produce
task-specific changes in many muscles (Krishnarhgaet al. 2003a,b, 2004; Ivanenko et al.
2004, 2005; Ting and Macpherson 2005; Wang et081522006; Danna-Dos-Santos et al.
2007). Different matrix factorization technique$A\«klla et al. 2003; Ivanenko et al. 2004,
2005; Tresch et al. 2006) have been used to igesuith stable muscle groups addressed is
some studies as “muscle synergies” (lvanenko @084, 2005; Ting and Macpherson 2005)
and in other studies as “muscle modes” (or M-moHeshnamoorthy et al. 2003a,b, 2004;
Wang et al. 2005, 2006; Danna-Dos-Santos et alf)2dbe latter term reflects a view that
the CNS creates synergies in a low-dimensionalespelemental variables (magnitudes of
M-modes) to stabilize an important mechanical \degScholz and Schoner 1999; reviewed
in Latash et al. 2002, 2007; Latash 2008).

Several recent studies have confirmed that réypetitials at a number of whole-body
tasks (such as standing, swaying, and steppingy shevariation of magnitudes of the M-
modes compatible with a stable trajectory of suahables as coordinate of the center of
pressure (COP, the point of application of the ltastiforce acting on the body from the
support surface) and shear force magnitude (Krisiooathy et al. 2003; Danna-Dos-Santos
et al. 2007; Robert et al. 2008). In this study.feeus on a different mechanical variable,
namely the moment of force about the longitudings af the body; for brevity, we will

address it as M Control of this variable may be important forwamber of everyday actions
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associated with asymmetrical limb actions, for egkenbocomotion or fast one-arm
movements. Only a few studies have addressed is$umesscle coordination during large
Mz changes (e.g., Aruin et al. 2001).

Recently, an observation has been made that satien{s with spinal cord injury
who cannot move their legs voluntarily, demonstedternating leg swings when they are
asked to perform vigorous alternating arm movemethite suspended using a parachute
strap as well as while lying on the back with thgd suspended (Shapkova EYu 1997, 2004).
These leg movements were associated with cycliclaastivation changes. Such patterns
were not observed when the patients rotated therupmly with the arms crossed on the
chest, although they could emerge after severaksvektraining. These findings were
interpreted as reflecting activation of a hypottedtiocomotion pattern generator at the
lumbar spinal level via propriospinal pathways welcally modulated reflexes from
proprioceptors induced by the mechanical couplintp® body segments.

In this study, we explore multi-M-mode synergiegalved in asymmetrical upper body
actions. In particular, we have been interestqubssible differences between the
organization of muscle activation patterns duriligraating bilateral arm movements (as
during running or quick walking) and during upp@dly rotation that does not involve arm
movements. We focused on the following three hypsls: (1) Muscle activation patterns
during such tasks can be described with a few Meapdonsistent across persons; (2) These
modes form the basis for synergies stabilizingtivhe pattern; and (3) This organization will
differ between an explicit body rotation task andsk associated with alternating arm

movements.
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5.2 Methods

Subjects

Ten healthy subjects, 5 females and 5 males, meahiv66.1 kg (6.7 SD), mean age
28.9 (7.2 SD) and mean height 174.2 cm (4.4 SDqgyaeaited in the experiment. All the
subjects were healthy, without any known neurolaigic muscular disorder. All the subjects
were right-handed based on their preferential hesadje during writing and eating. All the
subjects gave informed consent based on the proegdpproved by the Office for Research

Protection of The Pennsylvania State University.

Apparatus

A force platform (AMTI, OR-6) was used to recor@ tmoment of force around the
vertical axis (M). Disposable self-adhesive electrodes (3M Corpmratvere used to record
the surface electrical activity (electromyogram, GMf the following muscles from the
right side of the body: gastrocnemius lateralis X Gibialis anterior (TA), biceps femoris
(BF), semi-tendinosus (ST), vastus medialis (VMytus femoris (RF), tensor fasciae latae
(TFL), gluteus maximus (GT), obliques abdominal {Orectus abdominis (RA), serratius
(SER), lumbar erector spinae (ERL), and thoracecter spinae (ERT). The electrodes were
placed within the central part of the muscles bs]lwith inter-electrode distance of 3 cm. A
reference electrode was attached to the laterakcagpthe fibula on its distal portion.

The signals from the electrodes were amplifie8000) and band pass filtered (60-
500 Hz). All the signals were sampled at 1000 Hih\ai12-bit resolution. A desktop
computer (Gateway 450Mhz) was used to control ¥peement and to collect the data using
the customized LabView-based software (LabViewMational Instruments, Austin TX,
USA).

Procedures

The experiment started with one control trial that later used for normalization of
the EMG signals (next section). In this trial, sdtg were instructed to stand on the force
plate quietly for ten seconds keeping the bodyieatwith the arms crossed on the chest

and looking at a stationary target placed 1.8 mnant of the subject at the eye level. Feet
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were kept parallel and apart 15 cm. This foot pasitvas marked on the top of the force
plate and reproduced across all the trials.

Two main tasks were performed, namely (a) contisuehiole body rotation around
its longitudinal axis (Body rotation), and (b) afteting movements of the upper arms (Arm
movement). Both tasks (body rotation and arm movehweere performed at frequencies of
0.7 Hz, 1 Hz, and 1.4 Hz. An extra weight of 1ifa§s of 0.45 kg) was added to the palm of
every hand using fitness gloves (Cory Everson Bgh® increase the mechanical effects of
the arm movements. In order to perform the bodgtiat task subjects were asked to stand
on the force platform keeping the same posture arths crossed on the chest. Then, they
were asked to start moving their body in a cydishion about the vertical longitudinal axis
under the pace of the metronome. To prevent asymraet define the amplitude of body
rotation a small laser pointer attached to thetobiethe subjects was used. Two vertical lines
marked on the wall (3.6 meters apart) in frontha&f subject showed nominal targets for the
body rotation. The targets were spaced The subjeats instructed to perform a
symmetrical, cyclic body rotation such that thernpei beam oscillated between the two
targets. Subjects continuously rotated their bady moving the right shoulder forward and
left shoulder backward such that the projectedrlasam moved from the right vertical line
to the left vertical line, then they rotate theady in opposite fashion moving their left
shoulder forward and the right shoulder backward.Will refer to the first and last 50% of
the cyclic movement agght shoulder forwardandleft shoulder forwardphases,
respectively.

During the second task (arm movement task) subgtatsl on the force platform
with the elbows flexed by about 100 degrees anfbpwed alternating rhythmic arm
movements. The subjects were instructed to imgptmt running or sportive walking; the
movements were performed primarily in the shoujdits (60-100 degrees), some of the
subjects also flexed and extended elbow jointsafiyut 10-20 degrees); there were no
visible wrist or hand movements. The subjects weggested a virtual target: Moving each
hand between the face and hip levels. Prior to caitaction, subjects performed 2
familiarization trials under each movement frequeftc7, 1.0 and 1.4 Hz) for each task.

Each trial of the main series started with the sctogtanding upright quietly; the
subject began performing the task paced by theametne. Data collection started after 10 s
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of continuous movement and lasted for 30 s. Oaéwras performed for each of the six
experimental conditions: two tasks (body rotatiod arm movement) executed at three
different frequencies (0.7, 1.0, and 1.4 Hz). Thekeo of conditions was balanced across
subjects. Rest periods of about 1 min were givewden trials. The average duration of the

experiment was thirty minutes; fatigue was notssue.

Data processing

All signals were processed off-line using LabVieva+td MatLab 6.5 software
packages. Signals from the force platform wereri@tl with a 20 Hz low-pass, second order,
zero-lag Butterworth filter. For each experimem@ahdition, twelve complete movement
cycles were used for data analysis. The initiaftgrand end of each cycle)were defined
by two consecutives peaks of, Malues. The duration of each cycle was time nazedl
such that the total duration of each cycle was wdn®0%. M values within each 1%
window were averaged resulting in a sequence ofpblfits representing the movement
cycle.

EMG signals were first rectified and filtered watb0 Hz low-pass, second-order,
zero-lag Butterworth filter. Changes in muscle\ation associated with Mchanges were
guantified as follows. Rectified EMG signals wemngegrated over 1% time windows of the
cycles (EMG).

In order to compare tH&MG indices across muscles and subjects, we cedect
them by subtractingEMG indices obtained during the quiet standing k@rtial and
normalized them by the highd&MG indices observed for each particular muscleeaah

particular subject across all the trials. Hence JBMG indices varied between 0 and 1.

Statistics

Defining M-modes with principal component analy§i€A)

For each subject and each experimental condite1BMG data formed a matrix
with thirteen columns corresponding to the 13 padtonuscles and 1200 rows corresponding
to 1% time windows of all twelve cycles analyzetdeTcorrelation matrix among thEMG
indices was subjected to PCA (using SPSS softweite)Varimaxrotation. The factor

extraction was employed resulting in three facforseach subject. Factors (PCs) number
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four and higher did not have significantly loadedstie activation indices under any of the
conditions. Besides, analysis of the scree plais sthowed that PCs number four and higher
accounted for about the same amounts of the tat&mnce across all the conditions.

We are going to address the first three PCs aslenosades (M-modes, MMa, M3)
and hypothesize that magnitudes of (gains at) theddes are manipulated by the controller
to produce changes inMn other words, M-modes represent unitary vedtothe muscle
activation space that can be recruited by the obetrwith different magnitudes.

The loadings at individual muscle activation indieeere studied across the first three
M-modes. In order to investigate qualitatively #tricture of each M-mode, we analyzed
how the loadings dfEMG indices of activation of the recorded postunaiscles were
organized within each M-mode and how they wereibisted among the M-modes. We
considered a muscle as part of a M-mode whenaidithg had an absolute value equal or
larger than +0.50. We will refer to such casesigsificant loadinggKrishnamoorthy et al.
2003a,b; Wang et al. 2005; Danna-dos-Santos 20ar).

In order to test the similarity of M-modes (PCs across the different frequencies of
sway and subjects, we used a method similar torieentroduced by Krishnamoorthy and
colleagues (2003a). Within this analysis, the Bhd M-modes were first sorted accordingly
to the amount of variability explained by eachladrh. This method compares a group of
vectors in the muscle activation space (for exantpkeM vectors for a given subject across
all the sway frequencies) to a central vector regméng another group of vectors (for
example, the Mvectors for another subject across the same swguéncies). The central
vector is a PC vector for which the sum of squalisthnces between it and the remaining
vectors within the same group is minimal. The mdttests an assumption that all vectors of
the same number in all subjects and across aliémegjes point in similar directions. In this
case, cosine of the angle between a central vantbany vector of the same number is
expected to be close to unity, while cosine ofahgle between a central vector and any
vector of a different number is expected to beeknszero.

The procedure includes the selection of a cen&elor among the actual PC vectors
leading to the identification of three central wstfor each comparisop( p2, andps
corresponding to M M, and M). The central vectors were identified for eachjscthover

all frequenciesgi(s)}, and for each frequency over all subjeqigfj}. It was hypothesized
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that (1) for each subject, a PC veqbpiis collinear to a central vectop{s)} if i =) (where
i,j = 1,2,3) and orthogonal to itiit£ j; and (2) for each task, a PC veqppis collinear to a
central vector pi(f)} if i =] and orthogonal to it if #j.

Absolute values of the cosines between the 13-dsioaal PC vectors were used as a
measure of closeness of their directions. We ubsdlate values of the cosines rather than
angles themselves for statistical purposes; naieatgles 0° and 180° are equivalent for PCs
and for absolute cosine values while they are algrdifferent in angular units. Cosines of
angles between each central veg( (i = 1, 2, 3) for a selected sway frequency grfdr
each individual subject performing at each swagudesncy and cosines of angles between
eachpi(s) (i = 1, 2, 3) for each subject apdor each sway frequency performed by each
subject were calculated. These were further tranmsfd into z-scores using Fisher’s z-
transformation. Further, these values were averaghdr across subjects or across

frequencies.

Defining the JacobianJ(matrix) with multiple regression

Linear relations between changes in the magnitati®smodes AM) and M, shifts
(AM; ) were assumed to be linear and the correspomdudgple regression equations were
computed over the 12 cycles performed by each suaijel at each experimental condition.

The coefficients in the regression equations wernged in a Jacobian matri){(

AM; = ki* AM1 + ko* AM, + ks* AM3;
J = [kikoks]

Within this approach, thé matrices are reduced toB) vector-columns. For each
subject, this analysis was run over the twelveviddial cycles for each time interval (each
1% of the total cycle). The analysis was run owdirdycles (100 intervals per experimental
condition). A two-way mixed-design ANOVA with fagTask(body rotation, and arm
movement), anéfrequency0.7Hz, 1Hz, and 1.4 Hz) was performed to analyzssible
effects of the movement task and movement frequendjpe amount of variance explained
by the linear model relating changes in the magieis.of M-modesAM) and M, shifts
(AM).
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UCM analysis: Computing the synergy index

The uncontrolled manifold (UCM) hypothesis assuthas the controller manipulates
a set of elemental variables to stabilize a valug ttme profile of a performance variable
(Scholz and Schoner 1999; reviewed in Latash &0f12, 2007). In our analysis, gains at M-
modes play the role of elemental variables, whilesMft represents the performance
variable. Hence, we analyze the variance in the ddlerspace at each phase of the
movement cycle and compare its two components.component of the M-mode variance
is compatible with a stable, i.e. reproducible froyole to cycle, value of the Mestimated
as its average value at that phase of the cych® other variance component led to changes
in the M, values. To compute the two variance componergsfalfowing analysis was
performed.

For each cycle (nNJEMGindices were computed and transformed itb using the
results of the PCA in Step-1 of the analysis. HetfteAM space had the dimensionality of
n=3. A hypothesis that a particular magnitude\bf; is stabilized by co-variation &M
magnitudes accounts for one degree of freedbrth)( Thus, the system is redundant with
respect to the task of stabilizing particud, values. The mean magnitudes of eAbh
were computed for each subject and each task selyaaaross samples over a trial. Since
the model relatingM to AM, is linear, theAM mean values were subtracted from eakh
computed value and the residuals were subjectldtter analysis as follows.

The UCM represents combinations of M-mode magesutiat are consistent with a
stable (reproducible from cycle to cycle) value\d¥l,. The UCM was calculated as the null-
space of the correspondidgnatrix (defined at Step-2 of the analysis). Thi-space ofl is
a set of all vector solutionsof a system of equatiodg=0. This space is spanned by basis
vectorsg;. The vector of individual mean-fréeMs was resolved into its projection onto the

null-space:
n-d
fUCM = Z(é:lr qAM )%D
i=1

and component orthogonal to the null-space:
forr = (AM)_ fucm



120

The amount of variance per DOF within the UCM is:
N
Voewm = ajCM = Z fusz /((n - d)NtriaIs)
i=1

and orthogonal to the UCM is:

N
VORT = JCZJRT = Z fOZRT /(d Ntrials)

i=1

Vucwm and \brt were the main dependent variables used in thilysiealn lay terms,
they correspond to “good variability” (v that does not affeétM, computed for a certain
time interval during the oscillation cycle) and thaariability” (Vort that changeaM,).
Three-way mixed design ANOVA with the factdrask(body rotation, and arm movement)
Frequency0.7Hz, 1Hz, and 1.4 Hzy/ariance-Componer(Vycm and \bgrr) was performed
to analyze the effects of experimental conditionghe two variance components.

To quantify the relative amount of the total vadanhat is compatible with
stabilization of a particular Mshift we used an indeX\y) reflecting the difference between

the variance within the UCM and orthogonal to tHéMU AV was computed as:

AV = (VUCM _VORT)/VTOT

where all variance indices are computed per degfrfeedom;Vror stands for total
variance. A two-way mixed-design ANOVA with the facs Task(body rotation, and arm
movement) anéfrequency(0.7Hz, 1Hz, and 1.4 Hz) was used to test the effecondition

on AV index values
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5.3 Results

Although we analyzed the data separately oventioehialf-cycles of the body
movement corresponding to the shifts of (Mght shoulder forward and left shoulder
forward) there were no significant effects of the ift direction on any of the important
outcome measures. Therefore, for clarity and byewitly results representing full cycles
will be reported. This section is organized in tbiowing way. First, the basic patterns of
M, changes and muscle activity are described. Fuyrtheresults of the PCA are presented,
and M-modes are identified and analyzed. Finally,describe the results of the UCM

analysis applied to the M-mode data.

Patterns of moment of force about the vertical &g and muscle activity

Across all conditions, the subjects were able tcate the task under the pace of the
metronome. The averages + standard errors of thaldcequency of M changes for the
body rotation task were 0.67 + 0.01, 1.05 + 0.0l .30 = 0.05 Hz, and for the arm
movement task they were 0.70 £ 0.01, 1.07 £ 0.68,1a30 = 0.02 Hz. A two-way mixed
design ANOVA with factordask(arm movement vs. body rotatioxnFrequency0.7, 1.0,
and 1.4 Hz) showed significant effect for both fasTask(F s4= 30.68, p<0.001) and
Frequency(Fp2 sa= 29.11, p<0.001) was found, Tukey's pair-wise carnsons showed
significant differences among the three nominajdiencies (p<0.05). There was no
significant interaction (p>0.1).

All subjects produced qualitatively similar, sinkel time profiles ofM,. Figure 5.1
shows M profiles averaged across 12 cycles for a typighjext under all six experimental
conditions. Note the similarity of the shapes asrall conditions. Averaged across subjects
peak-to-peak Mvalues for both tasks and all three frequencieshown in Figure 5.2. Note
that subjects produced larger peak-to-peak changdg during the body rotation task and
at higher frequencies. For the body rotation tagkaverage values of peak-to-peakvére
26.44 £ 2.65 Nm, 46.29 £ 6.07 Nm, and 61.74 + &6&4 (0.7, 1.0, and 1.4 Hz,
respectively). For the arm movement task, they iéré9 + 1.62%, 29.33 + 3.32%, and
34.41 £ 3.81% (0.7, 1.0, and 1.4 Hz, respectivelytwo-way ANOVA with factorsTask
andFrequencyshowed significant effects of bollask(F1 s~ 25.16 p<0.001) and



Frequency(Fp2541 = 18.47, p<0.01) without an interaction. The paise comparisons

showed significant differences between all thregdiencies (p<0.05).

Figure 5.1:Average variation of moment of force (M) across 12 cycles for a representative
subject for the body rotation task (Panel A) and am movement task (Panel B). Different lines
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Figure 5.2:2Means and standard errors across subjects of peak-peak M, under the execution
of the body rotation task (dark bars), and arm movenent task (light bars) at different
frequencies of body movement (0.7, 1.0, and 1.4 Hz)

During the execution of both tasks, all musclesagdtblarger levels of activation at
higher movement frequencies. There were both stgmif variations and common features in
the muscle patterns across the subjects. In pkatjdor the body rotation task, during the
right shoulder forward part of the movement cy€leq 50%), there was a decrease in the
level of activation of BF, ST, GT, OA, and SER amdincrease in the activity of RF, VM,
ESL, and ERT muscles. TA, and GL showed a declieasaivation level immediately
followed by its increase during the first half betmovement cycle. Over the second half of
the movement cycle (51 to 100%, left shoulder fadyeahe activation of RF, VM, ESL, and
EST decreased while TA, GL, BF, ST, TFL GT, OA, &R exhibited an increase in their
activity. RA did not show reproducible changestiactivity over the movement cycle. This
typical activation pattern for the body rotatioskas illustrated in Figure 5.3. Figure 5.3
shows averaged EMG profiles across all the subfecthe 13 postural muscles recorded

during the execution of the body rotation task fiteguency of 1.4 Hz.
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The arm movement task also showed regularitieseérpatterns of activation of the
leg and trunk muscles across the three frequenaoigsarticular, leg muscles commonly
showed an increase in their activation over onteftwo halves of the movement cycle
followed by a periods of very low activation. GLFRVM and TFL showed larger activity
levels over the first half of the movement cyclad®0%, right shoulder forward), while TA,
BF, ST, and GT were more active over the secondhalto 100%, left shoulder
forward).The trunk muscles OA, SER and EST showeahges in their level of activation in
both halves of the movement cycle while RA and $iRnot show reproducible modulation
patterns.

The muscle activation patterns during the arm mardrtask are illustrated in Figure
5.4 that shows averaged EMG profiles across sufecill 13 postural muscles recorded

during the execution of the movement at 1.4 Hz.
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Figure 5.3:Integrated over each 1% of the cycle and normalizEmuscle activation indices
(IEMG) averaged across subjects under the body roteon task performed at 1.4 Hz. Panels A-
M show IEMG of all 13 postural muscles recorded (TAGL, RF, VM, BF, ST, TFL, GT, RA,
OA SER, ESL, and EST). Phases 0% and 100% indicathe highest value of M when body is
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rotated from right to the left (‘Right shoulder for ward’) and phase 50% indicates highest value

of M, when body is rotated from the left to the right (Left shoulder forward’).The scales have

been selected for better visualization.
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Figure 5.4Integrated over each 1% of the cycle and normalizEmuscle activation indices (IEMG)
averaged across subjects under the arm movement taperformed at 1.4 Hz. Panels A-M show
IEMG of all 13 postural muscles recorded (TA, GL, FF, VM, BF, ST, TFL, GT, RA, OA SER, ESL,
and EST). Phases 0% and 100% indicate the highesale of M, when body is rotated from right to
the left (‘Right shoulder forward’) and phase 50% ndicates highest value of Mwhen body is
rotated from the left to the right (‘Left shoulder forward’). The scales have been selected for better
visualization.
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Principal component analysis (PCA)

To identify groups of muscles whose activity wasdulated in parallel during the
cyclic Mz changes, we used PCA (as described in the MethB@#) was run on data
combined over movement cycle duration and overytks, i.e. on the 1200 xX1BEMG
matrix. Based on the criteria described in theHdds section, the first three PCs were
chosen for each data set. For the body rotatidntkesfirst three principal components
(which we refer to as muscle modes,, Ml,, and M) accounted, on average, for 67.94+
1.66, 68.71+ 2.01, and 71.04+ 1.71% of the todM{Evariance for movements performed at
0.7, 1.0, and 1.4 Hz, respectively. For the arm enoent task, the first three PCs accounted,
on average, for 66.17+ 2.76, 68.45+ 2.34 and 78.2.19% of the total variance for
movements performed at 0.7, 1.0, and 1.4 Hz, réispdc

Figure 5.5A illustrates the total amount of variamxplained by the first three M-
modes averaged across subjects and under eaclinespie condition. Note that there is a
slight increase in the variance explained for lagks at the highest frequency (1.4 Hz). This
increase was not significant, however, according two-way ANOVA with factorgask
andFrequency This analysis showed no significant effects.

The amount of variance accounted for by each M-nvaded across the
experimental conditions. Specifically, for the badyation task the first M-mode (W
showed an increase in the amount of variance fremawest (0.7 Hz) to the highest (1.4
Hz) frequency, while the variance accounted fotHgythird M-mode (M) showed an
opposite trend. This finding is illustrated in Figlb.5B were the average amount of variance
explained by each M-mode across the ten subjestsoian. Note that the black bars M
show an increase from 0.7 Hz to 1.4 Hz. while thipesd bars (M) show a drop in their
values. This trend was confirmed by a two-way midedign ANOVA with factordM-mode
(M1, My, and M), andFrequencywhich showed a significaM-modex Frequency
interaction (fz s1j= 7.79, p<0.001). In addition, a significant maffect ofM-mode(Fy, s1;
=114.54, p<0.001) was also found. Tukey's paireveismparisons showed significant
differences on the amount of variance explainedl|bthree M-modes (p<0.05 all
comparisons). No significant effect Bfequencywas found (f, s1;= 0.52, p>0.5).

For the arm movement task, the two-way mixed-de8i§y@®VA with factorsM-
mode(M1,Mz,and M), andFrequency0.7Hz, 1Hz, and 1.4 Hz) run on the amount of
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variance explained by each of the first three R@sved a significant effect only féd-mode
factor (2, s1j= 79.01, p<0.001). Tukey's pair-wise comparisormsau significant
differences on the amount of variance explainedl|bthree M-modes (p<0.05 all
comparisons). No effect éirequency(F, 1= 1.36, p>0.1) noM-modex Frequency

interaction (fz, s11= 0.69, p>0.5) were found significant.
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Figure 5.5:Averaged and standard error across subjects amoustof variance explained by the
three first principal components (M-Modes) for thebody rotation task (first three set of bars)
and for the arm movement task (last three set of bia). Different bars represent the amount of
variance explained by each M-mode: Mmode (dark bars), My-mode (white bars), and M-
mode (stripped bars). Note the increase in the vaice explained by M-mode and decrease of
the variance of M- and Ms- modes for the body rotation task from the lower ¢ the higher

frequencies of movement. Note that this trend is ropresent at the execution of the arm
movement task.



129

The composition of individual M-modes varied subsily among the subjects.
Table 1 shows a set of loadings obtained for acl@ubject under the execution of both
tasks at the three frequencies. Significant loasiamg shown in bold. No reproducible
pattern of distribution of the significant loadingsuld be found.

Table 5.11 oading coefficients for the PCA for a typical subgct under body rotation and arm
movement tasks performed the frequencies of 0.7,0land 1.4 Hz. M= M;-mode (PC1), M=
M,-mode (PC2), and M= Ms;-mode (PC3).

BODY ROTATION TASK
0.7Hz 1.0Hz 1.4Hz
M, M2  Mgj My M; M3 M, M2  Mgj
TA 08 -011 -002 047 -072 022 -0.01 -0.10 0.76
GL 073 -011 018 0.84 012 003 026 024 0.70
RF -025 089 003 -0.24 -0.89 -0.23 -0.79 041 -0.18
VM 001 088 -008 -0.17 -0.83 0.10 -050 060 -0.19
BF 08 -001 -014 079 030 011 077 -010 0.28
ST 0.76  -0.57 -0.04 071 043 048 0.87 -0.08 0.35
TFL 066 -053 0.04 073 011 0.39 -0.02 077 0.02
GT o028 -077 -023 0.14 -0.05 0.75 060 0.13 0.02
RA o015 027 077 -0.44 -0.17 0.60 001 012 -0.69
OA 053 -027 027 040 017 066 079 018 -0.02
SER o061 -065 -0.07 058 039 0.64 092 011 -0.13
ESL 009 -032 065 059 -017 0.3 015 0.69 -0.02
EST -039 048 065 -0.15 -0.63 -0.51 -0.74 041 0.1
ARM MOVEMENT TASK
0.7Hz 1.0Hz 1.4Hz
M, M2  Mgj My M; M3 M, M2 Mg
TA -081 -013 017 -0.83 -0.34 -0.13 060 063 -0.37
GL 013 029 -051 018 025 -0.72 -0.20 000 0.79
RF 007 -005 -0.72 042 027 081 069 -052 -0.31
VM  .071 001 -048 023 015 0.89 -0.56 -0.36 -0.51
BF -091 -020 017 -0.82 -048 0.07 060 069 -0.29
ST .08 -026 018 -0.79 -045 -0.01 065 059 -0.28
TFL  -025 -003 064 059 006 -0.11 012 014 -0.72
GT -069 001 005 -0.81 -0.11 -0.10 036 066 -0.23
RA 031 086 -019 0.12 0.93 0.08 -0.92 -004 -0.02
OA .028 073 -018 062 046 005 -0.15 086 -0.01
SER 074 028 003 -0.67 -017 -0.17 031 080 0.26
ESL -009 091 006 0.09 0.89 0.00 -0.87 -003 0.1
EST o035 089 003 042 0.81 0.04 -0.79 -0.37 -0.10

Data for a typical subject under body rotation andarm movement tasks performed the
frequencies of 0.7, 1.0 and 1.4 Hz are shown. Loadss over 0.5 are shown in bold (significant
loadings). TA-tibialis anterior, GL-lateral gastrocnemius, RF-rectus femoris, VM-vastus
medialis, BF-biceps femoris, ST-semitendinosus, TFltensor fascia lata, GT-gluteus maximus,
RA- rectus abdominis, OA-obliquos abdominis, SER-seatius, ESL- erectus spinae lumbar,
ESL- erectus spinae thorax.
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The data summarizing the total number of signifidaadings observed in each M-
mode for all ten subjects are shown in Figure Bde that for the body rotation task the first
M-mode (M) showed an increase in the total number of siggifi loadings from the lowest
(0.7 Hz) to the highest (1.4 Hz) frequency, whiie third M-mode (M) showed an opposite
trend. For the arm movement task this trend wa®bserved. Non-parametric tests ran for
each of the tasks showed similar results acrossmbi¢asks. Friedman'’s test performed with
factorsM-modeandFrequencyshowed overall significance for both tasjé{zﬁ: 6.00,
p<0.05). Kruskal-Wallis tests ran as post-hocs icomd a significant effect d¥1-modebut
not of Frequencyfor both tasks. Mann-Whitney tests showed sigaiftalifferences for the
following comparisons in both tasks:;Ms. all other M-modes (p<0.001 for all body task
comparisons; p<0.05 for all arm movement tasks)yv$4 M; (p<0.001 for all body task
comparisons; p<0.05 for all arm movement taskshiM@/hitney tests showed a significant
difference for M between 0.7 Hz and 1.4 Hz (p<0.01) for the bodatron task.

100.0 | Body rotation Arm movement
?8 Hl M;-mode
S % 800 B 0J Mz'mOde
g = M,-mode
=8 60.0 -
€3 '
S5
g 40.0
DE ' 7
k) /
"2 200 | g
/
0 0 | 4 7 Z
' 07 10 14 07 10 14

Frequency (Hz)

Figure 5.6:The total number of significant loadings of the ilices of muscle activation for each
M-mode for all eight subjects under the executionfahe body rotation task (dark bars), and
arm movement task (light bars) at different frequerties of body movement (0.7, 1.0, and 1.4
Hz). Note the increase in the number of significanbadings observed at M-mode and decrease
of the number observed at M- and Ms- modes for the body rotation task from the lower ¢ the
higher frequencies of movement. Note that this treshis not present at the execution of the arm
movement task.
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As described in Methods, we used absolute valuéseofosines between M-modes
in the muscle activation space as a measure ofesityi Computations were performed
separately for the body rotation and arm movenaskst For each task, cosines between
central vectorsp;, and each individual M-mode vector were computeti @mpared across
the three frequencies and across subjects. Fopuingose, the absolute cosine values were
transformed into z-scores. Figure 5.7 shows thenmaescores of cosines for analysis across
the sway frequencies for the body sway task (Figurd) and arm movement task (Figure
5.7B). Note that there is no significantly highescores between a central vector and
individual vectors of the same M-mode for both gask

Two-way mixed-design ANOVAs with factoM-mode(M1, M2, and M3)and
Central Vector(pl, p2 andp3) was used separately on the z-scores of the tmbatyon
(Figure 5.7A) and arm movement tasks (Figure 5.BB)h ANOVAs revealed no significant
main effects oM-mode(F2, 26171.15, p>0.1 andk 26171.66, p>0.1 for body rotation and
arm movement tasks, respectively) an@ehtral Vector(Fy, 26171.26, p>0.1 andF
26170.26, p>0.5 for body rotation and arm movemerkdasespectively). No significant of
M-modex Central Vectolinteraction was found for both tasks (p>0.1 in batks). Hence,
the individual M-mode vectors Mand M did not clustered around their central vectors
(cosine values not close to unity), i.e. the M-n®dbserved at different sway frequencies
weren’t approximately similar.

A similar pattern was found for analysis acrosgexttb. Figure 5.8 is organized
similarly to Figure 5.7 but it presents data fdrfla@quencies separately. Body rotation task
results are presented in panels A, C and E whdlelteeregarding to the arm movement task
are presented on panels B, D and F. In this casethree-way ANOVAs with factors
Frequency0.7, 1.0, and 1.4 HzM-mode(M1-, M2-, and M3- modesgndCentral Vector
(p1, p2 andp3) was preformed. The results were similar to thaesseribed in the previous
paragraph. In particular, for both tasks there matssignificant effects dfl-mode(Fp,,
24371.12, p>0.1 andf 2437=0.36, p>0.1 for body rotation and arm movemerkdas
respectively)Central Vector(F, 24371.11, p>0.1 andf 24371.6426, p>0.1 for body
rotation and arm movement tasks, respectively)Faeduencyr,, 24370.51, p>0.1 and
24372.25, p>0.1 for body rotation and arm movemerkdasespectively). No interactions

were found significant. These results confirmedsigmificantly higher z-scores for cosines
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of the angles between theMand M-modes for the different subjects and the ceneatars
of the same number. Hence, the individual M-mod#ars M, and M, did not clustered
around their central vectors, i.e. the M-modes tbumndifferent subjects were not
approximately similar.

Taken together, these findings confirm no simijeot M-mode composition in the

muscle space across both subjects and frequencibsth tasks.
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Figure 5.7:Body rotation (Figure 5.7A) and arm movement task¢Figure 5.7B) averages and
standard errors of z-scores of the absolute valued cosines between a central vectop;, and
each mode vector; the data were averaged across lyoshovement frequencies (with standard
error bars).
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Figure 5.8:Body rotation (Figures 5.8A, 5.8C, and 5.8E) andren movement tasks (Figures 5.8B,
5.8D, and 5.8F) Z-scores of the absolute valuesaufsines between a central vectop;, and each
mode vector, PCs, averaged across subjects undeffdrent frequencies (with standard errors).
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UCM analysis

Data from twelve continuous sway cycles for eactheffive experimental conditions
were used to perform analysis of the structuresofability in the space of M-modes. The
method partitions the total variance in the M-megace across cycles into two components.
The first component (Vcm) is within an uncontrolled manifold (UCM) approxated as the
null-space of the correspondidgnatrix describing the linear relations betweenmgfes in
the magnitude of M-modedal/) and M, shifts AM;) (see Methods). The other component
(Vorr) is within a sub-space orthogonal to the UCM. ket we computed an index\()
reflecting the normalized difference betweescy and \ort. We interpret positive values of
AV as reflecting a multi-M-mode synergy stabilizithg average Mshift.

TheJ matrix was computed using multiple linear regesif changes in the
magnitudes of M-modea\) against M shifts AM,) over the 12 cycles performed by each
subject, for each experimental condition separaiéig coefficients in the regression
equations were arranged in a 3x1 vector-coludnmégtrix) and it null-space was used to
approximate the uncontrolled manifold.

Figure 5.9 shows the average amount of varianadvipexplained by the regression
model across the ten subjects (with standard @rieos the body rotation task the average
amount of variance explained was 69.49 + 6.30%%18%.3.92%, and 81.60 + 5.69% (0.7,
1.0, and 1.4 Hz, respectively). For the arm movertesk, these values were 59.89 * 8.04%,
70.86 £ 5.29%, and 62.00 + 5.00% (0.7, 1.0, andHk 4respectively). Note that the amount
of variance is higher for the body rotation tasklemall three frequencies when compared to
the averages for the arm movement task. A two-wixgdadesign ANOVA with factors
TaskandFrequencyrun on the amount of variance explained by thedirmodel confirmed
a significant effect oTask(Fz1, s4y= 16.60, p<0.001) but not érequencyFp, 4= 1.69,
p>0.1). No significant interaction was found(Fx= 1.23, p>0.1).
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Figure 5.9:Variance explained by linear regression oAM, against changes in the three M-mode
(black bars). Note the larger amount of variance gdained for the body rotation task when
compared to the variance explained for the linear mdel regarding to the arm movement task.
Note also the increase in the amount of variance pbained from 0.7 Hz through 1.4Hz.

Regarding to the variance components, we found ithatverage, subjectsy¥v
values were similar for the two tasks. These resark displayed in Figure 5.10A, which
shows the Vcw and indices per degree-of-freedom averaged aatbt&n subjects. Note
that Vucw values for the body rotation task (black bars)cwose to those values for the arm
movement task (white bars). Similarlyoié values were also similar for the two tasks
(Figure 5.10B). However, in averageydv showed consistently larger values thask¥for
both tasks and all three frequencies studied. Tfiedmgs were confirmed by the three-way
mixed-design ANOVA run with factorfask Frequency andVariance-Componer{y/ ycm
and \ogy) run on the values of variance of the componértiss ANOVA confirmed a
significant effect olVariance-Componer(fy,, 105;= 21.41, p<0.001) without any other
effects (p > 0.1).
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Figure 5.10Panels A and B: Averaged across subjectsy¥y and Vorr components of the total
variance for each condition (with standard error bas). Dark bars represents \{(,cy While light
bars represent \prr. Panel C: Means and standard errors forAV across subjects. Note that the
values are positive.

To test whether the two variance components chasigeithrly across the conditions,
an index AV) reflecting their normalized difference was ugEdjures 5.10C). On average,
AV was larger than zero for both tasks and all tfireguencies studied. We also found that

AV was smaller for both tasks for the frequency &fzL Note that in Figure 5.10C, both
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black and white bars show low&Y values when both tasks were performed at 1 Hes&h
findings were confirmed by a two-way mixed-desigN@VA with factorsTaskand
Frequencyon AV values. There was a significant effectoéquency(Fpz, s4j= 3.43, p<0.5),
but not ofTask(Fy1, s4)= 0.00, p>0.5) without an interaction.

Time changes AV for both tasks and all three frequencies are shiovFigure 5.11.
In general, no clear pattern &Y modulation within the movement cycle was foundlfoth
tasks at the lowest and highest movement frequeii@ié and 1.4 Hz). This finding is
illustrated in Figure 5.11A and 11B where averaa@ess subjects &V index time profiles
are presented. Note that in both panels the datlgeay thick lines representidyy time
profiles for body movements executed at 0.7 andHk.4lo not show large modulations. In
contrast AV showed a drop when both tasks were performed-& (thin line). For the body
rotation task (Figure 5.11A) this drop occurredidgithe second half of the movement cycle
while for the arm rotation task (Figure 5.11B) trep was during the first 50% of the

movement cycle.
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Figure 5.11Panels A and B Time profiles oAV averaged across subjects over the full
movement of body rotation task (Panel A) and arm meement task (Panel B). Thick dark, light
dark, and thick gray lines represent the three moveent frequencies executed by the subjects.
Note that only at 1Hz there is consistent modulatio of AV index values. Phases 0% and 100%
indicate the highest value of Mwhen body is rotated from right to the left (‘Right shoulder
forward’) and phase 50% indicates highest value d¥1, when body is rotated from the left to the
right (‘Left shoulder forward’).
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5.4 Discussion

The results of this study have provided an unexgoksét of answers to the
hypotheses formulated in the Introduction. Withpeeg to the first hypothesis, muscle
activation patterns during both tasks could indeedescribed with a set of a few (three) M-
modes; however, these sets were not consistergsatire participants. Moreover, the
composition of individual M-modes was not consistgithin each participant across the
different frequencies of movement. The second hgxis has been confirmed: The sets of
three M-modes formed the basis for synergies staigl M; time pattern across both tasks
and all three frequencies. We found no evidensupport the third hypothesis: Both the
organization of M-modes and the M-mode co-variatiatices did not differ significantly
between the two tasks. In the rest of this sectindiscuss the findings and their

implications for the two-level hierarchical contadlwhole-body, multi-muscle actions.

Different Sets of M-modes as the Basis for M-mouergies

Recently, studies of whole-body actions have beenidated by an idea that the
central nervous system (CNS) manipulates a hawodifedriables that correspond to very
stable and reproducible patterns of recruitmemadaif/idual muscles both across subjects and
tasks (Krishnamoorthy et al. 2003a; Torres-Oviedal.€2006; Danna-Dos-Santos et al.
2007). In particular, these studies have reporitadas directions of the eigenvectors in the
muscle activation space, as defined by the PCAsacsubjects and tasks (Krishnamoorthy
et al. 2003a; Danna-Dos-Santos et al. 2007). Retedies of locomotion and responses to
postural perturbations have also resulted in afoh(fd/e to six) of “muscle synergies” that
were similar across the participants and condit{twenenko et al. 2004; Torres-Oviedo et
al. 2006; Torres-Oviedo and Ting 2007).

The results of this study illustrate limitationssafch a simplified approach to the
control of large muscle groups. We used a methahalysis of similarity of the directions
within the groups of eigenvectors (M-modes) ideadtto the one used earlier
(Krishnamoorthy et al. 2003a). However, the reswitse dramatically different: We did not
find clustering of the eigenvectors correspondmthe same M-modes in different subjects
or across different tasks. In fact, the compositbthe M-modes was vastly different across

both subjects, tasks, and movement frequenciesteatho common features of the M-
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modes could be identified that would be compar#ablée “push-back”, “push-forward”, and
“co-contraction” M-modes reported in earlier stied{&rishnamoorthy et al. 2003b, 2004;
Danna-Dos-Santos et al. 2007).

Despite the different composition of the M-moddkthe subjects showed co-
variation of the gains at which the M-modes weuited across movement cycles that
helped stabilize the Mtrajectory. These results exemplify an importaatéire of motor
synergies, namely their flexibilty (Latash et d@02Z), that is, an ability to organize co-
variation of elemental variables at a higher highiaral level of control in a task-specific way
while manipulating sets of different elemental abtes (M-modes).

We can only speculate why the M-mode compositisulte of this study are
qualitatively different from results of earlier dias that used similar data processing
techniques for different tasks. It may be thatWhenode composition was significantly
affected by the exact orientation of the verticat af the body. To make the task natural, we
did not insist that the subject stood in a verydrimanner. This might lead to slight
deviations of the vertical body axis both acrodgestts and across trials resulting in different
patterns of muscle recruitment. Most muscles aealyz our study generated joint torques in
a sagittal plane such that a disbalance betweeactien of the muscles on the left and right
sides of the body was the likely cause of thhanges. The unavoidable migration of the
center of pressure (postural sway) about diffelerdtions (Zatsiorsky and Duarte 1999;
Duarte and Zatsirosky 1999) might also contriboteltanges in muscle activation patterns

across subjects and conditions.

Synergies as Reflection of Neural Control

Motor patterns during cyclic tasks reflect an iat#ron between neural control
signals and mechanical properties of the movingosdk, in particular its natural frequency
(reviewed in Kugler and Turvey 1987). In particukaxperiments with the reconstruction of
hypothetical control signals within the equilibriggoint hypothesis (EP-hypothesis,
Feldman 1986) framework during elbow cyclic movetsdrave shown that the peak-to-peak
excursions of the equilibrium trajectory were miaimt an intermediate frequency
corresponding to the estimated natural frequendii@fower arm (Latash 1992). In other

words, the CNS has to interfere minimally with argoing motion if its frequency fits the
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natural frequency of the moving effector. One @& tbsults of our current experiments seems
to corroborate this general idea: During both tagies index of M-mode co-variation was the
smallest at the intermediate frequency (1 Hz) aspaved to both the lower (0.7 Hz) and the
higher (1.4 Hz) frequencies.

Synergies have been defined as neural organizaticgiemental variables with the
purpose to stabilize a value or a time profile peaformance variable (reviewed in Latash et
al. 2002, 2007). This definition implies, in padiar, that the index of synergV) is not
expected to be highly positive if motion happens ttumechanical properties of the effector,
without much intervention from the controller, j.at the effector’s natural frequency. As a
pilot post-hoc, we asked a few subjects of thiggto perform both tasks (arm movement
and body rotation) at a comfortable, self-seleéteqguency. They all performed these
movements at frequencies within the 1-1.2 Hz rahlgge that several studies have shown
that self-selected frequencies are typically cltosie natural frequencies for the effectors
(Hatsopoulos and Warren 1996; Goodman et al. 200@&t al. 2003). Hence, we offer the
following interpretation for the significantly lowdV indices for the two tasks:

When the movement is performed at its natural feegy, changes in muscle
activation, within both the explicitly involved eittors and the apparently postural muscles,
reflect movement mechanics and the action of rdieps. Neural commands to the muscles
and joints (for example\(t) functions within the EP-hypothesis) start exeytsignificant
effects on muscle activation patterns when theirequnovement has to deviate
substantially from the natural (preferred) frequer@nly in the latter case, strong co-
variation in the space of elemental variables [geeted stabilizing the salient mechanical
variables. In other words, synergies, as quantifigd the introduced inde&V, reflect both
guality and quantity of control. The latter refletd what extent external mechanical patterns
are defined by control signals as compared to pergd factors such as mechanics and reflex

loops, while the former reflects how well approfgiaontrol variables co-vary.

Relations of the Results to Locomotion

In one aspect, the study has failed to providefimitiee answer to one of the main

guestions that motivated the design of the stutie. fWo tasks were selected to reveal
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possible differences in the organization of musdigvation patterns in the lower body
during locomotor-like alternating arm movements dndng another type of movement
(body rotation) that produced a similar patteriMgfchanges. The expectations of
differences in the organization of muscle modeg@ndulti-M-mode synergies were based
on clinical observations in patients with spinalccmjury who showed entrainment of leg
movements by alternating arm movements, but netgper body rotation at a similar
frequency, unless given several weeks of pracBbajkova 1997).

We have failed to detect significant differencesaaen the two tasks. This might be
partly due to the broadly varying M-mode compositimth across the subjects and across
the movement frequencies. It is also possibletti@mtsed method of EMG analysis is too
crude to detect differences in muscle activatiatepas that are produced by a spinal central
pattern generator and those produced by other pggwhen the patterns of the lower-body

mechanics are qualitatively similar.
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CHAPTER 6

STUDY #4

Anticipatory control of head posture

6.1 Introduction

When a standing person performs a fast arm moverntenvertical posture is
perturbed. A major feed-forward mechanism of padtstabilization in such conditions is
the anticipatory postural adjustments (APAS) tlept@esent changes in the activity of postural
muscles prior to the initiation of voluntary motmtions (Belen’kii et al., 1967, Marsden et
al., 1978, Cordo and Nashner, 1982 and BouisseEZatidra, 1987). In particular, APAs
have been described in the leg and trunk musciestpra fast arm action or load
manipulation (Lee, 1980, Horak et al., 1984, Boetissxd Zattara, 1987, Aruin and Latash,
1996, Shiratori and Latash, 2000, Slijper et &02and Shiratori and Aruin, 2004). Many of
the mentioned studies quantified APAs as chang#dsimuscle activation levels within a
time window selected to avoid action of stretchesefs and other feedback mechanisms.

The purpose of APAs has been commonly considergdoakicing appropriate shifts
of the point of application of the resultant foexing on the body from the supporting
surface (center of pressure, COP, Bouisset andrdatt987 and Massion, 1992). These
shifts are produced by coordinated changes in thecha activity (Krishnamoorthy et al.,
2003). COP shifts are viewed as a major mecharogonaduce shifts of the center of mass
(COM) that is commonly viewed as a major controlagiable in postural tasks (Winter et
al., 1996). During APAs, however, the purpose offCRifts is to avoid COM motion that
otherwise could be induced by the perturbation.

Most studies of APAs in standing persons have alyuiocused on trunk
stabilization (reviewed in Massion, 1992). It hagb suggested, however, that during daily
activities such as walking and running, and alsenduacrobatic movement such as salto, the
head posture with respect to the trunk is wellizga to ensure a reliable reference frame
(Berthoz and Pozzo, 1994 and Pozzo et al., 2001 .iMportance of head stability during

whole-body actions performed by standing persosséeeived support in another recent
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study (Freitas et al., 2006). However, only a celwgilstudies addressed the role of APAs in
head stabilization, and their results are contrsiaér

Gurfinkel et al. (1988) described increased adtivabf neck extensors and a drop in
the activity of neck flexors about 60 ms prior ke Bactivation of the prime mover (deltoid
muscles). This pattern was time locked with APA&mmuscles, and the authors suggested
that the combined APAs in the neck, trunk, andnegcles formed a complex posture-
stabilizing pattern. Van der Fits et al. (1998)duaesimilar task in a variety of subject
postures, standing, sitting, and supine. Thesenasittescribed a co-contraction pattern of
neck flexors and extensors across all conditions.

The discrepancy in the results of the two menticstadies led us to the following
hypothesis. We suggest that APA patterns in neckclea may be defined by two factors,
local (a predictable perturbation acting on thed@ad global (a perturbation acting on the
center of mass of the body and affecting the heduddctly, due to the mechanical coupling
between the trunk and the head). If the directioa perturbation acting on the head is well
predictable, a reciprocal APA pattern in neck mesdan be used to counteract the
mechanical effects of the perturbation on the hemsdure. In contrast, if a self-triggered
perturbation acts on the trunk, APAs in leg andkrmuscles stabilize the trunk posture, but
the combined action of those APAs and the origiesturbation may perturb the head
posture due to the mechanical coupling. Since iileetibn and magnitude of such a
perturbation acting on the head may not be welliptable, an increase in the apparent neck
stiffness (co-contraction) may be used as an APiAdrease resistance to perturbation in any
direction.

To test the main hypothesis on two APA patternsperormed experiments where
similar initial positions of the body and similasteons by the subject were associated with
perturbations acting predominantly on the headjq@renantly on the trunk, and on the trunk
and the head together. Our first specific hypoth@sypothesis #1) was that APA patterns in
the neck flexor—extensor muscles would change same-shifted (reciprocal) pattern to a
synchronized (co-activation) pattern when the sewfahe perturbation changes from that
applied directly to the head to resulting from jaitoupling. We also explored a possibility
that APAs in trunk and leg muscles contributeddachstabilization. If so, a combined

perturbation to the trunk and to the head couldxpected to lead to significantly larger
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APAs in those muscles than a perturbation appbetie trunk alone (Hypothesis #2). Large
APAs in the leg/trunk muscles could also be exmkuwtieen a perturbation is applied directly
to the head (Hypothesis #3).

6.2 Methods
Subjects

Seven subjects (four males and three females)tivtimean age 30.1 years (x2.9,
SD), mean mass 77.7 kg (x20.3, SD), and mean h&ight cm (£7.9, SD) participated in
the study. All the subjects were healthy, withowy &nown neurological or muscular
disorders. All subjects were right-handed basethein preferential hand usage during
writing and eating. The subjects gave informed eahbased on the procedures approved by
the Office for Research Protection of The Penngylv&tate University.

Apparatus

A force platform (AMTI, OR-6) was used to recor@ tmoment of force around the
frontal and sagittal axes (Mind M, respectively) and the vertical component of treugd
reaction force (FJ. These signals were used to compute the dispkaceof the body center
of pressure (COP).

Disposable self-adhesive electrodes (3M Corporati@re used to record the surface
electromyogram (EMG) of the following muscles: gashemius lateralis (GL), tibialis
anterior (TA), biceps femoris (BF), rectus femdfs-), lumbar erector spinae (ES), rectus
abdominis (RA), and sternocleidomastoid as the flegkr (NF). We also recorded the
surface EMG activity at the dorsal part of the n&ikce the dorsal part of the neck has
multiple layers of muscles, the recorded signdlected the activity not only of the most
superficial muscle (superior fibers of trapeziug) &lso of deeper muscles (semispinalis,
splenius cervicis, and splenius capitis). We vefer to this signal as reflecting neck extensor
(NE) activity.

All muscles recorded were chosen based on theénpiat role in postural
stabilization of the head and the trunk and theteasibility to surface EMG recording. The
electrode pairs were placed over the muscle bgthesdistance between the two electrodes

of each pair was 3 cm. Lower limb and trunk eledd®were placed only unilaterally on the
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right side of the subject’s body due to the limdatin the number of channels. Neck
electrodes were placed bilaterally over the rigt)tdnd the left (L) muscles (NFNFg, NE,
and NE). The electrode pairs recording the NE activityevelaced parallel to the spine
with the upper electrodes positioned about 2 craveéhe occipital protuberance. Electrodes
recording NF activity were placed along the steleidomastoid midway between its
sternum and mastoid insertions.

The EMG signals were amplified (x3000) and bandsigtered (60-500 Hz). All the
EMG signals were sampled at 1000 Hz with a 12dsblution. A personal computer
(Gateway 450 MHz) was used to control the expertraed to collect the data with a
customized Labview-based software (Labview-5 —deti Instruments, Austin, TX, USA).

A ProReflex motion analysis system (Qualysis Trisfgnager vs 1.7.187 — Qualysis
Medical) was used to capture the coordinates @fssipe marker placed on the lateral aspect
of the index finger metacarpophalangeal joint aaright hand. Three more markers were
placed laterally on the customized helmet (desdribter) and their coordinates were used to
detect angular displacement of the head in a shgitine (these data were collected only in
four subjects). This motion analysis system waglsganized with the computer collecting
the force plate and EMG data; it recorded 3D cowtdis of the marker at 200 Hz. An
accelerometer was placed on the dorsal side aighehand; its signal was used to detect
the moment of hand movement initiation during afldata processing.

A customized hockey helmet was used to apply geations to the subject’s head.
This helmet was firmly fitted onto the subjectsaldethe chin support piece was used to
improve helmet stability. Two levers (50 cm longre attached to the front and back
portions of the helmet about 2 cm above the eyel levwe; they were used to attach loads
during the experiment (see Section 2.3). The digtéoetween the center of the helmet’s top
and the point where the load was attached to trex leas 0.6 m. A pole (1.77 m height) was
positioned 0.7 m in front of the subject for sewésrials involving trunk perturbation
(Figure 6.1). A horizontal lever was attached @ plole, and a load (0.5 kg) suspended on a

flexible fishing line was aligned with the inferiportion of the sternum (see Section 2.3).
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Figure 6.1An illustration of the six main experimental seriesHead perturbations (HP, panels a
and b), trunk perturbation (TP, panels c and d), anl head and trunk perturbation together
(HTP, panels e and f). Arm upward and downward movents were used to produce
perturbations in different directions.

Procedures

The experiment started with three control testsldisenormalization of the postural
sway data (COP displacement) and the EMG signalesaibed in the following section
(Data processing). The first control test involeesingle trial with quiet standing. This test
was used to obtain measures of natural posturat #vea were later used to normalize COP
migration during APAs for across-subjects comparssd he subjects were instructed to
stand quietly on the force plate for 10 s whilekiog at the target placed 2.3 m in front of
them at the eye level.

The other two tests were used to get quantitatisiees of activity of postural

muscles associated with a standard task of qurtstg with an additional load that
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generated torque in a sagittal plane acting tdedte head and the trunk either forward or
backwards. These data were used to normalize altE{G indices during APAs for across-
subjects comparisons. In these tests the subjestsiwstructed to stand quietly and to hold a
5 kg load for 10 s with the arms fully extended llainother load (1 kg) was attached to one
of the helmet’s levers. The subjects were askd@ép both the head and the trunk vertical,
this was controlled by the experimenter. In onéeftests both loads created moments of
force that tended to rotate the head and the timmbard. In the other test the same loads
held through a pulley system created moments gkftirat tended to rotate the head and the
trunk backwards.

The main portion of the experiment involved thrasks (Figure 6.1). The tasks
required the subjects to produce hand actiondtilggiered three types of perturbations in the
sagittal plane. The three perturbations were; €aghperturbation (HP) created by a fast,
low-amplitude arm movement with the arm movinglthed acting on the head; (b) trunk
perturbation (TP) created by a fast, relativelgéaamplitude movement of the arms that
moved the load acting on the trunk; and (c) botidhend trunk perturbation (HTP) by a fast,
relatively large-amplitude movement of the armg thaved both loads acting on the head
and on the trunk. For each task, two different @ were used involving arm movement
in opposite directions (upward and downward) asdlteng in different perturbations to the
posture. As a result, there were six differentesedf trials: three tasks (type of perturbation)
and two actions (direction of arm movement).

In all series, the subjects were instructed todstanthe force plate with their feet
parallel to each other, spaced by 18 cm, with taylweight evenly distributed between the
feet and look straight at the same target thatusasd in the control tests. The foot position
was marked on the top of the platform and reprod@acegoss all trials. The arms were
extended forward but not outstretched completelth the elbows flexed and wrists
extended, such that the hands were at the lewakedbad(s) (see Figure 6.1). Before the
upward arm movement series, the two hands fornfed@ placed just under the load
without touching it (Figure 6.1a, c, and e). Ptmthe series with downward arm movements,
the load rested on the hands such that the lineeatimg the load to the helmet and/or the
pole was slightly loose (Figure 6.1b, d, and f)alnseries, the instructed arm movement was

a very fast bilateral shoulder flexion (upwardseatension (downward).
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In order to generate perturbation acting mainlyrenhead (HP), a standard load
(0.5 kg) was attached to the helmet’s front levet suspended at about the level of the
inferior sternum extremity with a flexible fishiriige. In one series, the subjects were
instructed to move the load quickly upwards overnbminal distance of 10 cm in a self-
paced manner 1-2 s after an auditory signal, ag'b@@égure 6.1a). This action unloaded the
helmet leading to a head extension perturbatioanbther series, the subjects were
instructed to hold the load in the hands suchttiafishing line was slightly lose and then
perform a quick hand motion downwards over the maidistance of 10 cm in a self-paced
manner 1-2 s after a “beep” (Figure 6.1b). Thigaatesulted in loading the helmet and
generating a head flexion perturbation.

To generate perturbation acting mainly on the tr{irfR), the same 0.5 kg load was
attached to the helmet’s front lever. Another OQg3dad was attached to the pole standing on
the floor in front of the subject. The subjects evarstructed to perform similar series of
trials as in the HP series: to move the load a#tddb the pole quickly upward (Figure 6.1c)
and downward (Figure 6.1d) in different seriesoider to increase the magnitude of the
perturbation acting on the trunk, the instructionthese two series was to perform a very
fast hand movement over the nominal distance a25We used this relatively small load
(leading to relatively small trunk perturbations)avoid fatigue and to have comparable
magnitudes of the perturbation in cases when itapgdied to the head and when it was
applied to the trunk. Therefore, we were limiteddayturbations that were safe and not
uncomfortable when applied to the head.

The last task (HTP) was a combination of the tweaaly described in order to
generate a perturbation acting on both the headranl at the same time. Both 0.5 kg loads
were used. The first was attached to the helmeiigt fever and the second load was
attached to the pole. Both loads were kept clogath other and suspended at the level of
the sternum. The instructions were to perform g ¥&st movement over the nominal
distance of 25 cm (same as in the TP task) upwaglife 6.1e) and downward (Figure 6.1f)
lifting and releasing the two loads together in thiberent series.

A familiarization period was given to each subjecbr to data collection. During the
familiarization period, subjects were asked to genf at least five trials for each of the tasks

and actions. The experimenter paid particular &tierio the initial vertical posture of both
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head and trunk and to reproducible arm movementtoiaés within each series. Seven trials
were performed for each series, and the ordereo$éhies was balanced across subjects.
Resting periods of 30 s were given between traald, at least 1 min between series. The
average duration of the experiment was 45 min,adtedt the procedures all the subjects were
asked about feeling fatigue. None of the subjeatspiained about any type of discomfort or

fatigue.

Data processing

All signals were processed off-line using LabVievastd MatLab 6.5 software
packages. Signals from the accelerometer werdltesetl to allow better detection of
movement initiation. For all trials and conditioad,data from force plate, EMG, and 3D
motion capture system were aligned according tditsevisible change in the signal from
the accelerometer attached to the right hand. Mbismient of the hand movement initiation
will be referred to as ‘time zero’s(t 0).

Signals from the force plate were filtered withat2z low-pass, second-order, zero-
lag Butterworth filter. Center of pressure coordasan the anterior—posterior (AP) and
medial-lateral (ML) directions (CQPand COR)., respectively) were computed using an

approximation:

COPp=-M,/F, (1A)

CORuw=M,/F.. (1B)

As commonly accepted in studies of COP shifts gffiects of the shear forces on the
moments of force measured by the platform werergghdecause of the small lever arm of
those forces (the AMTI platforms record the momaerith respect to the platform center
located 36 mm beneath the surface). The assesssuggsst that the contribution of shear
forces to the estimated COP shifts was always weler 10%.

Changes in the COP displacement happen in twotdins; anterior—posterior and
medio-lateral, even when the perturbation is mdstijted to a sagittal plane. The COP

shifts are typically rather small during the APA&sg(, Aruin and Latash, 1995). Therefore, to
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guantify them we have used a general measure off@i@ration during the time window
typical of APAs — the area of the ellipse that irt#d most of the COP migration data. To
guantify COP migration prior to the perturbatidme ICOP time series were processed as
follows. Ellipses were fitted to the COP data octibel over two time intervals: from —500 ms
to —350 ms (baseline COP migration) and from —18Gon+50 ms with respect to((ICOP
migration during APAS). Each ellipse contained 8 ®f the COP data points (cf. Oliveira
et al., 1996). The area of each ellipse was condpUtee first time interval captured the COP
baseline migration (CQJP) and the second interval captured possible amticry changes in
the COP trajectory associated with the action (& COR\pa Was then corrected by
CORs.. For across-subjects comparison, the differen€@RE,—CORs ) was normalized by
the area of a third ellipse computed for the datkected over the same period of 150 ms in
the middle of the control trial when the subjeciost quietly without any load, CQB\troL

An index, kop, Was computed as follows:

lcor=(COPApa-CORsL)/(COR:onTROL)- (2)

All EMG signals were rectified and filtered withb@ Hz low-pass, second-order,
zero-lag Butterworth filter. The accelerometer signas used to align the rectified EMG by
to. After the alignment, all seven trials within easries were averaged and APAs were
guantified as follows. EMG signals for each museéze integrated over two time intervals:
from =500 ms to =350 ms and from —100 ms to +5Quitis respect togt The first time
interval captured the muscle background actiVisMGgg) and the second interval captured
possible anticipatory changes in the activi§MGapa) associated with the action. The
interval of EMG integration associated with APAssw&lected to include most of the
changes in muscle activity that occur in a feedvéyd manner while avoiding possible
effects of stretch reflexeEEMGapa Was then corrected BEMGge.

In order to compare the EMG indicdENG) across muscles and subjects, we
normalized them by the EMG signals integrated ¢lwersame period of 150 ms in the
middle of the control triallEMGcontrol) When the subjects held the two loads while
standing quietly/EMG indices for the dorsal muscles (GL, BF, ES, biit) were divided by
EMG integrals obtained when the loads were hefdoint of the body/EMG indices for the
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ventral muscles (TA, RF, RA, and NF) were dividgdie EMG integrals obtained when the
loads were suspended behind the body:

i —350
]EMG =] EMG,ﬂ.p,ﬂ. —] EMGH{'i
—150 —500 (3A)

[EMG
Jr EMG conTroL (3B)

Jrl_:r'-']{'i- =

Statistics

Standard methods of descriptive statistics andnpetrac statistical methods were
used (SPSS-13). Four sets of analysis were pertbrme

(1) The COP indexi¢op) was analyzed with a two-way mixed design ANOVAwi
factorsPerturbation(HP, TP, and HTP) andirection (Up and Down).

(2) EMG indices lgmc) of the leg and trunk muscles (GL, TA, BF, RF, BBd RA)
were analyzed using a two-way MANOVA with factétsrturbationandDirection.

(3) EMG indices Igmc) of the neck muscles (NFNFg, NE_, and NE) were
analyzed using a three-way MANOVA with factdtsrturbation Direction, andSide(Right
and Left).

(4) To investigate the relative timing of changeshe activity of neck muscles, a
cross-correlation function between the neck flexai extensor muscles over a time period
from —200 ms to +200 ms with respectdovas computed. This analysis was done separately
for the right and left muscle pairs. Prior to thislysis, the EMG signals were filtered at
20 Hz with a low-pass, second-order, zero-lag Bwiteth filter to obtain EMG envelopes.
For each trial, the peak magnitude of the corretatioefficient (R-peak) and the time lag)
of R-peak were computed. In order to normalizeRIgata these data were log-transformed

into z-scores by Fisher’s transformation:
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Z-SCOT€| ppeak) = 0.5 = {log(] + R-peak) /(1 — R-peak}) (4)

Further, the averagescore and\t data for each condition were calculated across the
trials. Two one-way ANOVAsKerturbationas the factor) were performed on #hgcore
andAt variables.

In all sets of analysis, Tukey’s honestly signifitdifference (HSD) tests and
pairwise contrasts were used as post-hocs forfeignt effects. The significance level for all

analyses was kept at 0.05.

6.3. Results

All subjects were able to accomplish successfull{aaks. Figure 6.2 shows a data
set from a TP trial performed by a typical subjstibject #1). Time zero was defined as the
earliest signal from the accelerometer (panel @) bétter interpretation of this Figure 6.,
EMGs of pairs of muscles are displayed togethendlsad—h). In the Figure 6., the rectified
EMG signals of TA, RF, RA, N and Nit muscles are inverted (turned into negative values)
to avoid superimposed lines. Note that anticipatbrgnges in muscle activity (APASs) started
before time zero in BF, ES, MENE., NFg, and NE. Note the simultaneous changes in the
activity of NE and NF. Note also a relatively snfatlad displacement associated with the

arm movement (panel b).
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Figure 6.2A typical data set from a representative subject (sject #1) during downward arm
movement in a TP trial. Hand acceleration (panel a)Head angular displacement (panel b),
displacement of COP in both directions (panel c),ral EMGs of all 10 muscles recorded (Panels
d through h) are displayed. Time zerot) corresponds to the initiation of hand action. Nat: TA,
RF, RA, NFg, and NR. EMG time profiles were inverted (turned into negaive values) to avoid
superposition of lines; for these muscles negatiwalues of larger magnitude indicate increased
muscle activation.
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Upper limb movements and COP displacements

Off-line analysis of the vertical displacementloé {passive marker placed on the
subject’s hand showed a sigmoid trajectory (Figu8y. Figure 6.3 shows the vertical hand
displacement during upward (panel a) and downwaadé€l b) arm movements averaged
across subjects for each task separately. The mplof the movement was much smaller in
the head perturbation series (HP) as comparecettyuhk perturbation (TP) and head and
trunk perturbation (HTP) tasks. The amplitude @&f Wertical hand displacement was 10.0 cm
(0.8 SE), 23.0 cm (1.8 SE), and 22.5 cm (x1.5 @&KEjng upward arm movements under
the HP, TP and HTP tasks, respectively. During deard movements, the average
displacements were 7.0 cm (0.9 SE), 41.0 cm (8EJ and 39.8 cm (x1.9 SE) for the HP,

TP and HTP tasks, respectively. Movement time i@secto 250-300 ms across all series.
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Figure 6.3vertical hand displacement during upward and downwad arm movements (panels a
and b, respectively). Each panel shows the averatime profiles across subjects for head
perturbation (HP), trunk perturbation (TP), and head and trunk perturbation (HTP) tasks.

The vertical dashed lines indicate the moment of nvement initiation (to). Standard error bars
are not presented to make the Figure 6.readable.

The hand motion was accompanied by relatively s@@P displacements. Peak-to-
peak COP displacements in both anterior—postefiB) and medio-lateral (ML) directions
were typically under 1 cm. Figure 6.4a illustrad@eraged across subjects GeBme
profiles during downward arm movements for the e¢heesks, HP, TP, and HTP. In TP and
HTP tasks, COR showed larger displacement for the period starimgut 100 ms beforte
and ending about 300 ms aftgras compared to the HP task.



158

Figure 6.4a also illustrates larger COP displacasemward in the TP and HTP
tasks at about 400 ms after the movement initia@DP migration was quantified with an
index|cop computed for the time window from =100 ms to +5®wwith respect td, (see
Section 2). Figure 6.4b shows largespin the TP and HTP tasks as compared to HP. This
finding was confirmed by a two-way ANOVAérturbationx Direction) that showed a
significant effect oPerturbation(F, 3 = 3.35,p < 0.05). Tukey’s HSD tests confirmed
significant differences between HP and TP and laésveen HP and HTR & 0.05). There

were no significant effects @firection and no significant interaction.
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Figure 6.4 Panel a shows the anterior—posterior center of gssure displacement (COR) for
downward arm movement condition under head, trunk,and head and trunk perturbations (HP,
HTP, and TP, respectively). Average time profiles@oss subjects are shown and standard
error bars are not presented to make the Figure 6gadable. Positive values indicate anterior
COP displacement. Panel b shows the index of COPi&H{Icop) over the period from =100 ms to
+50 ms with respect td, during upward and downward arm movements and the ¥, HTP, and
TP tasks. Averages across subjects with standardrer bars are shown; * meansp < 0.05. Lines
connecting the mean bars indicate significant diffences.

Muscle activation during APAs: neck muscles

The patterns of changes in the neck muscle actvitgred across the HP, TP, and
HTP tasks. Figure 6.5 illustrates typical EMG tiprefiles for the right neck flexor and
extensor muscles in a representative subject (su#jg performing downward arm
movements in the HP, TP, and HTP tasks. The subijested APASs only in the extensor
muscle for the HP task and in both flexor and esdemuscles in the TP and HTP tasks.

Note that the flexor and extensor both showed arease in the activity during APAS in the



159

TP and HTP tasks. The left neck muscles presentgthspattern to those seen in the right

neck muscles.
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Figure 6.5 EMG of the right neck muscles (averages acrossiats by a representative subject,
subject #1) during downward upper limb movements. Tie neck flexor (panels a, ¢, and e) and
neck extensor (panels b, d, and f) activity underie head perturbation (HP), trunk

perturbation (TP), and head and trunk perturbation (HTP) tasks, respectively. Note the APAs
only in the extensor muscle for the HP task and iboth flexor and extensor muscles in the TP
and HTP tasks. The vertical dashed lines indicatdhe moment of the movement initiation t).

Figure 6.6 shows the index of integrated muscleiagtlemc (See Section 2), for the
neck muscles across all tasks and conditions (gesracross subjects with standard error
bars).lemc for both flexors and extensors was higher in tReaind HTP tasks as compared to
the HP task. In generdkygc for the neck extensor muscles were, on averagdir@es larger
for the TP tasks and 2.6 times larger for the Hagk$ as compared to HP task. A similar
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trend was seen for the flexor muscles, whgye in TP and HTP tasks was 2.9 and 1.9 times
larger than in HP task, respectively.

Three-way MANOVA Perturbation Direction, andSideas factors) ofeyc Showed
no effect ofDirection andSideand no significant interactions. However, a sigaitft effect
of Perturbationwas confirmedKa,142= 3.06, Wilks’ Lambda < 0.05). Two three-way
mixed design ANOVAs were conducted legic of the neck flexor and extensor muscles
separately. The results confirmed a significantmadiect ofPerturbationfor both muscles
(F272> 2.98,p < 0.05) without significant effects @firection or Side and no significant
interactions. Tukey’'s HSD tests confirmed larbgis for both neck extensor and flexor
muscles under the TP and HTP tasks as comparée tdR taskg < 0.05).
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Figure 6.6 Integrated EMG index (Iemg) Of the left and right neck flexor and extensor macles
(NF_, NFg, NE_, and NEg, respectively) during upward and downward arm movenents, and
under head, trunk, and head and trunk perturbations(HP, TP, and HTP, respectively).
Average time profiles across subjects and standarerror bars are shown; * meansp < 0.05.
Lines connecting different experimental conditionon the legend indicate significant differences
across conditions.

Relative timing of neck muscle activation duringhaP

To explore the relative timing of the changes ia tleck flexor and extensor muscle
activity, cross-correlation analyses were run ssedy for the EMGs in the left and right side
muscle pairs. Figure 6.7a showscores of the average peak correlation coeffisiéRtpeak)
computed from the cross-correlation between nentofl and extensor muscles. This Figure

6.shows combined data from the right and left sidiscles because there were no significant
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differences between the two sides (described bel6l)and HTP tasks showed higher R-
peak values between the neck flexor and extenseclmactivation patterns for both right

and left sides and for both upward and downwardrmowements, as compared to the HP

task.
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Figure 6.7 Results of the cross-correlation analysis betweareck flexor and extensor EMGs.
Panel a shows averaged across subjeatscores with standard error bars of the peak
correlation coefficient (R-peak). Panel B shows thaverage time lag At) at R-peak under the
head, trunk, and head and trunk perturbations (HP,TP, and HTP, respectively). Positive
values in panel b indicate an earlier EMG burst inthe neck extensor as compared to the neck
flexor. * meansp < 0.05. Lines connecting the mean bars indicate etdifferences found.

The average across subjects time Isty &t the moment of R-peak is shown in Figure
6.7b. The positive time lag for the HP task indésadin earlier burst of the neck extensor
activity as compared to the neck flexor burst. @herage time lag for TP and HTP was
negative indicating an earlier burst of neck fleaotivity about 10 ms before the neck
extensor burst. On average, there was a differehabout 40 ms i\t between HP and the
other two tasks (TP and HTP). Despite its relayiwehall magnitude, this difference was
statistically significant. The relatively low aveevalue ofAt in the HP task was partly due
to the fact that some subjects showed clear tinfeedh(reciprocal) patterns of activation in
the neck flexors and extensors while others shaveadly simultaneous (co-activation)
patterns. The small number of subjects in eachrsuipgdid not allow us to test these
differences statistically; hence, this remains alitative observation.

One-way ANOVAs confirmed the significant effectlérturbationon bothz-scores
(F281=17.89,p < 0.01) and\t (F2 81 = 3.54,p < 0.05). Tukey’'s HSD tests confirmed higher
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z-scores of the R-peak and smalirfor the TP and HTP tasks as compared to HP task
(p < 0.05).

Muscle activation during APAs: leg and trunk muscle

The actions used in our experiments produced velgtmild perturbations for the
trunk. As a result, a few muscles such as gastroerselateralis, tibialis anterior, and rectus
femoris did not show reproducible APAs that wouiifiedd across the tasks and conditions.
However, APAs in biceps femoris (BF), erector spi(aS), and rectus abdominis (RA) were
reproducible and showed task dependence.

Figure 6.8 illustrates typical EMG patterns in BFS, and RA for a representative
subject (subject #4). The upper four panels shaEMGs of BF and ES during upward
(panels a and c¢) and downward (panels b and dy@wements in the HP task. Prior to head
unloading, there was a reduction in the BF and &ity, while prior to head loading these
muscles showed an increase in the activity. Sinpigdtern of changes in the activity of these
muscles was also observed in the TP and HTP taskdll(istrated).

Panels e and f (Figure 6.8) shows the RA activityray upward arm movements
under the HP (panel e€) and TP and HTP (panel kKstdgo visible APAs were seen in the HP
task, while there was an increase in the RA agtivithe TP and HTP tasks. Similarly,
during downward arm movements, APAs in RA were absethe HP task and present in
the TP and HTP tasks (not illustrated, see Figudg 6
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Figure 6.8 Panels a—d: Averaged across seven trials EMGsliteps femoris (BF) and erector
spinae (ES) muscles are shown for a representatigabject (subject #4) who performed the HP
task. Data for upward arm movements are shown in paels a and c, and data for downward
arm movements are shown in panels b and d. Note tlopposite changes in muscle activity
during APAs for different arm movement directions. Panels e and f: rectus abdominis (RA)
EMG during upward arm movements in the HP task (parl €) and TP and HTP tasks (panel f).
The vertical dashed line indicates the moment of thmovement initiation ¢o). Note: RA time
profile for the TP condition (panel F) was inverted(turned into negative values) to avoid
superposition of lines; negative values of larger agnitude indicate increased muscle activation.
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Figure 6.9iIntegrated EMG index (Iemc) of gastrocnemius lateralis (GL), tibialis anteria (TA),
biceps femoris (BF), rectus femoris (RF), lumbar exctor spinae (ES), and rectus abdominis
(RA) during upward and downward upper limb movements (panels a and b, respectively) for
the three tasks, head perturbations, trunk perturbdion, and head-and-trunk perturbation (HP,
TP, and HTP, respectively). Average data across sjgtts with standard error bars are shown;
* meansp < 0.05. Lines connecting the mean bars and {sigglicate significant differences

APAs in the leg and trunk muscles were quantifisithg an index of integrated EMG
activity (Iemc) over the period from =100 ms to +50 ms with respet, (see Section 2).
Figure 6.9 showk:ws (averages across subjects with standard erroy foairall the leg and
trunk muscles during upward (panel a) and downygadel b) arm movements in the HP,
TP, and HTP tasks. Note the effect of hand movemieattion onlgyg for BF and ES, and
the effect of task oh:zw for RA.

A two-way MANOVA (Direction x Perturbatior) was used to test these differences.
It showed a significant effect @firection (Fg 31 = 2.83, Wilks’ Lambda < 0.05) onlgug,
while the effect oPerturbationwas just under the level of significanég{s,= 1.75, Wilks’
Lambdap = 0.077). We explored both effects using ANOVA SNOVAs (Direction as
the factor) were used as post-hocdgus for each muscle. There was no difference between
upward and downward arm movements for TA, GL, Rig, RA. There were significant
differences for both BF and EBy(ss = 7.70,p < 0.01; and~» 36= 13.65,p < 0.01,
respectively). As illustrated in Figure 6.9, tharere larger (positiveleng for BF and ES
muscles during upward arm movements as compare townward movements. Tukey’'s
HSD tests confirmed this resufi € 0.05). One-way ANOVARerturbationas the factor)
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revealed differences iy for RA (F = 3.76,p < 0.05). Tukey’'s HSD test confirmed larger
lemc for RA in the TP and HTP tasks as compared tdReask p < 0.05).

6.4 Discussion

The main hypothesis tested in the study suggestsxistence of two patterns of APA
in neck muscles, reciprocal and co-activation, useatask-specific way. The main findings
of the experiments related to this hypothesis @aummarized as follows. When
perturbations were applied directly to the headAsh the neck muscles showed a
reciprocal pattern that is an increase in the agtof one muscle of a flexor—extensor pair
without an increase in the activity or its antagoiiFigure 6.5, Figure 6.6 and Figure 6.7,
similar to results described by Gurfinkel et a@88). When perturbations were applied to the
trunk, APAs represented predominantly unidirectiamanges (co-contraction) of the
activity in both neck flexor and neck extensor nieis¢Figure 6.2, Figure 6.5, Figure 6.6 and
Figure 6.7, similar to the report by Van der Fitale 1998). Taken together, these
observations support our first specific hypothésimulated in Section 1.

Note that any muscle activation pattern during &asions has elements of both co-
activation and reciprocal muscle activation. Eves famous tri-phasic EMG pattern during
single-joint fast movements may be viewed as a ooatlon of time-shifted (reciprocal)
bursts of activation in the agonist and antaganisscles superimposed on their co-activation
(e.g., Gottlieb et al., 1989). In our study, werfdwa shift from nearly perfectly simultaneous
bursts of muscle activity in the neck flexor—extmgair, which we address as “co-
activation”, to a pattern characterized by a sigaiitly larger time delay between the two
EMG bursts, which we address as “reciprocal”.

The remaining two specific hypotheses were faldifla particular, the results
showed similar APAs when perturbations were appleithe trunk and to the trunk and the
head simultaneously, but APAs were much weakewen @absent when perturbations were

applied to the head (Figure 6.6 and Figure 6.9).

APAs in neck muscles: two patterns for two purpdses
Two APA patterns were observed in our experimedtee represented time-shifted

(reciprocal) activation of the neck flexors andegrdors while the other consisted in nearly
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simultaneous unidirectional changes in the actioftipoth muscle groups (co-activation).
The first pattern was more frequently observed wienturbations were applied directly to
the head (HP series) while the second pattern daiedrnin trials with perturbations involving
the trunk (TP and HTP). Another potentially impaittabservation is the high magnitude of
APAs in the neck muscles in the series with pesdtiom applied to the trunk (TP condition),
at least as high as in the HP condition. Takenttmyethese observations allow to offer the
following interpretation.

A predictable perturbation applied to the head magxpected to be associated with
APAs organized optimally to minimize the effectstloé perturbation on the head posture. A
reciprocal pattern of changes in muscle activatails to a time-varying net torque either in
flexion or in extension to counteract the expectigdction of the perturbation. Reciprocal
APA patterns have been indeed reported in manyestud vertical posture (Cordo and
Nashner, 1982, Horak et al., 1984, Bouisset anthZgt1987, Aruin and Latash, 1995 and
Aruin and Latash, 1996).

However, all APAs are based on prediction and apeeted to lead to under-
compensation in some trials and over-compensatiathers (reviewed in Massion, 1992).
Hence, the net result of a combined action of aA ARd an external perturbation on the
trunk may be hard to predict. For example, the C&¥ in one trial deviate forward and in
the next trial, under seemingly identical condiienbackward. This may be the reason for
much more reproducible EMG indices during APAs@®gared to mechanical indices such
as COP shifts (Massion, 1992, Aruin and Latashb188uin and Latash, 1996 and Shiratori
and Latash, 2000). Because of the mechanical caypbross the body segments,
perturbations applied to the trunk and leg/trunkd&Rre both sources of head perturbation.
The direction of this net perturbation may be ppgriedictable. Co-contraction of neck
flexors and extensors may be viewed as a methowi#asing the apparent neck stiffness to
a perturbation irrespective of its direction — amoe of alleviating effects of perturbations
whose direction is poorly predictable. This intetation remains speculative since we did
not manipulate predictability of perturbations drale no independent measure of how the
subjects perceived predictability of the directadrthe perturbations.

As suggested in Section 1, APAs may be definedvoygroups of factors, local and

global. The former represent effects of perturbregiacting directly on a particular segment.
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The latter reflect perturbations that are seconttagyperturbation acting on the COM of the
whole body. Earlier publications (reviewed in Massi1992) and the current results suggest
that a default APA pattern to deal with local pdrations represents time-shifted (reciprocal)
changes in activation of agonist—antagonist musaies. Perturbations from the second
group may be associated with reciprocal or co-eamtitvn patterns depending on
predictability of direction of their net effects.

Co-contraction patterns of changes in muscle abivaluring APAs have been
described in a number of studies. In particulagythre more common in persons whose
postural control system may be challenged sucldasly (Woollacott et al., 1988) and
persons with Down syndrome (Aruin and Almeida, )99 hey can also be seen in young
control subjects in challenging conditions suclstanding on roller-skates (Shiratori and
Latash, 2000) or on a surface with decreased stppea (Aruin et al., 1998 and Slijper and
Latash, 2000). In all these studies, co-contraghatterns have been interpreted as reflecting
a trade-off between efficacy and safety, whichnisuged by increased joint apparent stiffness
that counteracts any perturbation, very much ie \iith the interpretation offered in this

study.

Do APAs in the leg and trunk muscle help stabtlieehead?

APAs in trunk and leg muscles produce joint torgtines act on the head because of
the mechanical coupling among the body segmentsdl affects can help stabilize head
posture or produce additional perturbations forltead. Based on previous studies that have
documented head stabilization during a varietyotibas (Berthoz and Pozzo, 1994 and
Pozzo et al., 2001), we hypothesized that leg/tiiRRs might contribute to head
stabilization. This is an attractive hypothesiséhese of two reasons. First, the functional
importance of head stability during standing isiobs. The sensitivity of posture to visual
and vestibular information (Lestienne et al., 199@stmann and Dietz, 1988, Buchanan
and Horak, 1999 and Maurer et al., 2006) makesperative for the central nervous system
to ensure stability of sensory signals of those atitds during standing. Second, APAs are
typically associated with rather small net changesich variables as COP location and
shear forces (e.g., Massion, 1992 and Aruin anddbat1995). For example, COP shifts

during APAs are typically of the order of 1 mm. Maaical effects of such small shifts on



168

vertical posture seem unlikely, particularly if oc@nsiders the much higher amplitude of
typical spontaneous COP shifts during quiet stam@ng., Winter et al., 1996).

However, in our experiments, perturbations apptiely to the trunk led to APAs that
were not different from perturbations applied te ttunk and the head. In other words, when
the same action led to larger head perturbatioaddition to the trunk perturbation), the
controller did not use larger APAs. Moreover, apdration applied to the head only
induced minimal APAs in the leg and trunk muscliesken together, these results fail to
support the hypothesis on the importance of APAsgtrunk muscle for head stability.

If APAs in the leg/trunk muscles are not generdtgthe central nervous system to
ensure head stability, they represent an additismaice of head perturbation. The idea that
APAs may be viewed by the central nervous systepedsirbing factors is not novel; it was
invoked to interpret APA changes during standinguoriaces with a decreased support area
(Aruin et al., 1998).

Our results suggest that the main purpose of ARA®Sstural muscles is to ensure
stability of a body segment, which is directly untee control of these muscles. In particular,
APAs in leg/trunk muscles try to alleviate mechahgffects of expected perturbations on
vertical posture, while APAs in neck muscles tretsure head stability under perturbations
coming from the trunk as well as from the environim@his is the most straightforward
interpretation on our results as well as of mamjiexastudies (reviewed in Massion, 1992).

One of the limitations of the current study is tlse of relatively unusual tasks and
perturbations. As in most studies with relativetiifeial (but easy to standardize) tests, we
have assumed that the behaviors observed in oeriexgnts reflected adjustments of
previously learned APAs based on the variety ofydey actions associated with
perturbations to the trunk and to the head. We lats@assumed that APAs developed over
the lifetime can be scaled and adjusted to newsthaked on a couple of practice trials.
Unfortunately, using artificial laboratory testsn@ns an unavoidable component of
movement studies that allows to separate and expfoecific factors that affect movement
patterns (although see Cordo et al., 2006). Withis study, we did not explore learning

effects over the short series of trials and hopadidress this issue in future.
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CHAPTER 7

CONCLUSIONS

The notion of muscle synergy has been used for igaags (Hughlings Jackson 1889,
Gelfand and Tsetlin 1966; Bernstein 1967; Horak ldadhner 1986; Sabatini 2002).
However, this term has not been unambiguously ddfand has frequently been used with
different meanings in the literature. The main ainthis dissertation was to study multi-
muscle synergies involved in body posture contsog an operational definition offered
recently (reviewed in Latash et al. 2002, 2008)rd&/kpecifically, we studied a) the viability
of the uncontrolled manifold hypothesis as a metioadentify and quantify such synergies
among muscles involved in whole-body continuous emoents, b) the composition of
elemental variables (M-Modes) under different ekpental conditions of whole-body
movement execution, and c) the ability of these bHes to co-vary and ensure
reproducibility of a performance variable acrogsetéive trials.

We defined synergies as task-specific groups oébbas, which stabilize a particular
performance variance, in a sense of reducing iislitity across repetitive trials. For most
of the studies presented on this dissertation, seel @ computational method of identifying
and analyzing muscle synergies, based on the frankeof the uncontrolled manifold
hypothesis (UCM hypothesis, Scholz and Schoner 1l9&@sh et al 2002b). UCM analysis
was performed in the space of elemental variabiesiodes, computed as linear
combinations of changes in the activation of p@dtoruscles during a variety of of
continuous whole-body movements performed by stapdersons.

In chapter 3, we used the UCM approach to studetieets of a range of whole-
body movement frequencies on the composition oMkhaodes. We also studied the
structure of the total variance within the spacthefM-modes across repetitive cycles of
body sway in anterior-posterior direction with respto changes in a specific performance
variable (anterior-posterior coordinates of bodyéster of pressure, C@#. This study
tested a hypothesis on the effects on the ratearige of COR- on the index of synergies:

Note that earlier studies suggested that an inereathe rate of a performance variable leads
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to a drop in the synergy index with the purposetaatabilize the variable that changes
quickly. We showed that this is not necessarilg tiar steady-state processes such as cyclic
swaying, even if those are performed at high freqgiss.

In chapter 4, the same approach was used. Howsedncused on the effects of
challenging postural tasks on the composition affides and on the components of total
variance in the M-mode space. These challengingtsins included swaying the whole
body in the anterior-posterior direction with cldseyes, or with vibration of the Achilles
tendons, or while standing on a reduced base gfastifone leg support). The main purpose
of this study was to test a hypothesis that M-momtaposition can change without a
detrimental effect on multi-M-mode synergies. Tlypdthesis was confirmed.

In chapter 5, whole-body continuous rotation aroth@lvertical axis was studied. We
again focused on the composition of M-modes anidl #idlity to co-vary such that variance
of the moment of force around the vertical axis)(Btross repetitive trials is reduced. All
the earlier studies addressed changes in the cafippeessure as the performance variable.
The purpose of this study was to generalize thdirfigs for another important variable M
and to test a hypothesis that a tne profile can be stabilized by multi-M-mode sygies.
The study showed a variety of M-modes forming tasi®for M stabilization across
subjects and across conditions. It has supporeeddiier hypothesis that a hypothesis that
M-mode composition can change without a detrimegifaict on multi-M-mode synergies.

In chapter 6, the UCM approach was not used. ldstea studied the effects of
comparable magnitudes of self-inflicted perturbagiapplied to different body segments
(head, trunk, and head/trunk combined) on the nackcle patterns of activation prior to the
perturbations. The study showed that patterns @chalactivation may change in a
gualitative way, from reciprocal to co-contractiovhien the mechanical effects of
perturbation on the head become less predictable.

Based on the results of all the studies, the falgvweonclusions have been made.

7.1 The UCM approach and multi-muscle synergies.
The UCM approach has proven itself to be a useathod for the identification and
guantification of multi-muscle synergies during Wdtbody continuous movemene

have shown that, by using the UCM method, it is pagble to link muscle activation
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patterns to changes of mechanical variables desciitg the interaction of the body with
the environment (COPyp, M2).

The first step in using this approach is to idgn¢ilemental variables. The second
step is to relate small changes in these varidblshifts in a potentially important
performance variable that is hypothesized to balstad by the controller. Finally, the UCM
analysis is performed across multiple cycles (ii@pas) of a task in the space of the
elemental variables.

In previous studies using the UCM approach, whererkatic and kinetic variables
were analyzed (Scholz and Schoner 1999; Scholz 20@0, Latash et al 2001; Latash et al.
2002a), the first two steps were relatively stréfigtward. However, in analysis of muscle
synergies, these two steps present a challengg, fiuscles are not independently
controlled but are united into groups (Hughlingsk3an 1889), so elemental variables (M-
modes) have to be defined experimentally. Secdwdrelationship between changes in the
magnitudes of M-modes (measured in microVolts*sdsaor similar units) and shifts of the
performance variables (measured in mechanical sagh as newtons, meters, and
newtonmeters) must be computed. These two probhavis been overcome by the work of
Krishnamoorthy (Krishnamoorthy et all 2003a,b) whivoduced the principal component
analysis (PCA) as a method of identifying the eletalkvariables and multiple regression
analysis to relate changes in M-modes to shifteéperformance variables. However, a
large number of trials was needed to perform suetlyaes.We developed this method for
continuous movements. This improvement has allowdd avoid using numerous trials,
saved time spent on the data collection, decreas# risk of subject fatigue, and

allowed to compare many more conditions within a sigle experiment

7.2 The two level hierarchy for postural control.

One of the main assumptions of our studies iexm&tence of a hierarchical scheme
of postural control with at least two levels. Aethigher level, M-modes play the role of
elemental variable and form synergies stabilizireghanical variables important for the
interaction with the environment. At the lower levd-modes are formed within the space
of individual muscle activations. One may view M-theg as “virtual muscles” manipulated

at the higher level of the control hierarchy.
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Recently, the idea that the central nervous sysiites muscles into groups to
reduce the number of control variables (Hughlireyskdon 1889) has led to the emergence of
a variety of methods identifying such muscle grodpsng whole-body tasks such as
postural preparation and responses to perturbastesping, and swaying (Krishnamoorthy
et al. 2003a,b; Ivanenko et al. 2004, 2005; Tind) lacpherson 2005; Torres-Oviedo et al.
2006; Torres-Oviedo and Ting 2007). All these stadised matrix factorization techniques
to identify eigenvectors in the space of muscléevatibns including PCA with factor
extraction (for comparison of different methods $eesch et al. 2006). However, usually the
studies of multi-muscle synergies stopped at thiatpThe studies presented in this Thesis
took a step further and related the activity of thee groups (which we called M-modes)
to the time profiles of mechanical variables suchsaCOP coordinate and M.

The currently dominant view regarding the composibf muscle groups identified
with matrix factorization techniques is that theg gery stable across both subjects and tasks
(lvanenko et al. 2004, 2005; Ting and Macphersdb2Torres-Oviedo et al. 2006; Torres-
Oviedo and Ting 2007)n contrast, we have found changes in the composith of M-
modes (Chapters 4 and 5) with task complexity and len the task required a rotational
whole-body action This finding corroborates the idea that M-modgsresent not hard-
wired muscle groupings but flexible combinationsrafscle activations. In other words, the
controller may manipulate a few strings (M-modddha higher level of the hierarchy, while
the projections of each of those strings to inpoiisdividual muscles at the lower level may
differ. In addition, we have found thelhanges in the composition of the M-modes did not
lead to changes in the synergy indeX aken together, these findings support the idea of

a two-level scheme of postural control.

7.3 Effects of movement frequency on M-modes comptisn and synergies.

M-mode composition has been shown to be consistgntlimilar across subjects
and movement frequencies when the body sway was femmed in the anterior-
posterior direction during bipedal standing in theabsence of complicating factors but
not for whole-body rotational movements In Chapter 3, we studied the effects of a range

of whole-body sway frequencies on the compositiol-anodes and their ability to ensure
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low variability of CORp trajectory across trials by co-variation of théngaof M-mode
involvement . We found consistent composition @&f finst three M-modes that represented
the activity of all twelve postural muscles oridigaecorded. Studies of the direction of the
eigenvectors representing M-modes in the originadete activation space have confirmed
the clustering of the M-modes along certain di@di In Chapter 5 we studied the
composition of M-modes under different frequendéwhole-body rotations around the
vertical axis. In contrast to the findings presdnteChapter 3, the composition of M-modes
(the direction of the eigenvectors) varied broaiyoss both subjects and frequencies of
movement.

Despite the variations on the M-mode composition fond for rotational whole-
body movements, gains at the M-modes co-varied toagure reproducibility of the
performance variable (moment of force about the veical body axis) across trials at all
movement frequencies studiedn both Chapters 3 and 5, an index of synergy was
computed AV) such that its positive values reflected co-viimiaof the M-mode gains
compatible with a stable time profile of a perfonmoa variable (CO trajectory and the
moment of force around the vertical axis;) Mcross trials. Hence, varying sets of elemental
variables (M-modes) could be used to ensure lovalgity of potentially important

performance variables.

7.4 Effects of challenging postural tasks on M-modecomposition and synergies.

An increase in the task complexity forced the contiller to manipulate a larger
number of elemental variables (M-modes)Iin Chapter 4, we studied the effects of a range
of mechanical and sensory manipulations on the osiipn of M-modes and their ability to
ensure low variability of CO trajectory across trials during voluntary wholedpsway.
Subjects performed the task with eyes open an@d]aghile standing on both feet or on one
foot only, with and without vibration applied toettichilles tendons. We found that an
increase in the task complexity led to an increaske number of M-modes that contained
significantly loaded indices of muscle activatioarh 3 to 5. This finding illustrates the

ability of the central nervous system to re-arrapiggections of its descending signals in a
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task-specific way such that a set of postural nasstdrms different numbers of M-modes
(obviously with different M-mode composition).

Adjustments at the level of the M-mode compositioallowed the subjects to
maintain a comparable level of stabilization of theaCOPap trajectory. Despite the
differences in the number of M-modes, the subjsktsved substantially morg6od
variancé (variance that does not affect the average &Q@Rjectory across cycles) than
“bad variancé (variance that affects the average G@®ajectory across cycles) interpreted
as a multi-M-mode synergy stabilizing the GRajectory. The findings support the

existence of a (at least) two-level hierarchicaitoal scheme for whole-body movements.

7.5 Effects of comparable mechanical perturbationsn APA patterns of activation of
neck muscles.

APA patterns in the neck flexor—extensor muscles cachange from a time-
shifted (reciprocal) pattern to a synchronized (cactivation) pattern when the source of
the perturbation changes. In Chapter 6, we studied the effect of comparabl&inflicted
mechanical perturbations to the head, to the trand,to the head and trunk simultaneously
and showed that, in the former case, a reciproaiém of activation of flexor-extensor neck
muscles emerges. However, once this perturbatiappied either directly to the trunk or to
the head and trunk simultaneously, the activaticth@se two musces groups occurs
simultaneously (co-contraction). This finding derstvate the flexibility of the CNS in feed-
forward control of anticipatory postural adjustreebised on the predictability of the

mechanical effects of an expected perturbation.

7.6 Future plans and directions

The method of performing quantitative analysisyfesgies opens a broad horizon of
possibilities to study synergies in both healthgspas as well as in the elderly and survivors
of diseases and traumas. One of the attractivareEsabf the UCM method is that it permits
the use of a single data set to test the existendeo quantify the strength of possible
synergies involved in stabilization of differentrfm@mance variables. However, until this
date, most studies addressed one performance heaaigs time. Typically, more than one

performance variable needs to be stabilized by afsgdemental variables during the
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execution of natural movements. We believe thatpiossible that performances variables
may compete with each other such that stabilizasfazne of them may lead to
destabilization of another. The introduction oftsanalysis would help to answer questions
about what the CNS views as the most importanopadnce variables for a certain motor
task.

Another underexplored issue is changes in synengiesks that require quick
changes in performance variables. Recent studiesfainted at the possibility that the CNS
can start turning off a synergy in anticipatioragflanned action (Olafsdottir et al 2005,
Shim et al 2005). Recent observations have sugtjsa¢ such an ability is impaired in
elderly subjects (Olafsdottir et al 2007). Thislitpimay also be impaired in patients with
certain neurological disorders characterized byaiingal anticipatory control (for example, in
Parkinson’s disease).

The UCM method has been used mostly to quantiéydemponents of variability,
namely variance along the UCM (or “good variancaijl variance orthogonal to it (or “bad
variance”). Little attention has been paid to polesstructure of variance within the two sub-
spaces. Result from a few studies (Domkin et aP2Q@tash et al 2003; Zhang et al. 2008)
have suggested that the controller can modify thetire of variance within the UCM,
which does not have a direct effect on performaReeent studies of stroke survivors by
Scholz and his group (e.g Reisman and Scholz 2083) suggested that the ability of the
controller to use different solutions within the MCmay be impaired in people with motor
disorders and lead to a diminished ability of tgkamlvantage of the system’s flexibility.

Clinical studies including studies of rehabilitatiare another likely direction to be
taken and several questions might be posed bysthefuthe UCM method of analysis. For
instance, questions like: (a) Can rehabilitatiadl& modifications of pathologically
changed synergies? (b) Can a certain rehabilitajogmoach result in better improvements of
synergies? or (c) Is improvement in a synergy asaassociated with better performance of
the associated task?

In summary, the approach used by us in this Thessll recently new but has
shown to be a powerful tool to be used in the aiglgf motor synergies. Many relevant
areas of the study of movement control will be pesly influenced by the use of the method.
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