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ABSTRACT

Constraints on human postural equilibrium vary continually with changes to an
individual’s environment and sensory-motor state. Consequently, human dynamics
require the continual maintenance of posture. Purely reactive postural adjustments,
however, would not allow for efficient motion because a person would have to repeatedly
interrupt an intended movement in order to correct posture and maintain balance. Instead,
the human nervous system utilizes anticipatory postural control to prepare the body’s
posture for expected disturbances of equilibrium elicited by either voluntary movement
or externally induced postural perturbations.

The neural substrates underlying anticipatory postural control before voluntary
and externally induced postural perturbations remain unclear. Thus, under the hypothesis
that the cerebral cortex and basal ganglia contribute to anticipatory postural control prior
to both voluntary and externally induced postural perturbations, the purposes of this
dissertation are to (1) identify the specific contributions of the basal ganglia and cerebral
cortex to the anticipatory postural adjustments (APAs) and foot-swing of voluntary step
initiation, (2) to understand the environmental contexts in which the human nervous
system can take advantage of anticipatory control when responding to external postural
perturbations, and (3) to elucidate how the cerebral cortex and basal ganglia contribute to
anticipatory postural control before an external postural perturbation. We examined
subjects with Parkinson’s disease (PD) to assess how dysfunction of basal ganglia
circuitry affects postural equilibrium.

Using repetitive transcranial magnetic stimulation, we disrupted function of the
pre-supplementary motor area (pre-SMA), dorso-lateral premotor cortex (dPMC), or

X



primary motor cortex (M1) to determine each region’s contributions to initiating a
voluntary step. The results suggest that the pre-SMA regulates the timing of both the
APA and foot-swing of a step, followed by segregated control of foot-swing by the
dPMC and of APA amplitude by the M1. In addition, the results suggest that PD subjects
exhibit impaired APA timing due dysfunction of the pre-SMA, whereas they exhibit
diminished APA amplitude and foot-swing velocity due to dysfunction of the basal
ganglia, without involving dysfunction of the pre-SMA, dPMC, or M1.

We found that, in anticipation of a postural perturbation, activity of the cerebral
cortex correlates with a healthy subject’s ability to optimize stability during the postural
response when provided with prior warning of a perturbation. We also found that healthy
subjects utilize anticipatory postural control, via pre-selection of a response strategy,
even when responding to external postural perturbations with unpredictable
characteristics. For subjects with PD, however, the ability to execute a context-specific,
pre-selected response strategy becomes impaired so that PD subjects become dependent
on selecting a postural response after perturbation onset. Despite being less proficient at
modifying their postural responses based on initial context, we also found that PD
subjects can use pre-existing visual targets to modify postural responses to external
perturbations.

Therefore, our studies suggest that the neural control of postural equilibrium
requires a dynamic exchénge between cortical and sub-cortical motor centers. The
cerebral cortex primes postural synergies within sub-cortical centers according to
anticipated disturbances of postural equilibrium, thereby facilitating efficient, context-
appropriate movement, with minimal neural processing during movement.
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CHAPTER 1: Introduction

Motivation for Studies on Balance Control

Posture is defined as the orientation of body segments, and balance (also called
postural stability or postura] equilibrium) is defined as the dynamics of body posture to
prevent falling (Winter 1995). Balance often becomes impaired with age, neurological
disorders, sensory loss, and musculo-skeletal injury, leading to increased risks for falls
and for the injuries and death that result from falls (Myers et al. 1996). Postural
instability also leads to a decreased quality of life and is often associated with diminished
physical activity and reduced socialization (Howland et al. 1998). Thus, postural
instability represents a significant health care concern for society, leading to annual
economic costs estimated to be in the billions of dollars in the United States (Englander
et al. 1996). Impaired balance often manifests during voluntary step initiation (Brunt et
al. 2005; Henricksson and Hirschfeld 2005) or as an inability to respond appropriately
when balance is perturbed (Horak et al. 1989). Therefore, we require research on postural
stability during these behaviors to identify how the human central nervous system
controls balance. With a more clear understanding of the neural systems underlying
postural control, we can more adequately direct behavioral, pharmacological, and
surgical therapies aimed to improve postural instability.
Basic Concepts of Balance Control

Balance impairment pervasively affects mobility and functional independence
because the maintenance of balance underlies every movement. To keep balance,
mechanical principles require an individual to maintain the gravitational projection of the

body’s center of mass (CoM; the average position of mass for all of the body’s segments)
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within the base of support (BoS; the area outlined by the body’s segments that are in
contact with the support surface). Because upright human posture is mechanically
unstable, controlling the CoM requires active correction by the neuromuscular system.
These active corrections are often quantified by the body’s center of pressure (CoP),
defined as the sum position of all forces exerted on the support surface by the body. The
CoP, therefore, is often thought of as a global control variable for displacing the CoM
(Winter 1995). Active balance cqntrol is required in tasks as simple as quiet stance, as
well as during voluntary stepping and when responding to an external perturbation of
balance (such as when slipping, tripping, or being pushed). Given these principles of
balance control, when standing on two feet without additional support, individuals must
continually exert small corrective displacements of the CoP in order to keep the
gravitational projection of the CoM within the area circumscribed around both feet. If
balance becomes perturbed while standing, the neuromuscular system must exert larger
counter-active forces against the support surface in order to shift the CoP beyond the
displacement of the CoM and prevent the CoM from falling outside the BoS. During
stepping, however, individuals require a more complicated interaction between the CoM
and the BoS, because stepping requires a change in the BoS. Before lifting a foot for a
step, the CoM is first thrust forward and toward the stance limb by an opposing
displacement of the CoP (that is, backward and toward the swing limb) to facilitate
propulsion and stability. Then, to enable forward locomotion, the CoM becomes
displaced beyond the BoS (in a sort of self-induced fall) when the stepping foot leaves
the ground. Finally, at the end of a step, the CoM is then re-acquired within the BoS as

the stepping foot moves ahead of the CoM and returns to the ground (Winter 1995).
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Balance control during stance and stepping becomes increasingly complicated
because the human body is multi-segmental, interactive with its environment, and mobile
through multiple degrees of freedom. Therefore, maintaining balance requires a complex
integration of multiple sensory inputs and motor output centers in order to produce
synergistic postural transitions that are appropriate to an individual’s initial postural
orientation, surrounding environment, and movement goals (Horak and Macpherson’
1996).

In order to generate such context-dependent postural transitions, the central
nervous system must first establish the body’s current status relative to its environment.
To accomplish this kinesthetic awareness, the nervous system primarily integrates (1)
somatosensory input from cutaneous, muscle, and joint receptors, (2) visual input, and (3)
vestibular input (Nashner 1982). Based on experiments testing perceptual and postural
orientation in lesioned human subjects, the neural control of multi-sensory integration
likely includes activation of the insula (Brandt et al. 1994, Karnath et al. 2005a, 2006),
thalamus (Karnath et al. 2005b), and neo-cortex (Barra et al. 2006; Johannsen et al.
2006), and studies on balance control also report that subjects with lesions to these
thalamo-cortical sites exhibit postural instability and abnormal sensory-motor
coordination (Geurts et al. 2005; Barra et al. 2006).

Once establishing kinesthetic awareness, the stage is set for generating context
specific postural transitions, and these transitions can be made in anticipation of a
voluntary movement (Babinski 1899) or to prime specific responses to externally induced
disturbances of balance (Prochazka 1989; Horak 1996). With a focus on the contributions

of the cerebral cortex and basal ganglia, the purpose of this dissertation is 1o understand
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how the human central nervous system (1) generates postural adjustments in anticipation
of a self-initiated voluntary step, and (2) modifies postural responses 1o external
perturbations of balance.
Anticipatory Postural Control During Voluntary Step Initiation

When moving voluntarily, the displacement of body segments generates both internal
and external forces that disrupt postural equilibrium: gravity, interactions between the
body and the environment (such as with the supporting surface), joint torques, and
motion-dependent torques generated across linked body segments all disrupt balance
during movement (Zernicke and Smith, 1996). In order to attain our movement goals
safely and efficiently, the nervous system must counter-act these forces (Massion 1992).
Many studies have demonstrated that, prior to a balance disturbance associated with a
voluntary movement, the postural musculature necessary for maintaining equilibrium
becomes selectively activated or deactivated before the prime movement in order to
predictively counter-act the disturbance caused by the prime movement (the anticipatory
postural adjustment, reviewed by Massion 1992). Commonly studied examples of prime
movements and their anticipatory postural adjustments (APAs) include (1) a voluntary
arm raise when standing (preceded by activation and deactivation of femoral and trunk
muscles to maintain upright stance), (2) voluntary unloading of a weight from one arm by
the other arm (preceded by deactivation of arm flexors to maintain a constant arm
position), or (3) voluntary step initiation (preceded by a shift of the CoM toward the
initial stance limb in order to counteract the destabilization caused by switching to a
single-limb BoS). Research has shown that the characteristics of an APA are specifically

suited for stabilizing the movement it precedes and are modified according to changes in
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the anticipated destabilization caused by that movement (Cordo and Nashner 1982;
Clement et al. 1984; Toussaint et al. 1998; van der Fits et al. 1998; Vernazza-Martin et al.
1999; Bouisset et al. 2000).

The neurophysiology underlying the coordinated generation of the APA and prime
movement still remains in question, although research increasingly supports the
hypothesis that separate, inter-connected neural circuits regulate the two phases of
movement (Brown and Frank 1987; Nardone and Schieppati 1988; Viallet et al. 1992;
Benvenuti et al. 1997; de Wolf et al. 1998; Schepens and Drew 2003). Research also
suggests that the cerebral cortex and basal ganglia play vital roles in regulating the APA.
Lesions of the motor and supplementary motor cortex disrupt the production of APAs
prior to voluntary movements in both animals (Massion 1979) and humans (Gurfinkel
and Elner 1988; Viallet et al. 1992). In addition, physiological evidence in healthy
subjects suggests that a separate pre-movement cortical potential exists for planning or
executing the APA, and the location of this potential is consistent with activation of the
rostral (pre-) supplementary motor area and/or the caudal supplementary motor arca
(Saitou et al. 1996).

The basal ganglia are thought to contribute to regulating the APA because patients
with Parkinson’s disease (PD, a disease characterized by degeneration and dysfunction of
the basal ganglia: Bernheimer et al. 1973; Damier et al. 1999), exhibit abnormally timed
APAs with diminished amplitude (Martin 1967; Bazalgette et al. 1987; Viallet et al.
1987; Crenna et al. 1990; Lee et al. 1995; Gantchev et al. 1996; Burlei gh—Jacobs et al.
1997; Frank et al. 2000; Rocchi et al. 2006). In addition, human intra-cranial recordings

of the basal ganglia demonstrate pre-movement and movement-associated neural
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potentials similar to those generated at the supplementary motor area (Rektor et al. 2001),
suggesting a shared role for the basal ganglia and cerebral cortex in movement planning
and execution.

Although studies examining subjects with PD or with cortical lesions have
established that the cerebral cortex and basal ganglia contribute to the APA, they do not
provide the resolution necessary to determine the specific contributions of the basal
ganglia, motor cortex, supplementary motor cortex, and premotor cortex to coordinating
the APA with the prime movement. In addition, these lesion studies only employed upper
limb tasks that explicitly separate the body segments that execute the prime movement
from those that execute the APA (Gurfinkel and Elner 1988; Viallet et al. 1992). Thus, it
remains unclear whether the two phases of movement are regulated by a single neural
circuit or by segregated neural circuits when, for step initiation, the APA and prime
movement are both executed by the same limb. Further, although studies have established
that PD subjects exhibit abnormal APAs, decreased step velocity, and shorter step length
during step initiation (Martin 1967; Bazalgette et al. 1987; Viallet et al. 1987; Crenna et
al. 1990; Lee et al. 1995; Gantchev et al. 1996; Burleigh-Jacobs et al. 1997; Frank et al.
2000; Rocchi et al. 2006), the neural substrates underlying these impairments also remain
unclear.

The functional roles of different neural loci in studies utilizing subjects with chronic
neural lesions remain unclear because (1) the spatial extent of the lesions are not
homogenous or isolated to a specific functional region (for example, see Viallet et al.
1992), and (2) these lesions often lead to adaptive plasticity within the remaining intact

nervous system (Ward 2005). Repetitive transcranial magnetic stimulation (rTMS)
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provides a unique alternative for analyzing the functions of the cerebral cortex because
the technique non-invasively induces a temporary dysfunction of relatively localized
regions of cortex (often called a “virtual lesion”, Walsh and Rushworth 1999), and
multiple virtual lesions can be induced within the same subject (over separate
experimental sessions) in order to assess the relative contributions of multiple neural loci
to a motor behavior. To briefly explain rTMS, an electrical coil is placed tangential to an
individual’s scalp (over the cortex of interest), and a changing electrical current is passed
through the coil to induce a magnetic field that passes into the brain tissue. This magnetic
field then reciprocally induces a changing electrical current in the brain tissue, and this
current induces stimulation of neurons (Ruohonen and Ilmoniemi 2002). Because the
magnetic field decays exponentially with distance from the coil, the induced electrical
current remains isolated to the cerebral cortex.

Stimulating repetitively allows for changes in cortical excitability that outlast the
stimulation, and the frequency of stimulation determines whether cortical excitability
becomes enhanced or inhibited: 1-Hz stimulations generally decrease excitability,
whereas stimulations at or above 5 Hz increase excitability (Siebnef and Rothwell 2003).
The mechanism of inhibition induced by low-frequency (1-Hz) rTMS remains unclear,
because many studies investigating these mechanisms have produced differing results
(Fitzgerald et al. 2006). One possible mechanism, though, is that the inhibition represents
decreased excitability of excitatory inter-neurons within the cerebral cortex due to
stimulating low-threshold, pre-synaptic inhibitory inter-neurons (Romero et al. 2002).

Thus, using 1-Hz rTMS to stimulate different loci of frontal motor-related cortex, we can



induce a reversible virtual lesion of each region in order to assess their relative
contributions to the APA and foot-swing of a voluntary step.

Therefore, in CHAPTER 2 of this dissertation, the voluntary steps of PD subjects and
healthy control subjects were tested, before and after selectively inhibiting the pre-
supplementary motor area, dorso-lateral premotor cortex, and primary motor cortex with
1-Hz rTMS in order to (1) more accurately characterize the relative contributions of the
basal ganglia and frontal motor-related cortices to the coordination of a voluntary step’s
APA and foot-swing, and (2) clarify the neural substrates that underlie impaired step
initiation in PD patients.

Anticipatory Postural Control Prior to Externally Perturbed Balance

In addition to regulating voluntary disturbances of balance, an individual may also
be required to respond to an externally induced loss of balance (also called an external
postural perturbation). Examples of external postural perturbations include hitting and
reactively avoiding obstacles, slipping while on wet, icy or compliant surfaces, or being
pushed or pulled by an opponent during sport. In the laboratory, a subject’s balance is
often perturbed by translating or rotating a movable platform under the subject’s feet
(Nashner 1977; Allum 1983; Dietz et al. 1984; Horak and Nashner 1986; Woollacott et
al. 1988:; Nardone et al. 1990; Ackermann et al. 1991; Maki and Whitelaw 1993). These
surface displacements provide a model of perturbed balance by inducing a disturbance of
the CoM relative to the BoS, and because of their reproducibility, these laboratory
perturbations facilitate comparisons between experimental conditions and subject groups.

To quickly characterize the postural responses that are associated with these

laboratory perturbations, when the support surface is moved under a standing subject’s
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feet, muscles along the lower limbs and trunk activate to generate forces on the ground
that counteract the forces imposed by the postural perturbation. For example, translating
the floor backward induces a forward fall, and a subject responds by combining hip
flexion with ankle plantarflexion in order to generate sheer and torque forces on the
ground that return the body to an upright and stable position (Horak and Nashner 1986).
These feet-in-place responses may also be accompanied by subsequent change-in-support
responses, which include arm reaching or stepping (Maki and Mcllroy 2005). The
change-in-support responses extend the BoS beyond the fall of the body in order to re-
acquire equilibrium.

The Contributions of the Cerebral Cortex to Anticipatory Control of Postural Responses

Historically, the neural control of postural equilibrium was thought to arise from
brainstem and spinal circuits (Sherrington 1910, Magnus 1926), with little consideration
for the role of the basal ganglia or cerebral cortex. The cortex and basal ganglia were not
considered essential for the control of posture because animals with transections at the
midbrain (thus eliminating input from the cerebral cortex and basal ganglia to lower
neural centers) retain many “reflexes” that correct and maintain stance posture
(Sherrington 1910, Magnus 1926); a point of view that was embodied by Magnus (1926)
when he wrote, “the whole righting apparatus...is arranged sub-cortically in the
brainstem, and in this way made independent of direct voluntary influences”. In addition
to these early reports, the idea that postural responses were regulated sub-cortically
persisted with time, partly because postural responses are initiated more quickly and with

less variability than cued, voluntary movements (Diener et al. 1984), suggesting further



that postural equilibrium arises from neural circuits that are separate from and
subordinate to the neural circuits that underlie voluntary movements.

Although responses to postural perturbations occur more quickly than cued
voluntary movements, the onset of postural responses occurs at longer latencies than
those of spinal reflexes elicited by electrical stimulation (Chan et al. 1979), suggesting
that postural responses exhibit greater potential for modification by neura}l‘ centers located
more rostral along the neural axis. Indeed, animals with cortical lesions that spare the
brainstem exhibit abnormal postural responses to external perturbations (Rademaker
1931; Bard 1933; Brooks 1933; Magoun and Ranson 1938), thereby supporting the
notion that postural equilibrium is influenced by the cerebral cortex. In addition,
behavioral evidence implicates the cerebral cortex as contributing to postural responses
because they are modified by complex cognitive-motor processes thought to be mediated
by the cerebral cortex, including: (1) changes in cognitive load and attention when
performing concurrent tasks (Brown et al. 1999; Mcllroy et al. 1999; Maki et al. 2001;
Brauer et al. 2002; Norrie et al. 2002; Quant et al. 2004; Zettel et al. 2005), (2) changes in
a subject’s intentions to respond with a specific strategy (Mcllroy and Maki 1993a,b;
Burleigh et al. 1994; Burleigh and Horak 1996; Buchanan and Hbrak 2003), and (3)
learning and modification of postural responses with prior experience or with changes in
initial conditions (Quintern et al. 1985; Horak and Nashner 1986; Diener et al. 1988;
Horak et al. 1989; Ackermann et al. 1991; Maki and Whitelaw 1993, Mcllroy and Maki
1993a,b; Chong et al. 1999; Henry et al. 2001; Zettel et al. 2002a,b; Tjernstrom et al.
2002). Thus, contrary to Magnus (1924), the righting apparatus is not independent of

voluntary influence.
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Changes in postural responses with alterations in cognitive state, initial sensory-
motor conditions, or with prior warning of a perturbation all represent adjustments in
“central set”, defined as a modified neuro-motor state due to changes in initial contexts
(Prochazka 1989). Although modified postural responses with changes in central set
suggest the involvement of the cerebral cortex in anticipation of a perturbation, activity of
the cerebral cortex preceding a perturbation has never been shown to relate to set-
mediated changes in postural responses. Therefore, to detect this cerebral correlate for
central set, in CHAPTER 3 of this dissertation, electroencephalographic readiness
potentials were recorded, for the first time, prior to external postural perturbations. To
determine whether readiness potentials (representing cortical activity related to
movement planning and anticipation; van Boxtel and Brunia 1994) serve as a cerebral
correlate for response modifications mediated by changes in central set, healthy subjects
responded to postural perturbations, with and without a warning cue, and we correlated
cue-related modulations of their readiness potentials with cue-related modifications in
their postural responses.

The Contributions of the Basal Ganglia to Anticipatory Control of Postural Responses

The basal ganglia are also thought to contribute to postural responses because
subjects with PD (a disease associated with basal ganglia pathology) exhibit impaired
postural responses. Specifically, when responding to external postural perturbations, PD
subjects exhibit co-contractions of antagonistic muscles and stiffened joint displacements
that render them less stable, rather than exhibiting coordinated muscle activity that
generates counter-active forces sufficient for balance recovery (Carpenter et al. 2004a;

Jacobs et al. 2005a). Compared to healthy control subjects, PD subjects also fail to adapt
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their postural responses when (1) intending to respond with different strategies, (2)
transitioning from perturbations that induce a forward fall to perturbations that induce a
backward fall, and (3) modifying initial stance configuration (Horak et al. 1992; Beckley
et al. 1993; Bloem et al. 1995; Chong et al. 2000; Horak et al. 2005). Therefore, the basal
ganglia seem to play an essential role in producing context-specific responses to postural
perturbations.

Although studies have shown changes in postural responses with changes in
central set, it remains unclear whether this type of anticipatory response modification can
occur when responding to perturbations that are unpredictable in timing, amplitude, and
direction. Because perturbations experienced outside the laboratory can be (at least to
some extent) unpredictable, it is essential to understand human response strategies
employed during an unpredictable loss of balance in order to clarify whether changes in
central set — and the neural centers involved in set-mediated response modifications —
influence postural responses in unpredictable situations.

Therefore, in CHAPTER 4 of this dissertation, healthy subjects were tested when
responding to perturbations with unpredictable characteristics, without the ability to pre-
select a response strategy, in order to determine how online response selection affects
postural stability in response to external postural perturbations. To force subjects to
select their response during a perturbation, the subjects were asked to respond according
to the presentation of one of two possible visual cues that, at the onset of perturbation,
instructed one of two potential strategies. Based on the findings of this study, CHAPTER
4 also includes an APPNEDIX that presents results from a previous experiment,

demonstrating that PD subjects exhibit response characteristics similar to the responses of

12



healthy subjects when healthy subjects are unable to pre-select their response strategy.
Together, then, the two experiments suggest that the basal ganglia contribute to the pre-
selection of postural responses based on central set, and that pre-selection can occur when
responding to unpredictable perturbation characteristics.

Although PD subjects exhibit difficulty generating context-specific postural
responses with changes in central set (Horak et al. 1992; Beckley et al. 1993; Bloem et al.
1995; Chong et al. 2000; Horak et al. 2005), studies during voluntary stepping suggest
that, with explicit sensory cues, PD subjects can improve step amplitude (Martin, 1967;
Bagley et al. 1991; Burleigh-Jacobs et al. 1997; Suteerawattananon et al. 2004; Morris et
al. 2005). Thus, compared to changes in central set through modified stance configuration
or internally-induced changes in intention, the use of pre-existing or expected sensory
cues seems to represent a unique case in which PD subjects can use modified central set
to change their movement patterns. This sensory-cued improvement in motor control 1s
thought to be possible because external cues elicit activation of the dorso-lateral premotor
cortex (and its associated circuitry, including parietal cortex and cerebellum) to
compensate for dysfunction of circuits that include the supplementary motor area and
basal ganglia, which are thought to underlie the hypometria and bradykinesia exhibited
by PD subjects (Hanakawa et al. 1999a; Cunnington et al. 2001). It is not clear, however,
if this “kinesie paradoxale” (paradoxical movement, Souques 1921) is unique to
voluntary movement, or if PD subjects can also utilize this cue-dependent change in
central set to improve their postural responses to external perturbations of balance.

Therefore, CHAPTER 5 reports on the compensatory stepping (change-in-

support) responses of PD subjects to postural perturbations, when the subjects responded
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with and without a visual target that instructed step placement, in order to determine
whether PD subjects can use visual targets to modify their compensatory steps, as they
can for voluntary steps.

Together, CHAPTERS 2-5 help specify the contributions of the cerebral cortex
and basal ganglia to anticipatory postural control during both voluntary and externally
triggered postural perturbations. Based on the data from these studies, in the Summary
and Conclusions of CHAPTER 6, | will present neural models for the control of
voluntary step initiation and for the control of externally triggered postural responses,
with insights into the neuropathology responsible for some of the postural impairments

exhibited by PD subjects.
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ABSTRACT

The pre-supplementary motor area (pre-SMA), dorso-lateral premotor cortex (dPMC),
and primary motor cortex (M1) are thought to contribute to step initiation, but their
precise contributions to generating the postural phase and swing phase of a step are
unclear. In addition, subjects with Parkinson’s disease (PD) exhibit impaired step
initiation, but the neural substrates underlying their impairments are also unclear. To
clarify how the pre-SMA, dPMC, and M1 contribute to step initiation and to determine
whether abnormal function of these areas contributes to impaired step initiation in PD
subjects, we tested 8 PD subjects and 8 healthy control subjects performing self-initiated
voluntary steps, before and after inhibiting the pre-SMA, dPMC, and M1 (in separate
sessions) with 1-Hz, sub-threshold repetitive transcranial magnetic stimulation. The
results showed decreases in the duration of the anticipatory postural adjustment (the
APA, a stabilizing weight shift toward the stance limb before foot-lift) and in the duration
of the step’s swing phase for one trial after pre-SMA stimulation. Stimulating the dPMC
also shortened swing-phase durations, whereas stimulating M1 decreased APA
amplitudes. The severity of the PD subjects’ symptoms correlated with the extent to
which pre-SMA stimulation affected APA durations. The results suggest that the pre-
SMA coordinates the timing of both the postural phase and swing phase of a voluntary
step, the dPMC contributes to the timing of the swing phase, and the M1 contributes to
the amplitude of the postural phase. The results support the hypothesis that PD subjects

exhibit impaired APAs, in part, due to a progressive dysfunction of the pre-SMA.
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INTRODUCTION

Patients with Parkinson’s disease (PD) are at an increased risk for falls, and they
fall most during dynamic transitions in their postural orientation (Bloem et al. 2001). Step
initiation represents such a transition, and PD subjects exhibit impaired step initiation
during both the postural phase and swing phase of a step taken from quiet stance (Crenna
et al. 1990; Gantchev et al. 1996; Burleigh-Jacobs et al. 1997; Rocchi et al.. 2006).
Specifically, compared to healthy control subjects, PD subjects exhibit diminished,
prolonged, and more variable anticipatory postural adjustments (APAs; increased
pressure under the swing limb to displace and stabilize the center of mass over the stance
limb in preparation for a step). In addition, during the swing phase of a step, PD subjects
exhibit slowed step velocity and shortened step length. The neural substrates underlying
these impairments, however, are not clear and need to be better understood in order to
identify behavioral, pharmacological, and surgical therapies aimed to improve impaired
step initiation in PD subjects.

Relatively little is understood about how parkinsonian neuropathology contributes
to step initiation, in part, because little detail is available regarding the neural control of
step initiation in healthy subjects, particularly at the level of the cerebral cortex. The pre-
supplementary motor area (pre-SMA), SMA proper, dorso-lateral premotor cortex
(dPMC), and primary motor cortex (M1) have all been identified as contributing to gait
and to step initiation using single-photon or positron emission tomography (Hanakawa et
al. 1999a,b; Malouin et al. 2003). Although these imaging studies identify cortical
involvement in gait and in step initiation, they could not detail the relative contributions

of these cortical regions to the timing and amplitude of the postural phase and swing
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phase of step initiation. Lesion studies in both animals (Massion 1979) and humans
(Gurfinkel and Elner 1988; Viallet et al. 1992) have shown that loss of the pre-SMA,
SMA proper, and M1 leads to diminished APA amplitudes in preparation for limb
movements, but these studies were not specific to step initiation and are subject to long-
term compensatory changes subsequent to a neural lesion (Ward 2005). Therefore, we
tested 8 PD subjects and 8 healthy control subjects during voluntary step initiation, before
and after selectively inhibiting the pre-SMA, dPMC, and M1 with sub-threshold, 1-Hz
repetitive transcranial magnetic stimulation (rTMS) in order to determine (1) the relative
contributions of these regions to the generation of the postural and swing phases of step
initiation, and (2) the neural substrates underlying impaired step initiation in PD subjects.

Consistent with lesion studies (Gurfinkel and Elner 1988; Viallet et al. 1992), we
hypothesized that the pre-SMA and M1 would contribute to generating the APA, and we
predicted that subjects would alter their APA amplitude and duration after rTMS to these
regions. We further predicted that pre-SMA stimulation would also alter swing duration,
because the pre-SMA has been implicated in coordinating the timing of complex motor
sequences (Boecker et al. 1998; Kennerley et al. 2004) and would therefore act as a
global coordinator for sequencing both the postural phase and swing phase of a step. We
also hypothesized that the dPMC would contribute to generating the swing phase of a
- step because this region is activated during continuous gait, particularly when adapting
the swing phase (Hanakawa et al. 1999a,b).

In addition, we hypothesized that PD subjects exhibit impaired gait initiation due
to dysfunction of the pre-SMA because PD subjects exhibit (1) selective degeneration of

cortico-cortical pyramidal neurons in the pre-SMA (MacDonald and Halliday 2002), (2)
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abnormal pre-SMA function during sequential movements (Eckert et al. 2006), and (3)
diminished pre-movement electroencephalographic potentials during step initiation
(Vidailhet et al. 1993), which are thought to contribute to the generation of APAs (Saitou
et al. 1996). We, therefore, predicted that APA durations and amplitudes would be altered
by pre-SMA stimulation in PD subjects, and that the extent of these stimulation-induced
changes would relate to the severity of their motor symptoms, because increasing motor
impairment would associate with escalating pre-SMA dysfunction, which would increase
a PD subject’s susceptibility to rTMS. Further, we hypothesized that PD subjects
compensate for pre-SMA dysfunction (and their resulting APA impairments) with
activation of the dPMC (Hanakawa et al. 1999a; Cunnington et al. 2001). If activity of
the dPMC substitutes for the dysfunction of the pre-SMA, then we predicted that rTMS
over the dPMC would affect the production of APAs in severe PD subjects, but not in
control subjects. Alternatively, as their disease severity progresses, PD subjects may
become increasingly dependent on the dPMC for generating the swing phase of a step in
order to compensate the swing phase for impaired postural control. In this case, we
predicted that the severity of the PD subjects’ motor symptoms would relate to the extent
that rTMS over the dPMC affects foot-swing.
METHODS
Subjects

Eight patients with idiopathic PD (Hughes et al. 1992) and 8 healthy control
subjects participated. Each group consisted of 7 males and 1 female. Subjects were
chosen to ensure similar characteristics. Consequently, no significant differences were

evident between the PD and control groups, respectively, in mean (+ sd) age (62 + 11
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versus 64 + 10 yr), height (176 + 6 versus 174 + 11 cm), and weight (74 £ 10 versus 81 +
9kg) [T =0.34-1.58; P = 0.14-0.74].

All PD subjects were tested at least 12 hours after their last dose while in the
practical “off” medication state. Subjects with other neurological, muscular, or
psychiatric disorders (e.g., diabetes, peripheral neuropathies, uncorrected visual
problems, hearing problems, joint pain, arthritis, fracture, stroke, seizure, migraine, or
frequent severe headaches) were excluded. Subjects with surgical implants and PD
patients with significant postural tremor, dysmetria, or dementia were also excluded.
Prior to each experiment, a neurologist trained in movement disorders evaluated the
severity of the PD subjects” motor symptoms using the Unified Parkinson’s Disease
Rating Scale (UPDRS) and Hoehn & Yahr scale (Hoehn and Y ahr 1967, Fahn and Elton
1987). Total scores ranged from 9-28 on the motor exam of the UPDRS and from 2-3 on
the Hoehn & Yahr scale. Based on these evaluations, all PD subjects exhibited mild to
moderate PD with limb rigidity, impaired gait, and bradykinesia.

All subjects gave written informed consent to participate in the protocol,
consistent with the Helsinki agreement. The Institutional Review Board of Oregon Health
& Science University approved the protocol.

Stepping Protocol

The task was for the subjects to stand on a platform with each foot on a force
plate and then to take self-initiated, forward voluntary steps with their eyes closed. The
subjects were asked to step without cues and with their eyes closed because previous
studies have demonstrated that PD subjects increase APA amplitude, step length, and step

velocity toward healthy values when provided with auditory, visual, or somatosensory
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cues (Burleigh-Jacobs et al. 1997; Lewis et al. 2000; Morris et al. 1996, 2005;
Suteerawattananon et al. 2004). In addition, when comparing neural activation during
cued and self-initiated movements, cued movements preferentially activate the dPMC in
PD subjects (Hanakawa et al. 1999a; Cunnington et al. 2001). Thus, in order to assess the
neural circuitry responsible for healthy self-initiated stepping and to identify the neural
substrates underlying impaired self-initiated stepping in PD subjects, the subjects
performed the steps with their eyes closed and without sensory cues.

The subjects stood in a stance width that equaled 11 % of their body height as
measured from the center of one heel to the center of the other. The perimeters of the
subjects’ feet were marked with tape to ensure that stance width remained consistent
throughout the experiment. We monitored the force distribution of the 2 force plates
under the subjects’ feet by an oscilloscope to ensure that the subjects stood with an equal
amount of weight under each foot. To prevent the subjects from falling to the ground,
they were harnessed to a ceiling-mounted track that did not provide any support during
the task unless they began to fall. The subjects also held a small, lightweight wooden
dowel (2 cm in diameter, 66 cm long, and 113 g in weight) behind their back with both
hands to prevent their arms from occluding reflective markers that were placed on their
joints for analyzing the displacements of their body segments.

The subjects were instructed to stand upright, with their feet within the perimeters
of the tape placed on the platform, and to distribute their weight evenly under each foot.
The subjects were then instructed to close their eyes and, after a self-selected amount of
time, to step forward with a pre-determined stepping foot, followed by a matching step

with the initial stance limb to bring their feet back to parallel. Recording began for each

21



trial when the subjects were instructed to close their eyes. The PD subjects stepped with
the leg most affected by the disease, as determined from the UPDRS motor exam, and the
control subjects stepped with the same leg as their demographically matched PD subject.
Each subject performed 9 steps before rTMS and 9 steps after rTMS. The subjects
performed 3 sessions, one each for rTMS over the pre-SMA, dPMC, and M1. The order
of the sessions was counter-balanced across subjects. The sessions were separated by at
least 7 days, and the PD subjects always performed the experiment during morning hours.
In addition to performing voluntary steps with their eyes closed, in an attempt to
determine the effects of rTMS on other stance and stepping behaviors, the subjects also
performed visually cued voluntary steps with their eyes open, forced steps in response to
backward translations of the platform under their feet, and quiet stance trials with their
eyes closed. The tasks were ordered such that the subjects first performed 3 trials of self-
initiated steps, followed by 3 cued steps, 3 forced steps, and then one 30-second trial of
quiet stance. This sequence was then repeated twice more to achieve a total of 9 self-
initiated steps, 9 cued steps, 9 forced steps, and 3 trials of quiet stance. The first 3 self-
initiated steps were, therefore, always ordered before the other tasks and, because the
significant effects of rTMS were only evident for one trial after stimulation, the analyses
for this study pertain only to the self-initiated steps with eyes closed.
rTMS Protocol

After completing the stepping protocol, the subjects sat upright in an adjustable
dental chair mounted on locking wheels in order for us to prepare them for rTMS. For
each subject, we first established the position of the skull’s vertex according to the 10/20

international system of electrode placement (Jasper 1958). With a wax pencil, we then
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created a 1-cm grid of lines on the subjects’ scalp, with the lines drawn parallel and
perpendicular to a mid-sagittal line drawn through the nasion, vertex, and inion. We
located the optimal positions to stimulate the tibialis anterior (T A, a distal leg muscle)
and the first dorsal interosseous (FDI, a hand muscle) ipsilateral to each subject’s chosen
stepping limb using single-pulse stimulations from a Magstim rapid rate device with a
70-mm, figure-eight, cooled-coil system (Magstim Company Ltd, Whitland, Dyfed, UK).
We recorded muscle activity using pre-amplified differential electromyography from
silver, silver-chloride electrodes placed over the muscles on the skin’s surface. To find
the optimal position (or hotspot) for stimulating the FDI, we began with the stimulator at
65 % of its maximal output and with the coil positioned 4 cm anterior and 4 cm lateral
from the vertex, contralateral to the FDI muscle being stimulated. We oriented the coil so
that its handle pointed approximately 45 degrees postero-lateral from the mid-sagittal line
(Werhahn et al. 1994). We then applied stimulations at 1-cm increments, progressing to
0.5-cm increments, to {ind the scalp location at which we could elicit motor evoked
potentials (MEPs) of maximal amplitude and shortest latency from the FDI muscle. If
necessary, to prevent saturating FDI activity or to prevent a complete loss of FDI
stimulation, the intensity of the stimulus was adjusted {rom the 65% output to elicit
graded levels of FDI activation over several locations.

To find the TA muscle’s hotspot, we began with the stimulator at 80 % of its
maximal output and with the coil positioned at the vertex. We oriented the coil so that its
handle pointed approximately perpendicular to the mid-sagittal line, ipsilateral to the TA
muscle (Priori et al. 1993; Terao et al. 1994). We then applied stimulations at 1-cm

increments, progressing to 0.5-cm increments, to find the scalp location at which we
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could elicit MEPs of maximal amplitude and shortest latency from the TA muscle. If we
could not activate the TA musclé at rest, we asked the subjects to dorsiflex the ankle in
order to stimulate the muscle during contraction. If necessary, to prevent saturating TA
activity or to prevent a complete loss of stimulation, the intensity of the stimulus was
adjusted from the 80% output to elicit graded levels of TA activation over several
locations.

After locating the stimulation hotspots for the TA and FDI muscles, we
determined the threshold for stimulating the FDI muscle at rest. The rest motor threshold
was defined to be the stimulation intensity that elicited MEPs of at least 50 uV 1n five out
of ten consecutive trials of single-pulse stimulations (Rossini et al. 1994). This threshold
was then used to determine the stimulation intensity that each subject would receive
during rTMS. Although the subjects performed a stepping task, we chose to base our
rTMS intensities on the FDI muscle because, in our experience, the FDI requires lower
stimulation intensity than the TA to evoke muscle activation, and the FDI elicits more
stable thresholds than the TA muscle when assessed on separate days. Therefore, using
the FDI muscle’s threshold, we could produce more consistent stimulation intensities
across the experimental sessions (which were separated by several days) and employ
lower stimulation intensities that are less likely to induce adverse effects.

After determining the subjects’ rest motor threshold, we prepared the subjects for
rTMS by reclining them in the adjustable chair and then fitting an elastic band around
their head until the subjects felt comfortable while maintaining their head in a stable
position (Fig. 1A). For each subject, the intensity of stimulation during rTMS was set to

80% of the FDI’s rest motor threshold recorded during that day’s session. Repetitive
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TMS was delivered at 1 Hz for 30 minutes (1800 pulses) through the same stimulator and
coil as when locating hotspots and determining motor thresholds. Sub-threshold, 1-Hz
stimulations were chosen to maximize the safety of our protocol (Wassermann 1998), and
because these stimulation parameters are thought to inhibit the region of cortex located
just below the coil’s center (Touge et al. 2001). In addition, sub-threshold, low frequency
rTMS, compared to supra-threshold rTMS, may decrease spread of excitation to adjacent
regions (Lang et al. 2006), thereby helping to ensure a more isolated stimulation to the
regions of interest. Every 2.5 to 5 minutes during rTMS, we monitored the subjects to
ensure they remained awake and that their head’s position hadn’t shifted.

When stimulating the pre-SMA, the coil was positioned 5 cm anterior from the
TA muscle’s hotspot along the mid-sagittal line. These coordinates are consistent with
studies using image-guided TMS or functional imaging to localize the pre-SMA
(Rushworth et al. 2002; Mayka et al. 2006). The coil was oriented with its handle
pointing posterior along the mid-sagittal line (Cunnington et al. 1996; Obhi et al. 2002;
Verwey et al. 2002). We chose the pre-SMA as a target site, rather than the SMA proper,
because (1) the pre-SMA is located farther from the dPMC and M1, which helps ensure
that the stimulation did not spread to the other regions of interest, and (2) in PD subjects,
the pre-SMA exhibits anatomical degeneration of cortico-cortical pyramidal neurons,
even with mild to moderate disease severity (MacDonald and Halliday 2002).

When stimulating the dPMC, the coil was positioned 2.5 cm anterior from the
FDI muscle’s hotspot, with the handle oriented approximately 45 degrees postero-lateral
from the mid-sagittal line (Gerschlager et al. 2001; Chen et al. 2003). When stimulating

the M1, the coil was positioned at the TA muscle’s hotspot, with the handle perpendicular
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to the mid-sagittal line and ipsilateral to the subjects’ chosen stepping limb (Priori et al.
1993; Terao et al. 1994). For all sessions, the coil was held in place during r'TMS by an
adjustable clamp.

To confirm that our measured scalp locations placed the coil over the intended
cortical regions, we obtained an anatomical magnetic resonance image (MRI) of one
subject’s brain for use with image-guided TMS. The structural MRI was acquired with a
1.5 tesla magnet using multi-echo, multi-planar acquisition. Images were obtained in the
coronal plane at 4-mm thickness. For image-guided TMS, the subject’s anatomical MRI
was stereotactically co-registered with the subject’s head using a Polaris infrared tracking
system (Northern Digital, Waterloo, Canada) interfaced with Brainsight software (Rogue
Research, Montreal, Canada). The position of the TMS coil was then monitored with
respect to the subject’s brain, and we acquired digital images of the coil’s locations when
it was centered over the hotspots and rTMS locations outlined in the methods above.

During the experimental sessions, when the 30 minutes of rTMS was complete, a
trial was recorded on the computer to provide a timestamp of rTMS completion (1-
minute resolution). We then electronically adjusted the chair to bring the subjects to an
upright position. While the subjects remained in the chair, we moved them to the force
platform in order to minimize how much the subjects actively moved before resuming the
stepping protocol, because voluntary contraction can normalize cortical excitability after
r'TMS conditioning (Touge et al. 2001). After preparing the subjects on the force
platform, they repeated the stepping protocol outlined above.

Data Collection and Analyses

Center of Pressure.
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To capture the subjects’ APAs, we recorded the lateral displacements of their
center of pressure (CoP) from two force plates, one under each of the subjects’ feet. Each
force plate was equipped with 4 vertical and 2 horizontal strain gauge transducers. Force
signals were amplified and sampled at 480 Hz. Total-body lateral CoP was calculated
from the difference in loading of the right and left force plates as previously reported by
Henry et al. (1998). Lateral CoP displacements were calculated after subtracting an initial
CoP position, which was defined as the average CoP position over the f irst 500 ms of
recording.

APAs were defined from the lateral CoP displacements that occurred from the
moment that the platform began moving to the moment when the big toe of the stepping
foot came off the force plate. The onset of an APA was defined manually with an
interactive plbtting function programmed in Matlab software (Mathworks, Inc., Natick,
MA, USA). Using this plotting function, we identified the moment when the CoP began
to displace toward the swing limb prior to foot-lift. When identifying APA onsets, the
CoP plots were unlabeled and randomly ordered to prevent biased identifications. The
duration of an APA was calculated as the time when the lateral CoP displacement came
back to its initial position just prior to when a subject lifted a foot off the force plate,
minus the time when the APA began. Peak APA amplitudes were defined as the
maximum lateral displacement of the CoP toward the swing limb just prior to foot-lift.
Kinematics

To capture the characteristics of a step’s swing phase, a reflective marker was
placed on the tip of the subjects’ first toe. Although not analyzed in this report, reflective

markers were also placed at the subjects’ ankles, knees, hips, shoulders, elbows, and
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wrists, as well as on the head and on the platform. A high-resolution Motion Analysis
System (Motion Analysis Corp., Santa Rosa, CA, USA), with 8 video cameras sampling
at 60 Hz, provided 3-dimensional spatial coordinate information about the displacement
of the subjects’ body segments.

Using the marker placed on the stepping foot’s toe, we quantified the length of the
subjects’ steps, the duration of a step’s swing phase, and the peak velocity of the foot’s
forward swing. The duration of a step’s swing phase was defined between the time when
the toe left the ground (at the beginning of the step) and the time when it subsequently
reached the ground (at the end of the step). These step times were defined manually using
the interactive plotting function programmed in Matlab software. We identified the
beginning of a step’s swing phase as the moment when the toe marker began its vertical
displacement, and we identified the end of the swing phase as the moment when the toe
marker crossed back under its initial position (defined as the marker’s average position
during the first 500 ms of recording). When identifying step times, the marker
displacement plots were unlabeled and randomly ordered to prevent biased
identifications. Step length was defined as the anterior-posterior displacement of the toe
marker during a step’s swing phase. The peak velocity of a subject’s step was determined
from the derivative of the toe marker’s anterior-posterior displacement during the swing
phase of the step.

Statistical Analyses

We calculated each subject’s average APA duration, peak APA amplitude, swing-

phase duration, peak foot-swing velocity, and step length prior to r”TMS. To determine

whether these measures were different between the PD subjects and control subjects, and
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whether each measure was stable across experimental sessions before stimulation, two-
factor mixed-model ANOV As tested for differences in each measure across groups (PD
versus control) and experimental sessions (for rTMS over the pre-SMA, dPMC, and M1).
Graphical analysis of the results determined that the effects of rTMS on voluntary
step initiation lasted for only one trial after stimulation. Consequently, our analyses tested
for differences between a measure’s mean value before stimulation and the value from
the first trial after s'timulation. To test for stimulation effects between the PD subjects and
control subjects, for each site of stimulation, we performed a two-factor mixed-model
ANOVA testing for differences in the dependent measures across groups (PD versus
control) and due to stimulation (before versus after). Rather than evaluating stimulation
effects with a 10- or 18-level factor that compares each individual trial with all other
individual trials, we compared the mean value before rTMS with the value of the first
trial after rTMS because this 2-level factor improved our statistical power given our small
subject sample. The subject sample was small because our exclusion criteria did not
allow testing any subject with atypical parkinsonism, surgical implants, or any
| impairment (other than PD) that might confound balance or the safe use of rTMS.
Therefore, in order to provide a fair statistical evaluation, using the mixed-model
ANOVA composed of 2-level factors for group and trial, we also compared a measure’s
value from each trial before stimulation with that measure’s mean value before
stimulation in order to ensure inter-trial variability exhibited random fluctuation and that
significant differences were isolated to after rTMS. We applied a Greenhouse-Geisser
epsilon correction to all ANOV A statistics, which adjusts the degrees of freedom applied

to the F statistic according to the level at which the data did not meet the assumption of
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sphericity (Greenhouse and Geisser 1959). All reported F statistics represent corrected
values, and significance was defined as a corrected P-value of less than or equal to 0.05.

When rTMS over a single site was found to affect multiple measures, we used
Pearson correlation coefficients to determine whether the effects were related. A lack of
correlation among how two measures are affected by rTMS to the same site suggests a
neural representation of the two measures as two separate motor functions coordinated in
parallel, whereas correlated effects of 'ITMS may signify either (1) a neural representation
of the two behaviors as one motor program, or (2) that a change in one behavior
consequently alters another. Pearson coefficients were also analyzed to determine
whether the effects of rTMS on the stepping behavior of PD subjects correlate with the
clinical severity of the subjects’ lower-body motor symptoms. The clinical severity of a
PD subject’s lower-body motor symptoms was defined as the sum of the UPDRS items of
leg tremor, leg rigidity, leg agility, arise from chair, posture, postural stability, gait, and
body bradykinesia (Jacobs and Horak 2006).
RESULTS
Locations and Intensities of Stimulations

The session of image-guided TMS confirmed that our measures located the FDI
and TA muscles’ hotspots over the M1 of the pre-central gyrus, and that the locations for
r'TMS over the pre-SMA and dPMC were consistent with previous reports localizing
these regions (Fig. 1B; Gerschlager et al. 2001; Rushworth et al. 2002). Relative to the
vertex of each subject’s skull, the anterior and lateral positions of the FDI and TA

muscles’ hotspots were not significantly different between the PD subjects and control
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subjects, although the hotspot of the PD subjects” FDI muscle did trend toward a more
anterior location [main effect of group: F' = 0.09-4.03, P = 0.066-0.77] (Fig. 1C).

Rest motor thresholds were significantly lower in the PD subjects compared to the
control subjects fmain effect of group: F'=9.53, P =0.009] (Fig. 1D). Rest motor
thresholds were also unintentionally lower during sessions for rTMS over the M1
compared to the sessions for rTMS over the pre-SMA or dPMC [main effect of session: F
=4.52, P = 0.02], and this difference was largely isolated to the control subjects
[interaction effect of group and session: ' =3.39, P = 0.051] (Fig. 1D).

Based on timestamps associated with the electronic files for each trial, the first stepping
trial was initiated from 0.57 to 1.25 minutes after rTMS for the control subjects, and from
1.13 to 1.43 minutes for the PD subjects. These first-trial onset latencies were not
significantly different between experimental sessions [main effect of session: /= 0.70, P
= 0.49] or between groups [main effect of group: F'=3.64, P = 0.08], although there was
a trend for the PD subjects to begin at a later latency than the control subjects. The
sessions’ average latencies to begin the second trial after rTMS ranged from 1.00 to 1.63
minutes for the control subjects, and from 1.13 to 1.75 minutes for the PD subjects [main
effect of group: F'=1.51, P = 0.24]. Thus, the first two trials began, on average, within 2

minutes after completing rTMS.
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Stimulation characteristics
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Fig. 1. Stimulation characteristics (A) A subject receiving rTMS over the pre-SMA.
The subject sat reclined in an adjustable dental chair with a memory foam pillow
supporting his head and neck. An elastic band was also wrapped around the forehead to
prevent excessive movement. The air-cooled coil of the Magstim rapid device was held in
place by an adjustable clamp. (B) Image-guided TMS, demonstrating the cortical
locations of stimulation. The TA and FDI muscles’ hotspots were located over the pre-
central gyrus presumed to represent the primary motor cortex. The locations for the
dPMC and the pre-SMA are also consistent with previous reports locating these regions
(Gerschlager et al. 2001; Rushworth et al. 2002). (C) The average (sd) hotspot locations
for the PD subjects (gray symbols and dashed lines) and the control subjects (black
symbols and dashed lines), relative to the vertex of the skull. The squares represent the
hotspots for stimulating the TA muscle, and circles represent those for stimulating the
FDI muscle. (D) The average (sd) rest motor thresholds of the FDI muscle during the
sessions for rTMS over the pre-SMA (dark gray bars), dPMC (light gray bars), and M1
(white bars). Repetitive TMS was applied at 80 % of each subject’s rest motor threshold
for that day’s session. The p-value below the chart represents the main effect of group
differences, and the p-value next to the inset legend represents the main effect of session
differences, with the asterisk next to the session that was significantly different from the
other sessions.
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APA and Step Characteristics Before Stimulation

Compared to the control subjects, the PD subjects exhibited slow (bradykinetic) steps
with impaired APA control. Specifically, during the postural phase of a step, although
APA durations were, on average, similar among PD subjects and control subjects [main
effect of group: F = 1.49, P = 0.24], APA durations were more variable for the PD
subjects [main effect of group: F = 4.77, P = 0.048] (Fig. 2A and B). The PD subjects
also exhibited smaller peak APA amplitudes than the control subjects [main effect of
group: F = 12.8, P = 0.003] (Fig. 2C). In addition, during the swing phase of a step, the
PD subjects exhibited slower peak foot-swing velocities than the control subjects [main
effect of group: F =5.27, P =0.039] (Fig. 2D). Swing-phase durations and step lengths,
however, were similar among the PD subjects and control subjects [main effects of
group: F =0.71-1.56, P = 0.23-0.42] (Fig. 2E and F). It seemed counter-intuitive,
however, for the PD subjects to have similar average step lengths as the control subjects,
when the PD subjects also exhibited similar swing durations but slower swing velocities.
Therefore, for the PD subjects, we correlated the grand mean of these measures from all 3
sessions in order to determine whether one behavioral measure compensated for another.
The results demonstrated that the PD subjects with the shortest swing durations exhibited
the fastest swing velocities, and the PD subjects with the longest swing durations
exhibited the slowest swing velocities [Pearson I* = 0.54, P = 0.04].

Each measure was stable across the experimental sessions: no significant differences
were evident between the experimental sessions for APA duration, peak APA amplitude,
peak foot-swing velocity, swing-phase duration, and step length [main effects of session:
F=034-295P= 0.76-0.095] (Fig. 2).
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Fig. 2. Characteristics of the steps’ postural phase and swing phase prior to
stimulation. The charts illustrate each group’s average (sd) (A) APA duration, (B) inter-
trial variability of APA duration, (C) peak APA amplitude, (D) peak foot-swing velocity,
(E) swing-phase duration, and (F) step length prior to rTMS during the pre-SMA (dark
gray bars), dPMC (light gray bars), and M1 (white bars) sessions. P-values below the
charts represent main effects for group differences, those next to the inset legends
represent main effects for session differences.
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Effects of rTMS over the Pre-SMA

All effects were evident for only one trial after rTMS. Compared to mean APA
durations before stimulation, stimulation over the pre-SMA significantly shortened APA
durations in the first trial after rTMS for both PD subjects and control subjects [main

‘effect of stimulation: F = 21.1, P < 0.0005] (Fig. 3). Fig. 3A exemplifies this effect for an
individual subject, whereas Fig. 3B illustrates how the group’s APA durations were
stable before rTMS but transiently shortened in the first trial after rTMS. Fig. 3C
illustrates the difference between the mean APA duration before stimulation and the APA
duration of the first trial after stimulation for each experimental session, highlighting that
the significant effect was isolated to the session of rTMS over the pre-SMA. To ensure
this shortening of APA duration was isolated to after rTMS, mean APA durations were
also compared to each individual trial before stimulation, and no significant differences
were evident [main effects between individual trials and the mean: F = 0.12-2.48, P =
0.14-0.74]. For the PD subjects, their disease severity significantly correlated with the
extent to which APA durations were affected by rTMS over the pre-SMA: the PD
subjects’ lower-body motor UPDRS scores significantly correlated with the difference
between their mean APA durations before rTMS and their APA durations one trial after
rTMS [Pearson r* = 0.70, P < 0.01] (Fig. 3D).

Repetitive TMS over the pre-SMA also significantly shortened swing-phase
durations in both PD subjects and control subjects [main effect of stimulation: F = 9.48, P
= 0.008] (Fig. 4A, B, D). Fig. 4A exemplifies this effect for an individual subject. Fig. 4B
illustrates how the groups’ swing durations transiently shortened for the first trial after

rTMS. In the fifth trial performed before stimulation, however, the subjects’ swing
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Effects of Stimulation On APA Durations
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Fig. 3. Effects of stimulation on APA durations. (A) An example of shortened APA
duration for one trial after pre-SMA stimulation in an individual PD subject. The
- horizontal axis represents time relative to APA onset, and the vertical axis represents the
lateral displacement of the CoP for individual trials before stimulation (the thin gray
curves), the average of trials before stimulation (the thin black curve), and for the first
trial after pre-SMA stimulation (the thick gray curve). Negative displacements are
directed toward the subject’s swing limb. (B) An illustration of APA durations by trial,
for each subject and as a group mean, demonstrating how APA durations decreased for
only one trial after pre-SMA stimulation. The circles represent the APA duration of
individual PD (gray circles) and control (black circles) subjects. The thick black line
represents the group mean of all subjects. The gray-shaded region highlights the first trial
after rTMS. (C) The effect of stimulation over the pre-SMA (bottom of chart), dPMC
(middle of chart), and M1 (top of chart) on APA duration for each PD (circles) and
control (crosses) subject. The horizontal axis represents the APA duration of the first trial
after stimulation, minus the average APA duration of the 9 trials before stimulation. The
vertical line represents no change after stimulation. The site where rTMS significantly
affected APA durations is shaded and noted with an asterisk, denoting a significant main
effect of stimulation between the first trial after stimulation and the mean of trials before
stimulation. (D) A scatter plot illustrating a significant correlation among the PD
subjects’ disease severity (measured by lower-body motor UPDRS scores) and the extent
that rTMS over the pre-SMA affected APA durations. The circles represent the values for
individual PD subjects. The horizontal axis has been changed so that positive values
represent a decrease in APA duration following rTMS in order to illustrate a positive
correlation among disease severity and the effect of rTMS on APA duration.
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Effect of Stimulation on Swing-Phase Duration

A. Decrease in an Individual's Swing-Phase
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Fig. 4. Effects of stimulation on swing-phase duration. Lines, symbols, shading, and
statistics are as defined in Fig. 3. (A) An example of decreased swing duration for one
trial after pre-SMA stimulation in an individual control subject. The horizontal axis
represents time relative to swing onset, and the vertical axis represents the vertical
displacement of the marker placed on the subject’s first toe. (B and C) Illustrations of
swing-phase durations by trial, for each subject and as a group mean, demonstrating how
swing durations decreased for only one trial after (B) pre-SMA stimulation and (C)
dPMC stimulation. (D) The effect of stimulation over the pre-SMA (bottom of chart),
dPMC (middle of chart), and M1 (top of chart) on swing-phase duration for each PD and
control subject. The horizontal axis represents the swing duration of the first trial after
stimulation, minus the average swing duration of all 9 trials before stimulation. The
vertical line represents no change after stimulation. (E) A scatter plot illustrating a
significant correlation among the PD subjects’ disease severity (measured by lower-body
motor UPDRS scores) and the extent that rTMS over the dPMC affected swing-phase
durations. The horizontal axis has been changed so that positive values represent a
decrease in swing duration following rTMS in order to illustrate a positive correlation
among disease severity and the effect of rTMS on swing duration.
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durations decreased slightly, although significantly [main effect of trial from the mean: F
= 5.96, P = 0.03], from the average swing duration of all the trials performed before
stimulation, but then, in trials 6 through 9, the group’s swing duration stabilized at the
same level as in trial 5 (Fig. 4B). No correlation was evident among disease severity and
the extent to which pre-SMA stimulation affected swing durations [Pearson r* = 0.09; P =
0.48]. In addition, no correlation was evident among the extent to which pre-SMA
stimulation affected swing durations and the extent to which pre-SMA stimulation
affected APA durations [Pearson r* = 0.12; P = 0.40].

Pre-SMA stimulation did not significantly affect foot-swing velocity, or peak
APA amplitudes [main effects of stimulation: F = 0.03-0.12, P = 0.74-0.87]. Coincident
with pre-SMA stimulation shortening APA duration and swing-phase duration, without
affecting foot-swing velocity, pre-SMA stimulation also significantly shortened step
length [main effect of stimulation: F = 9.95, P < 0.01] (Fig. 5). During the first trial
performed before stimulation, however, step length was also significantly shorter than the
average step length before stimulation [main effect of trial from the mean: F = 20.40, P =
0.0005] (Fig. 5B). For the PD subjects, no correlation was evident among disease severity
and the extent to which pre-SMA stimulation affected step length [Pearson r* = 0.30; P =
0.16].
Effects of rTMS over the dPMC

All effects were evident for only one trial after rTMS. Although the effect was
less obvious as with rTMS over the ‘pre-SMA, shortened swing-phase durations were also
evident in both groups after stimulation over the dPMC [main effect of stimulation: /"=

9.12, P = 0.01] (Fig. 4C and D). During the sixth and eighth trial performed before
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Fig. 5. Effects of stimulation on step
length. Lines, symbols, shading, and
statistics are as defined in Fig. 3. (A) An
example of decreased step length for one
trial after pre-SMA stimulation in an
individual control subject. The horizontal
axis represents the forward displacement of
the marker placed on the subject’s first toe;
the vertical axis, the toe marker’s vertical
displacement. (B) An illustration of step
length by trial, for each subject and as a
group mean, demonstrating how step length
decreased for one trial after pre-SMA
stimulation. (C) The effect of stimulation
over the pre-SMA (bottom of chart), dPMC
(middle of chart), and M1 (top of chart) on
step length for each PD and control subject.
The horizontal axis represents the step
length of the first trial after stimulation,
minus the average step length of all 9 trials
before stimulation. The vertical line
represents no change after stimulation.
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stimulation, however, the subjects’ swing durations decreased significantly from the
average swing duration [main effects of trials from the mean: F = 6.41-7.11, P = 0.018-
0.024] (Fig. 4C). For the PD subjects, the extent to which rTMS over the dPMC affected
swing durations significantly correlated with their disease severity: the difference in the
PD subjects’ mean swing duration before rTMS and their swing duration one trial after
rTMS significantly correlated with their lower-body motor UPDRS scores [Pearson 1° =
0.53, P =0.041] (Fig. 4E). APA duration, peak APA amplitude, step length, and peak
foot-swing velocity were unaffected by dPMC stimulation [main effects of stimulation: F
= 0.07-2.49; P = 0.14-0.79)].
Effects of rTMS over the M1

Although the effect was less robust than those reported above, stimulation over
the M1 significantly decreased APA amplitudes in PD subjects and control subjects
[main effect of stimulation: F' = 5.15, P = 0.04]. APA amplitudes during the first trial
performed before stimulation, however, were also significantly smaller than the average
of the peak APA amplitudes before stimulation [main effect of trial from the mean: F =
7.44, P = 0.02]. For the PD subjects, no correlation was evident among disease severity
and the extent to which M1 stimulation affected APA amplitudes [Pearson r* = 0.02; P =
0.71]. Although the data in Fig. 3C seem to suggest that M1 stimulation affected APA
durations for the PD subjects, but not for the control subjects, the group-by-stimulation
interaction did not reach the pre-set alpha level [interaction effect between stimulation
and group: F'=3.69, P = 0.077]. APA duration, swing-phase duration, step length, and
foot-swing velocity were all unaffected by M1 stimulation [main effects of stimulation: I

=0.002-2.74, P = 0.12-0.96].
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DISCUSSION

The results support (1) parallel, segregated neural control for regulating the APA
and swing phase of a step, and (2) that PD subjects exhibit impaired step initiation, in
part, due to progressive dysfunction of the pre-SMA. Specifically, rTMS over the pre-
SMA shortened step durations for both the postural phase and the swing phase of a step,
whereas rTMS over the dPMC selectively shortened swing-phase durations, and rTMS
over the M1 selectively decreased APA amplitudes. The decreases in APA and swing-
phase durations due to pre-SMA stimulation were not correlated. Therefore, these results
suggest that the pre-SMA acts as a global coordinator, organizing both step phases as a
sequence of separate motor programs. Then, the swing phase of the step becomes
preferentially determined by the function of the dPMC, and the postural phase becomes
preferentially determined by the function of the M1 (although the SMA proper may also
contribute to generating the APA: Gurfinkel and Elner 1988; Massion 1992; Viallet et al.
1992). However, foot-swing velocity was not affected by rTMS to any site, suggesting
that neither of the cortical motor centers tested in this study determine foot-swing
velocity: Instead, the results suggest that basal ganglia dysfunction contributes to
regulating foot-swing velocity (without involving the pre-SMA, dPMC, or M1) because
PD subjects exhibited decreased foot-swing velocity compared to control subjects.

Previous research comparing the neural control of the APA with that of the
subsequent prime movement has suggested that separate neural circuits control each
phase of movement in parallel (Brown and Frank 1987; Nardone and Schieppati 1988;
Viallet et al. 1992; Benvenuti et al. 1997; de Wolf et al. 1998; Schepens and Drew 2003),

with convergence at a sub-cortical level (Viallet et al. 1992; Schepens and Drew 2004).
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Specifically, Massion (1992) developed a neural model in which a circuit including the
SMA, basal ganglia, and M1 regulate the APA, and that these regions send descending
signals to a sub-cortical structure to be coordinated with the descending signal for the
prime movement (regulated by M1). Schepens and Drew (2004) subsequently elaborated
this model, describing an unknown cortical center for the global planning of both the
APA and the prime movement, followed by separated descending signals for each phase,
which then converge sub-cortically at the ponto-medullary reticular formation. Our
current study supports these models, but further elaborates the pre-SMA as the global
coordinator of both movement phases (that is, the APA and the prime movement), the
dPMC as a regulator of the prime movement (in this study, the swing phase of step
initiation), and the M1 as a contributor to regulating APA amplitudes. Although untested

- by this study, the SMA proper likely also participates in regulating APA amplitude
(Gurfinkel and Elner 1988; Massion 1992; Viallet et al. 1992).

The inclusion of the basal ganglia in Massion’s (1992) model was largely based
on observations that PD subjects exhibit impaired APAs (Martin 1967; Bazalgette et al.
1987; Viallet et al. 1987; Crenna et al. 1990; Lec et al. 1995; Gantchev et al. 1996;
Burleigh-Jacobs et al. 1997; Frank et al. 2000; Rocchi et al. 2006). Our study
demonstrated that the extent to which pre-SMA stimulation affected APA durations
depended on the clinical severity of the PD subjects’ lower-body motor symptoms. The
results also showed that (1) the M1 contributes to the regulation of APA amplitudes and
(2) PD subjects exhibit diminished APA amplitudes, but (3) M1 stimulation does not
affect APA amplitudes more in PD subjects than in control subjects. Therefore, although

the M1 may contribute to regulating APA amplitude, the diminished APA amplitudes of
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PD subjects are not likely a result of M1 dysfunction (although a floor effect may have
contributed to this result, because PD subjects initially exhibited reduced APA
amplitﬁdes). Taken together, these results suggest that PD subjects exhibit abnormal APA
durations due to a progressive dysfunction of the pre-SMA, and they exhibit diminished
APA amplitudes due to abnormal modulation by the basal ganglia and, perhaps, the SMA
proper (Massion 1992).

The clinical severity of the PD subjects’ lower-body motor symptoms also
correlated with the extent to which dPMC stimulation affected the duration of the swing
phase, whereas dPMC stimulation did not selectively alter the APAs of the PD subjects.
These results suggest that PD subjects utilize the dPMC to lengthen swing-phase duration
as compensation for decreased foot-swing velocities in an attempt to maintain a larger
step length: (1) PD subjects with the shortest swing-phase durations exhibited the fastest
swing velocities, and PD subjects with the longest swing-phase durations exhibited the
slowest swing velocities, and (2) step length wés‘ not significantly different between PD
subjects and control. subjects. Had the PD subjects’ APAs been altered by dPMC
stimulation, the result would have supported the hypothesis that the dPMC anatomically
compensates for the dysfunction of the SMA by maintaining functions normally relegated
to the SMA (Cunnington et al. 2001). Although this result was not statistically evident,
the two most severe PD subjects did exhibit shortened APA durations following dPMC
stimulation (for control subjects, a result found to occur after pre-SMA stimulation). Our
protocol may not have elicited a more robust compensation by the dPMC for regulating
the PD subjects’ APAs because we ordered the self-initiated steps before the cued steps,

and explicit sensory cues may be required to improve APAs (Burleigh-Jacobs et al. 1997)
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as well as to elicit compensatory activity of the dPMC for functions not normally
controlled by the dPMC (Hanakawa et al. 1999a; Cunnington et al. 2001). Our study does
support the hypothesis that PD subjects become increasingly dependent on the activity of
dPMC to alter swing-phase durations as compensation for their motor impairments,
however, because the clinical severity of the PD subjects’ lower-body motor symptoms
correlated with the effect of dPMC stimulation on their swing-phase durations.
Methodological Considerations

As noted in our methods, our original intent was to study the effects of rTMS on
many step behaviors, but significant effects lasted for only one trial after stimulation,
thereby prohibiting any analysis beyond our self-initiated stepping task. We initially
expected effects to last for about 15 minutes following stimulation because previous
reports have demonstrated lasting effects on both cortical excitability and stretch reflexes
for approximately 50%-100% of the stimulation time (Tsuji and Rothwell 2002; Chen et
al. 1997). These protocols, however, did not require their subjects to perform large
voluntary motor tasks following rTMS, as we did with our voluntary stepping task, and it
has been reported that voluntary muscle activation can normalize rTMS-induced changes
in cortical excitability (Touge et al. 2001). Thus, in our study, any rTMS-induced
changes in the subjects’ neuro-motor state may have been normalized after the first trial.
The neurophysiologic basis for normalizing cortical excitability with voluntary motor
activity has yet to be tested, but we speculate that our subjects may have been able to
- recalibrate their stepping behavior due to feedback processing during the first trial after
stimulation. That is, the central nervous system, perhaps through cerebellar circuits, may

have computed a comparison between expected and actual behavior performed during the
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first trial after stimulation, and then recalibrated the neural circuitry in order reestablish
the expected stepping behavior in subsequent trials (Diedrichsen et al. 2005). Longer
lasting effects may have been achieved had the subjects received multiple sessions of
high-frequency rTMS to the same site (Khedr et al. 2006).

The behavioral effects of rTMS to a specific region of the cerebral cortex may not
represent a direct effect of that cortical region on the behavior. Studies have demonstrated
that sub-threshold, 1-Hz rTMS over one site can elicit changes in the activity and
excitability of other neural sites, presumably through communicating fibers (Gerschlager
et al. 2001; Speer et al. 2003; Bestmann et al. 2005). Thus, in this study, any changes in
step initiation after rTMS may represent an indirect influence of the stimulated site on
other neural centers involved in regulating step initiation.

Consistent with previous reports (Tremblay and Tremblay 2002; Lou et al. 2003),
the motor thresholds for stimulating the FDI muscle were lower for the PD subjects than
for the control subjects. Consequently, rTMS intensities were lower for the PD subjects,
and stimulating the groups with different absolute intensities may have diminished the
effect of rTMS on the PD subjects. The intensities, however, were normalized to the
cortico-spinal excitability of each subject, and our results never showed any group-by-
stimulation interactions characterized by an effect of rTMS 1n the control group with no
effect in the PD group.

Stimulation intensities were also lower when stimulating the M1 than when
stimulating the dPMC or pre-SMA. Thus, it is likely that M1 stimulation was less
effective than when stimulating the dPMC or pre-SMA because (1) the leg motor region

is located deep within the longitudinal fissure, (2) stimulation intensities were based on
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the more conservative motor thresholds of the FDI muscle, instead of the TA muscle, and
(3) stimulation intensity was inadvertently lower when stimulating the M1. Therefore,
null effects at the M1 may represent ineffective stimulation, rather than a lack of
contribution to initiating a step. Nevertheless, the session of M1 stimulation did serve as a
control to demonstrate that the significant effects evident after stimulation to the pre-
SMA or dPMC were, in fact, specific to the stimulation of those regions.

Because the effects of rTMS lasted for only one trial after stimulation, we chose
to compare a measure’s value from the first trial performed atter rTMS with the mean
value of the 9 trials performed before rTMS. Despite considerable inter-subject
variability, the systematic consistency with which rTMS altered stepping behavior across
subjects revealed net group effects that could not be explained by chance.

Some significant effects, however, were also evident when comparing mean
values of the dependent measures with values from individual trials performed before
stimulation, violating the assumption that inter-trial differences exhibit random
variability. Specifically, APA amplitudes from the first of the 9 trials performed before
M1 stimulation were significantly smaller than the mean APA amplitudes of all 9 trials
performed before stimulation. Thus, rather than an effect of stimulation, decreased APA
amplitudes after M1 stimulation could represent an effect of trial order due to taking a
step for the first time. An order effect is not likely, however, because such an effect
should have been common to every experimental session, but decreased APA amplitudes
were only evidenf in the sessions that included M1 stimulation. Therefore, we still
attribute the decrease in APA amplitude after M1 stimulation as a true effect of

stimulation.
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Similarly, step lengths from the first of the 9 trials performed before pre-SMA
stimulation were also significantly smaller than the mean step lengths of all 9 trials
performed before stimulation. Thus, decreased step lengths after pre-SMA stimulation
may also represent an order effect due to taking a step for the first time. The effect,
however, was isolated to the sessions in which we stimulated the pre-SMA and, therefore,
an order effect does not likely contribute to the decreased step lengths observed after pre-
SMA stimulation. Instead, we attribute shortened step lengths after pre-SMA stimulation
as representing a consequence of the stimulation decreasing the durations of both step
phases, without altering foot-swing velocities (that is, decreased movement time with
unchanged velocity would lead to sma]ler displacements).

During the sessions for rTMS over both the pre-SMA and dPMC, swing-phase
durations of some individual trials performed before stimulation were significantly
different from the mean swing-phase durations of all 9 trials performed before
stimulation. We still attribute the decrease in swing durations after pre-SMA stimulation
as a true effect of stimulation because graphical analysis (Fig. 4B) shows a clear,
transient decrease in swing-phase duration during the first trial after rTMS compared to
the swing-phase durations exhibited during the surrounding trials, whereas the decrease
evident in the fifth trial before stimulation seemed to reflect a coincidental shift in swing-
phase duration that was subsequently maintained in the last 4 trials before stimulation.
For the dPMC session, we also attribute the decrease in swing durations after -TMS as a
true effect of stimulation because (1) despite a high level of variability in this session, the
lowest mean of the subjects’ swing-phase durations was still evident in the first trial after

stimulation (Fig. 4C), (2) the effect was not evident in all of the experimental sessions,
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and (3) the PD subjects’ clinical motor impairment significantly correlated with the effect
of dPMC stimulation on their swing-phase, suggesting a functionally relevant effect.
Safety

Although higher rTMS intensities may have resulted in larger and longer-lasting
changes in the subjects’ behavior (Fitzgerald et al. 2002; Lang et al. 2006), we chose a
low-intensity stimulation in order to maximize the safety of our protocol (Wassermann
1998); PD subjects have been reported to exhibit increased susceptibility to rTMS
(Buhmann et al. 2004), with potentially adverse long-term effects (Boylan et al. 2001).
Despite using a conservative protocol, one unexpected adverse event was reported: 2
months after completing all 3 sessions of the experiment, one PD subject reported
experiencing low-grade headaches 2-3 times per week, despite no previous history of
recurring headaches. The headaches were mild, requiring non-prescription medication
only once, and the headaches were becoming less frequent at the time of the report.
During the first 2 weeks after completing the protocol, the same PD subject also reported
twice experiencing phantom sensations that the coil was still pressed against his scalp.
These adverse reactions were officially reported to the Internal Review Board of Oregon
Health and Science University.
Conclusions

The results support a neural control model for voluntary step initiation in which
the APA and swing phase are both coordinated by the pre-SMA, followed by segregated
control of the swing phase by the dPMC and of the APA by a circuit that includes the
basal ganglia, SMA proper, and M1. The results also suggest that PD subjects exhibit

impaired APA durations due to dysfunction of the pre-SMA and diminished APA
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amplitudes due to dysfunction of the basal ganglia. In addition, the results suggest that, in
PD subjects, the dPMC compensates for decreased foot-swing velocity by prolonging

swing-phase duration in order to maintain a healthy step length.
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ABSTRACT

Postural responses to external perturbations of balance are affected by changes in central
set — a person’s initial neuro-motor state influenced by the environment and ex.pectation -
suggesting involvement of the cerebral cortex in preparing for upcoming perturbations.
Despite the known influence of central set, the contribution of the cerebral cortex on
postural responses is still unclear. We recorded electroencephalographic readiness
potentials from healthy subjects before perturbing their balance with backward
translations of a platform under their feet. The subjects responded with and without a
visual cue that warned them of the upcoming, expected perturbation (the Cue and No Cue
conditions, respectively). The subjects were instructed to respond without taking a step.
The results showed that the peak amplitudes of the subjects’ readiness potentials were
larger in the Cue condition than in the No Cue condition. Compared to the No Cue
condition, in the Cue condition, the subjects also stepped less often and kept their center
of pressure displacements farther from their limits of support. The cue-related difference
in the subjects’ readiness potentials correlated with the cue-related difference in the
number of trials with steps or with the cue-related difference in their center of pressure
displacements. This is the first reported neural correlate of central set prior to externally
triggered postural responses, demonstrating that changes in movement-related neural

activity optimize triggered postural responses.
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INTRODUCTION

Postural responses to an external perturbation of balance occur quickly: leg and
trunk muscles activate 80-120 ms after translating the support surface under a subject’s
feet (Chan et al. 1979; Nashner and Cordo 1981; Horak and Nashner 1986; Ackermann et
al. 1991). These short onset latencies imply that postural responses to external
perturbations are controlled automatically by spinal or brainstem mechanisms without
involving the cerebral cortex. Although postural responses to sudden perturbations occur
quickly, several high-level cognitive processes, such as expectation (Horak et al. 1989;
Ackermann et al. 1991; Maki and Whitelaw 1993), intention (Mcllroy and Maki 1993a;
Burleigh and Horak 1996), and anxiety (Carpenter et al. 2004b), influence how an
individual responds to a perturbation that threatens balance, suggesting that the cerebral
cortex may be involved in reactive postural control. In anticipation of a sudden postural
perturbation, these changes in central set optimize postural responses for an upcoming
situation (Horak and Macpherson 1996). Despite the known influence of central set, the
contribution of the cerebral cortex to postural responses is still unclear.

Research attempting to characterize the role of the cerebral cortex on triggered
postural responses has focused on electroencephalogram (EEG) potentials that occur after
a perturbation (known as perturbation-evoked potentials; Dietz et al. 1985; Ackermann et
al. 1986; Dimitrov et al. 1996; Quant et al. 2004), rather than recording EEG potentials
prior to a perturbation. These studies have demonstrated that perturbation-evoked
potentials become altered with changes in central set, such as with changes in the
predictability of a perturbation (Dietz et al. 1985; Quintern et al. 1985; Adkin et al.

2006),.or with a secondary motor task (Quant et al. 2004). These perturbation-evoked
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potentials occur after the perturbation, however, and are thought to represent cortical
processing of sensory input related to the balance disturbance (Dietz et al. 1985). Thus,
changes in perturbation-evoked potentials represent the consequence of changes in
central set, not the process of central set itself.

As an alternative to studying perturbation-evoked potentials, readiness potentials
(slow, negative drnifts in EEG amplitude that occur prior to movement), represent pre-
movement neural activity related to both anticipation and motor preparation (van Boxtel
and Brunia 1994) and, therefore, may provide a neural correlate of central set. Although
readiness potentials have been shown to precede voluntary postural movements, such as
voluntary stepping and voluntary postural sway (Yazawa et al. 1997; Slobounov et al.
2005), we are not aware of any reports demonstrating the existence of readiness
potentials prior to an externally-induced postural perturbation. Such pre-movement
cerebral activity, however, may represent the process by which initial mental and
environmental states affect postural responses to external perturbations (that is, readiness
potentials may represent a neurophysiologic correlate of central set). Therefore, unlike
previous studies that relate readiness potentials of the cerebral cortex to voluntary
movement, we hypothesized that the cerebral cortex would also exhibit readiness
potentials that prepare the body for expected external perturbations of balance to improve
externally triggered postural performance.

To test this hypothesis, we performed two experiments on separate subject
samples to determine whether changing the predictability of an external perturbation
would lead to changes in the subjects’ cerebral readiness potentials, and to determine

whether these changes in readiness potentials relate to optimizations of the postural
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response. To examine these predictions, we recorded the EEG signals of healthy subjects
prior to perturbing their balance with backward translations of the support surface under
the subjects’ feet. The subjects were tested in 3 conditions: (1) the Cue condition, in
which the subjects were provided with a visual warning cue and instructed to attempt not
to step in response to a challenging perturbation, (2) the No Cue condition, in which
subjects attempted not to step in response to the perturbation without a warning cue, and
(3) the Step-to-Cue condition, a control condition in which the subjects were provided
with a cue and instructed to take a step in response to the perturbation. We predicted that
cortical readiness potentials would precede the subjects’ responses in every condition
because subjects would always prepare for the upcoming anticipated perturbations. We
expected, however, that the subjects’ average EEG waveforms would exhibit smaller
potentials in the No Cue condition because, without the benefit of a warning cue, the
subjects would not be able to temporally couple their neuro-motor preparation for a
postural response with the onset of the perturbation. That is, over repeated trials in the No
Cue condition, cortical readiness potentials would peak at variable times, therefore
leading to a smaller average readiness potential than in the conditions with cues. We also
postulated that the provision of a warning cue would allow subjects to maintain standing
balance with greater stability and without needing to take a step because the cue would
prepare the subjects to more effectively couple their response with the onset of the
perturbation (Ackermann et al. 1991). In addition, we predicted that improvement in the
subjects’ performance due to cueing would correlate with cue-related changes in
readiness potentials, thereby supporting the hypothesis that activity of the cerebral cortex

mediates the optimization of externally triggered postural responses.
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Because we hypothesized that readiness potentials represent the optimization of a
response strategy, rather than representing the seléclion of a response strategy, we also
predicted that readiness potentials would not change with a change in the subjects’
intentions to step or not to step in response to the perturbation. To ensure changes in
readiness potentials relaté to the optimizations of the postural response, not to adaptations
in initial stance posture (such as anticipatory leaning), we tested a second set of subjects
in whom initial posture remained consistent across the experimental conditions. We
hypothesized that neuro-motor preparation at the cerebral cortex contributes to the
modification of postural responses that occur in reaction to external postural
perturbations, not just to anticipatory modifications in initial stance posture that occur
prior to the perturbations.

METHODS

This study includes two experiments. In Experiment One, we tested 5 subjects
who maintained an initial stance position of their choice and performed 20 trials in each
condition, and we examined the cue-related changes in their readiness potentials at only
one EEG electrode. In Experiment Two, we tested 12 subjects who maintained a
consistent initial stance posture and performed 40 trials in each condition, and we
examined their readiness potentials at multiple electrode sites.

Experiment One
Subjects

According to the Helsinki agreement, five healthy males without neurological or

neuromuscular impairment gave infomlled consent to participate in the protocol that was

approved by the Institutional Review Board of Oregon Health and Science University,
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Portland, OR, USA. Subjects were 26, 31, 36, 36, and 51 years of age. They were 161,
175, 178, 165, and 174 c¢m tall, and weighed 64, 93, 61, 65, and 68 kg, respectively.
Protocol

Subjects stood with each foot on a moving force plate, with their eyes fixed on a
2x2-cm warning light positioned 1.1 m high and 2.5 m in front of them. Electrodes were
attached for EEG and electrooculogram (EOG) recordings. Subjects stood with their feet
in a comfortable stance width and with their hands at their sides. No instructions were
given to ensure similar initial foot placement or body position across trials or conditions.
The perturbations were 18-cm backward translations of the force plates under the
subjects’ feet, with durations of 548 ms, peak ramp velocities of 35 cm/s, and average
initial accelerations of 9 m/s?. Perturbations of this speed and magnitude naturally elicit a
stepping response when subjects respond to the perturbation without any instruction
(Mille et al. 2003), and we chose this perturbation based on personal observations that
subjects step to this perturbation but could, at times, maintain balance without stepping
when challenged to do so.

Without any practice trials, the subjects responded to the perturbations in three
blocked conditions that were randomized across subjects: the No Cue condition, the Cue
condition, and the control, Step-to-Cue condition. In the No Cue condition, subjects stood
on the movable force plates and attempted to keep their balance without taking a step
when the force plates were moved backward, without warning, at a variable inter-trial
time of 13-20 seconds. In the Cue condition, subjects stood on the force plates and
attempted to Keep their balance without taking a step in response to the perturbation but

were given a warning light that indicated that the platform was going to move backward
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2 seconds later. The Step-to-Cue condition was identical to the Cue condition except that
the subjects were instructed to take a step when the force plates moved. The Step-to-Cue
condition served two purposes: (1) to ensure that the readiness potentials of the Cue and
No Cue conditions were not simply a consequence of instructing the subjects to respond
with an unusually difficult feet-in-place strategy, and (2) to determine whether readiness
potentials relate to the subjects’ intended response selection (step or stand) or to the
availability of a cue.

Subjects were presented with as many perturbations as necessary to record 20
trials per condition without any eye-movement artifacts in the EEG record. To identify
eye movement artifacts, EOGs were monitored by a pair of electrodes placed above and
below the left orbital.

EEG Data Collection and Analysis

Previous studies examining readiness potentials associated with voluntary
postural tasks have demonstrated that maximal readiness potentials occur over the Cz
electrode (Yazawa et al. 1997; Slobounov et al. 2005), so we constrained our EEG
analysis to the signals recorded at that electrode. We calculated the peak amplitude of the
subjects’ readiness potentials at the Cz electrode as the maximum displacement of the
EEG signal over 3 seconds immediately preceding the perturbation. To determine cue-
related differences in the subjects’ readiness potentials, we defined cortical modulation as
the peak amplitude of a subject’s average readiness potential in the No Cue condition,
minus the peak amplitude of the subject’s average readiness potential in the Cue

condition.
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To record the subjects’ readiness potentials, scalp EEGs were recorded from an 8-
mm diameter, silver/silver-chloride electrode at Cz, as defined by the international 10/20
system of electrode placement (Jasper 1958). The electrode was referred to linked
earlobes. Electrode impedance was kept below 5 kQ. The EEG signals were amplified by
50000 with a BA-1008 amplifier (TEAC Instruments, Japan), and band-pass filtered from
0.05 to 100 Hz. The EOG signals were amplified by 25000 and band-pass filtered from
0.05 to 30 Hz. All signals were sampled at one kHz with 12-bit resolution from 3 seconds
before the perturbation to 500 ms after the perturbation. Trials with artifacts due to eye
movements were discarded, and the EEG signals from every artifact-free trial were
averaged by condition for each subject using EPLYZER 1I software (Kissei Comtec,
Japan). Offline, the subjects’ average waveforms for each condition were converted for
analysis with Matlab software (MathWorks, USA). The subjects’ average EEG signals
from each condition were zeroed to their average baseline activity during the first 500 ms
of recording. For EEG waveforms recorded in the No Cue condition, subtracting the
voltage signal from this time interval may not actually represent a subtraction of baseline
activity because, in any given trial, subjects may anticipate the perturbation at different
moments within the inter-trial period. Thus, our measure assumes that motor preparation
and anticipation occurring immediately before the perturbation contributes more to the
subjects’ postural responses than any preparation or anticipation occurring more than 3
seconds before the perturbation.
Analysis of Postural Responses

To quantify how subjects modified their postural response when provided with a

cue, we calculated the number of trials in which a subject took a step to maintain balance
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in the No Cue condition, minus the number of trials in which a subject took a step to
maintain balance in the Cue condition. More trials with steps in the No Cue condition
than in the Cue condition would signify that, when a cue is provided before the
perturbations, the subjects successfully optimize their postural responses to maintain
balance without taking a step. This measure assumes, however, that the subjects were
motivated to maintain balance without stepping according to our instructions and,
therefore, only stepped when they felt it was necessary to maintain standing balance. To
provide insight into whether steps taken in the Cue and No Cue conditions didn’t
represent planned steps and were taken because the subjects felt they required the steps,
we recorded the time of step onset. Step onset times were defined as the moment when
the vertical weight on one of the force plates reached a value of zero, signifying that a
foot came off the plate. If the subjects initiate steps later and at more variable times in the
Cue and No Cue conditions than in the Step-to-Cue condition, then the results would
suggest that, in the Cue and No Cue conditions, the subjects were attempting to maintain
balance without stepping for as long as they could and stepped only when they felt they
needed to for maintaining balance (rather than representing a planned step that was
initiated well before the perturbation could appreciably displace a subject’s body). Unlike
in Experiment Two (see below), we could not utilize the CoP data to provide more
detailed associations among the subjects’ cortical readiness potentials and their postural
responses because we did not monitor or control for the subjects’ initial stance positions.
Statistical Analyses

For all analyses, decisions to use parametric versus non-parametric statistical tests

were based on whether the data satisfied the assumption of normality, as determined by
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Shapiro-Wilks tests of normality. In order to determine the effect of cueing on readiness
potentials at Cz, a Friedman’s ANOVA (followed by pairwise Wilcoxon t-tests)
compared peak EEG amplitudes between the experimental conditions. To determine the
effect of cueing on the subjects’ postural responses, a two-tailed paired t-test compared
the number of trials with steps in the Cue condition with the number of trials with steps in
the No Cue condition. A two-tailed Spearman’s correlation coefficient determined
whether cue-related modulation of the Cz readiness potential was associated with a
subject’s ability to modify postural responses between the Cue and No Cue conditions.
Experiment Two
All conditions and protocols were identical to Experiment One, unless detailed below.
Subjects

According to the Helsinki agreement, 12 healthy subjects (4 males and 8 females)
without neurological or neuromuscular impairment gave informed consent to participate
in the protocol that was approved by Kanazawa University, Kanazawa, Japan. On
average (range), the subjects were 27 (21-32) years of age, 163 (154-174) cm tall, and
weighed 55 (45-62) kg.
Protocol

As in Experiment One, the subjects stood on a moving force plate with their eyes
fixed on a warning light, and with electrodes attached for EEG and EOG recordings.
Unlike in Experiment One, the subjects stood with their arms crossed in front of their
torso, and they stood with a consistent stance width of 16.5 cm between the heel centers.
The positions of the subjects’ feet were outlined by tape and checked between each trial

to ensure consistent foot placement across trials and conditions. Before responding to
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perturbations, the subjects performed 5 10-s trials of quiet stance in order to record the
average position of their CoP. For the ensuing perturbation conditions, the subjects were
told to maintain this initial position, and we monitored their CoP position by oscilloscope
to ensure they complied with this instruction (we discarded any trials in which the
subjects exceeded a threshold of + 1 cm from their average CoP position recorded during
quiet stance).

As in Experiment One, without practice, the subjects then responded to backward
translations of the support surface within 3 randomized blocks of experimental
conditions: the Cue, No Cue, and Step-to-Cue conditions. To improve the signal-to-noise
ratio of the EEG readiness potentials, the subjects were presented with twice as many
trials as in Experiment One, responding to as many perturbations as necessary to record
40 trials per condition without any eye-movement artifacts in the EEG record or without
any pre-perturbation CoP displacements greater than 1 cm beyond the subjects’ average
quiet stance position. To prevent fatigue, the subjects were allowed to rest at their
request, and they rested, at minimum, after every 20 trials.

EEG Data Collection and Analysis

Unlike in Experiment One, the EEG signals were analyzed from multiple
electrode sites, including F3, F4, Fz, Cz, and Pz, as defined by the international 10/20
system of electrode placement (Jasper 1958). The EEG and EOG signals were processed
similarly to Experiment One, except that the EEG signals were amplified by 20000 and
band-pass filtered from 0.05 to 60 Hz, and the EOG signals were amplified by 4000. All
signals were recorded from 3 seconds before the perturbation to 3 seconds after the

perturbation. In addition to discarding trials with eye movement artifacts, we also
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discarded trials with unacceptable initial CoP positions before averaging each subject’s
EEG waveforms by condition. In order to evaluate the relative timing and spatial
distribution of the subjects’ readiness potentials in each condition, we averaged the
subjects’ EEG waveforms into 500-ms intervals for each condition and electrode site.
Once determining the electrode site exhibiting the largest amplitude of readiness
potentials in the group average, for that electrode site, we also determined the peak
amplitudes of the subjects’ readiness potentials in each condition.
Postural Responses and the Center of Pressure

As in Experiment One, as an operational measure of response modification, we
calculated the number of trials in which a subject took a step to maintain balance in the
No Cue condition, minus the number of trials in which a subject took a step to maintain
balance in the Cue condition. To ensure steps taken in the Cue and No Cue conditions
didn’t represent planned steps and were taken because the subjects felt they required the
steps, we recorded the latency of the subjects’ step onsets. Step onset latencies were
defined to be the time after perturbation onset when a subject’s foot accelerated forward.
Foot accelerations were recorded from linear accelerometers placed on the subjects’ first
toes, and they were evaluated after having subtracted the platform’s acceleration from the
foot accelerations. Data from the linear accelerometers were sampled at one kHz at 12-bit
resolution.

In order to provide another measure of response modification, we also recorded
the subject’s CoP displacements. A subject’s CoP position was calculated as previously
reported by Fujiwara and colleagues (2003). The data from the force plate were sampled

at one kHz with 12-bit resolution. The CoP data were then low-pass filtered offline at 10
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Hz. For the Cue and No Cue conditions, we calculated a stability margin as the distance
of a subject’s peak forward CoP displacement relative to the front edge of that subject’s
base of support (defined as the position of the front edge of the foot). The distance of the
CoP from the edge of the base of support has been previously reported to represent a
measure of stability, in which a decreasing distance of the CoP to the limits of the base of
support represents decreasing stability (Hayes 1982). As another measure of response
modification, then, we calculated the stability margin in the No Cue condition, minus that
of the Cue condition. As another measure to ensure steps in the Cue and No Cue
conditions were taken because they were required to maintain balance, we calculated
each subject’s average stability margin at the moment of step onset in the trials with
steps. We predicted that, compared to the Step-to-Cue condition, stability margins would
be smaller in the Cue and No Cue conditions at the moment of step onset, signifying that
the subjects only stepped in the Cue and No Cue conditions when the steps were required
to maintain balance.
Statistical Analyses

Within each condition and electrode position, a readiness potential was defined as
a significant decrease from the average baseline EEG amplitude of zero uV among the
subsequent 500-ms intervals recorded prior to the perturbation. To determine significant
potentials, we performed a 3-factor repeated-measures ANOVA testing for differences
across the 3 conditions, 5 electrode sites, and 6 interval times. Post-hoc comparisons were
then analyzed from 2-factor ANOVASs for each electrode site in order to test for
interaction effects among conditions and interval times. The ANOVA statistics were

adjusted by Greenhouse-Geisser corrections to remedy any violations of the assumption
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of sphericity. For the electrode site found to exhibit the largest group mean potentials, we
analyzed the peak amplitudes of the subjects’ readiness potentials over the entire 3-
second pre-perturbation recording period, using a single-factor ANOVA to test for
differences among the three conditions.

To determine the effect of cueing on the subjects’ postural responses, two-tailed t-
tests compared the subjects’ stability margins and the number of trials with steps between
the Cue and No Cue conditions.

Two-tailed correlation coefficients determined whether cue-related modulation of
the Cz readiness potential (found to be the site with the largest potential) was associated
with a subject’s ability to modify postural responses between the Cue and No Cue
conditions. As an added measure of postural response modification, we calculated the
cue-related difference in the subjects’ stability margins.

RESULTS
Experiment One
Changes in Readiness Potentials with Cues

The peak amplitude of the subjects’ readiness potentials differed significantly at
Cz between the conditions [Friedman’s F = 6.0; P = 0.050]. The peak amplitudes of the
readiness potentials were, on average, 35% larger in the Cue condition than in the No
Cue condition [Wilcoxon T = 2.02; P = 0.04], whereas readiness potentials were of
similar peak amplitude when subjects intended not to step in the Cue condition and when
they intended to step in the Step-to-Cue condition [Wilcoxon T = 0.67; P = 0.50] (Fig. 1A
and B).

Trials with Steps
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Subjects stepped less often in the Cue condition than in the No Cue condition [T =
3.35; P = 0.03], regardless of the order in which the conditions were presented (Fig. 1C).
The subjects who took the most steps in the No Cue condition also improved the most
with a cue by reducing the number of trials with steps in the Cue condition. That is, the
difference in the number of trials with steps between the Cue and No Cue conditions
correlated with the number of trials with steps in the No Cue condition [Pearson r =
0.978; P = 0.004]. When stepping with the intention not to step, every subject lifted a
foot off the force plates later and at more variable times in the Cue and No Cue
conditions than when intending to step in the Step-to-Cue condition: step onset latencies
were, on average (x SD), 423 + 67 ms after perturbation onset in the Step-to-Cue
condition, 1324 + 666 ms in the Cue condition, and 1202 + 516 ms in the No Cue
condition.
Cortical Modulation and Response Modification

The difference in the subjects’ peak readiness potential amplitudes between the
Cue and No Cue conditions correlated with the difference in the number of trials with

steps between the Cue and No Cue conditions [Spearman rho = 0.87; P = 0.05] (Fig. 1D).
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Fig. 1. Results of Experiment One. (4) Traces represent the group’s average EEG
displacement from 20 trials at Cz prior to perturbations in the Cue (thick gray line), No
Cue (thin gray line), and Step-to-Cue (thick black line) conditions. The vertical dashed
line represents the onset of the cue for the Cue and Step-to-Cue conditions. The
horizontal dashed line represents the zeroed baseline activity. The circles highlight that
the peak potentials were similar in amplitude and timing in the Cue and Step-to-Cue
conditions, whereas in the No Cue condition, the peak potential was smaller and was not
constrained to the 2-second period before the perturbation. (B) The chart illustrates the
peak amplitude of the readiness potential at Cz in each condition. Lines represent peak
amplitudes of individual subjects, and the circles represent the group mean (SD) peak
amplitudes in the Step-to-Cue (filled squares), Cue (filled circles), and No Cue (open
circles) conditions. (C) For the Cue and No Cue conditions, the chart shows the percent
of trials in which subjects took a step to maintain balance in response to the perturbations.
Lines represent the counts of individual subjects, and the circles represent the group mean
(SD) percent of trials with steps in the Cue (filled circles) and No Cue (open circles)
conditions. (D) The scatter plot compares the cue-related difference in the number of
trials with steps (postural response modification) with the cue-related difference in the
peak amplitude of the average readiness potential at Cz (cortical modulation). The circles
represent subject averages, and the diagonal line represents the best-fit line.
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Experiment Two
Changes in Readiness Potentials with Cues

Significant negative displacements in the average EEG signals were evident prior
to perturbations in the Cue and Step-to-Cue conditions at the Cz and Pz electrodes, and
maximal displacements were evident at Cz (consistent with previous studies on voluntary
postural tasks; Yazawa et al. 1997; Slobounov et al. 2005). A 3-factor ANOVA testing
for differences across electrode sites, conditions, and time interval‘s demonstrated a
significant 3-way interaction effect [FF = 6.48, P < 0.0005]. Post-hoc tests for differences
across conditions and time intervals for each individual electrode site demonstrated: (1)
significant negative displacements from baseline in the EEG waveforms of the Cue and
Step-to-Cue conditions, compared to the No Cue condiAtion, (2) that these significant
negative displacements occurred during the 1000 ms immediately preceding perturbation
onset (intervals 5 and 6), and (3) that these displacements occurred at Cz {F values range
from 9.81 to 15.50, P < 0.01] and at Pz [F values range from 5.86 to 21.36, P < 0.05].
Significant potentials were not evident at the frontal electrodes [F values range from 0.01
to 3.28, P> 0.1], except at Fz, which exhibited a significantly more negative
displacement in the EEG waveform in the Step-to-Cue condition than in the No Cue
condition during the interval from 1000 ms to 500 ms before perturbation onset [F' =
5.72, P < 0.05]. Consistent with Experiment One, readiness potentials in the Cue
condition were similar to those of the Step-to-Cue condition at both Cz and Pz [F values
range from 0.06 to 2.76, P> 0.12]. The subjects’ average EEG wave{orms did not exhibit
significant readiness potentials in the No Cue condition. Qualitatively, the readiness

potentials of Experiment Two (representing the average of 40 trials) exhibited a more
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continuous negative drift than those observed in Experiment One (representing the
average of 20 trials). Fig. 2A and Fig. 2B illustrate an individual’s and the group’s
average readiness potentials, respectively, at the Cz electrode.

Consistent with Experiment One, the peak amplitudes of the subjects’ readiness
potentials were, on average, about 300% larger in the Cue condition than in the No Cue
condition. At Cz, a significant main effect of condition was evident [F' = 16.34, P <
0.001], and post-hoc comparisons determined that the peak potentials in the No Cue
condition were significantly less than those in the Cue [F = 14.55, P < 0.005] and Step-
to-Cue conditions [F = 21.53, P < 0.001], whereas peak potential amplitudes were similar
between the Cue and Step-to-Cue conditions [F = 1.09, P = 0.32] (Fig. 2C).

Changes with Cues in the Number of Trials with Steps and in Stability Margins

Trials with steps were rare in Experiment Two compared to in Experiment One,
suggesting that the perturbation was not as challenging to the subjects in Experiment
Two: in the No Cue condition, the subjects in Experiment One stepped in 10%-50% of
the trials, whereas 8 of the 12 subjects in Experiment Two stepped in less than 10% of the
trials (Figure 2D). Nevertheless, 8 of the 12 subjects in Experiment Two stepped less
often in the Cue condition than in the No Cue condition, leading to a trend for fewer trials
with steps in the Cue condition [Wilcoxon 7 = 1.90; P < 0.06] (Fig. 2D). Only one
subject stepped more often in the Cue condition than in the No Cue condition, and 3
subjects did not exhibit any steps in either condition. Similar to Experiment One, the
subjects who took the most steps in the No Cue condition also improved the most with a
cue by reducing the number of trials with steps in the Cue condition. That is, the

difference between the Cue and No Cue conditions in the number of trials with steps
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correlated with the number of trials with steps in the No Cue condition [Spearman’s rtho =
0.84; P <0.001].

As found in Experiment One, the subjects initiated their steps later and at more
variable times in the Cue and No Cue conditions than in the Step-to-Cue condition: step
onset latencies were, on average (+ SD), 474 + 91 ms after perturbation onset in the Step-
to-Cue condition, 1237 + 540 ms in the Cue condition, and 1050 + 451 ms in the No Cue
condition. In addition, when stepping, the subjects’ stability margins were smaller at step
onset in the Cue and No Cue conditions than in the Step-to-Cue condition: for the 5
subjects who stepped in the Cue condition, their stability margins were 2.6 + 0.9 cm in
the Cue condition and 4.2 + 1.7 cm in the Step-to-Cue condition [T = 3.23; P < 0.05], and
for the 9 subjects who stepped in the No Cue condition, their stability margins were 2.5 +
0.8 cm in the No Cue condition and 4.5 £+ 1.6 cm in the Step-to-Cue condition [T = 3.44;
P <0.01].

Although we counterbalanced the order of the conditions across the subjects, we
performed two analyses to ensure that the order of the conditions did not contribute to the
difference in the number of trials with steps between the Cue and No Cue conditions.
First, we determined that the relative order of the Cue and No Cue conditions did not
significantly contribute to the result that more steps were observed in the No Cue
condition: after splitting the 12 subjects into two groups of 6 subjects based on the order
that they performed the Cue and No Cue conditions, a two-sided t-test determined that
the cue-related difference in the subjects’ number of trials with steps was not
significantly different between the subjects who performed the Cue condition before the

No Cue condition and those who performed the Cue condition after the No Cue condition
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[T=0.45, P = 0.67]. In a second analysis on condition order, we determined that
inserting the Step-to-Cue condition did not bias the subjects toward taking more steps in
the condition performed immediately after the Step-to-Cue condition: after splitting the
number of trials with steps according to whether the steps occurred in a condition
immediately preceding or following the Step-to-Cue condition, a two-tailed t-test
determined that there was no significant difference in the number of trials with steps
between the condition that preceded the Step-to-Cue condition and the condition that
followed the Step-to-Cue condition [T = 0.59, P =0.57]. A graphical analysis of the
group’s total number of steps exhibited in each trial (data not shown) suggested that there
were more steps in the first five trials of a condition than in the subsequent 5-trial blocks,
and that this trial-related effect was more evident in the No Cue condition than in the Cue
condition. Nevertheless, the number of steps remained consistently greater in the No Cue
condition than in the Cue condition throughout all 40 trials, and trial-related changes in
the number of steps taken by the group were not evident after the first 5 trials.

During the 500 ms immediately preceding the perturbations, the subjects’ initial
CoP positions were similar between the Cue and No Cue conditions: the subjects’ initial
CoP positions (relative to the position of their heels) were, on average (+ SD), held at
10.7 £ 1.3 cm in the Cue condition and at 10.6 = 1.3 cm in the No Cue condition [T =
1.66, P = 0.13]. The subjects’ stability margins were significantly smaller in the No Cue
condition than in the Cue condition [T'=3.81, P < 0.005] (Fig. 2E), and this effect
remained after excluding trials with steps from the analysis [T = 3.79, P <0.005].
Graphical analysis (data not shown) suggested that stability margins were similar across

all 40 trials within a condition.
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Cortical Modulation and Response Modification

The difference in the subjects’ peak readiness potential amplitudes between the
Cue and No Cue conditions correlated with the difference in the stability margins
between the Cue and No Cue conditions [Pearson r = 0.59; P < 0.05] (Fig. 2F). Unlike in
Experiment One, however, the difference in the subjects’ peak readiness potential
amplitudes between the Cue and No Cue conditions did not significantly correlate with
the difference in the number of trials with steps between the Cue and No Cue conditions
[Spearman rho = 0.45; P = 0.15].
Experimental Observations

One subject stepped more often in the Cue condition than in the No Cue
condition, and this subject was also the only subject to exhibit a larger readiness potential
in the No Cue condition than in the Cue condition. Taking notice of these results during
the experiment, we asked the subject whether she was paying attention to the cue, and the
subject reported that she did not pay attention to the cue. Although we report the subject’s
original data, directly after completing the experiment, the subject performed the Cue
condition a second time with explicit instructions to pay close attention to the cue.
Compared to the first performance in the Cue condition, the subject’s readiness potential
became more negative in the second performance, and the number of trials with steps
also decreased in the second performance.

As another experimental observation, it may be worthy to note that many of the
Asian subjects tested in Experiment Two reported and performed a very different

preferred response strategy than what was reported and performed by the American and
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Fig. 2. Results of Experiment Two. Symbols and lines are coded as in Figure 1. (A)
Traces represent a subject’s average EEG displacement from 40 trials at Cz prior to
perturbations in each condition. (B) Lines represent the group mean (SD) displacements
of the subjects’ average EEG potentials at Cz, taken over successive 500-ms intervals
prior to the perturbation in each condition. An asterisk represents a significant deviation
from baseline for that sampling period, and they are shaded according to condition. For
the purpose of illustration, the lines are displaced horizontally from each other. (C) The
chart illustrates the peak amplitude of the readiness potential at Cz in each condition. (D)
For the Cue and No Cue conditions, the chart shows the percent of trials in which
subjects took a step to maintain balance in response to the perturbations. (E) For the Cue
and No Cue conditions, the chart shows the subjects’ average stability margins in
response to the perturbations. Lines represent the averages of individual subjects, and the
circles represent the group mean (SD) stability margins in the Cue (filled circles) and No
Cue (open circles) conditions. Stability margins were calculated as the peak forward
displacement of a subject’s CoP, relative to the front limit of their base of support. (F)
The scatter plot compares the cue-related difference in the stability margins (postural
response modification) with the cue-related difference in the average amplitude of the
peak readiness potential at Cz (cortical modulation).
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European subjects tested in Experiment One. Specifically, the subjects in Experiment
Two exhibited a very deep flexion at the hip when responding to the perturbations and,
when the initial feet-in-place response failed to keep them in standing balance, the
subjects preferred to place their hands on the ground (rather than to step) in order to
change their base of support and reacquire balance. For this reason, in Experiment Two,
the subjects stood with their arms crossed and were asked to step if they could not
maintain their balance with their original foot placement. In contrast, the subjects in
Experiment One remained relatively upright when responding to the perturbation, and
they preferred to step when the initial feet-in-place response failed to keep them in
standing balance.
DISCUSSION

Cortical readiness potentials were evident prior to the perturbations, suggesting
that the anticipation of and preparation for postural responses significantly involves the
cerebral cortex. In addition, at Cz, the cue influenced the cortical preparation of postural
responses, because readiness potentials were larger in the Cue condition than in the No
Cue condition. Readiness potentials were of similar magnitude in the Cue and Step-to-
Cue conditions, despite changing their intentions to step in response to the perturbations.
Thus, readiness potentials over Cz appear to represent changes in central set to optimize
upcoming performance based on preparation from a cue, rather than representing the
subject’s voluntary intention to select a particular response strategy.

The presence of a cue not only affected cortical activity, but was also related to
how successful the subjects were to withstand the perturbation: compared to the No Cue

condition, the subjects stepped less often and exhibited larger stability margins in the Cue
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'condition. These cue-related effects were evident regardless of the order in which the
conditions were presented, suggesting that the cue itself — not the order in which the
conditions occurred — mediated the subjects’ ability to maintain balance. The subject
group did exhibit a trial-by-trial decrease in the number of steps taken (particularly in the
first 5 trials and in the No Cue condition), without a trial-by-trial change in stability
margins, suggesting that the subjects changed their perceived need to step during the
initial trials of a condition, but the group exhibited smaller stability margins and more
trials with steps in the No Cue condition than in the Cue condition, regardless of trial
number. Therefore, no effects of condition order were evident in the number of trials with
steps, despite trial-by-trial learning being primarily evident in the No Cue condition,
because the trial-by-trial learning peaked early within the 40-trial condition and was
related only to stepping, not to stability margin.

In addition, subjects with the biggest difference in the number of trials with steps
between the Cue and No Cue conditions were also the subjects with the largest number of
trials with steps in the No Cue condition. Thus, in the No Cue condition, subjects who
were least capable of withstanding the perturbation without a step improved the most in
the Cue condition. Steps in the Cue and No Cue conditions likely represented the
subjects’ inability to withstand the perturbation, rather than representing a choice to step
before becoming unstable, because steps in the Cue and No Cue condition occurred later
(well after the perturbation ended) and only after the subjects reached significantly
smaller stability margins compared to the steps taken in the Step-to-Cue condition (which
were initiated at larger margins of stability when the platform was still moving). Taken

together, the results suggest that the subjects used the temporal signal provided by the cue
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to optimize their postural response, if needed, in such a way as to maximize stability
margins and decrease the need to step for balance recovery.

Furthermore, the optimized performance exhibited by the subjects in the Cue
condition cannot be explained by anticipatory changes in their initial posture, because the
cue-related improvements in the subjects’ postural responses were evident in both
experiments, despite constraining the subjects’ initial stance positions in Experiment
Two. Thus, improvements in the subjects’ performance likely represent modifications to
the postural response itself.

These cue-related optimizations in the postural responses were related to the cue-
related changes in cerebral activity: in Experiment One, the difference in the peak
readiness potential between the Cue and No Cue conditions correlated with the difference
in the number of trials with steps between these conditions and, in Experiment Two, the
cue-related difference in the peak readiness potential correlated with the cue-related
difference in the stability margins. That is, between the Cue and No Cue conditions, the
subjects’ cortical modulations at Cz significantly correlated with the subjects’
modifications of their postural responses. Because readiness potentials occur before the
postural perturbation and represent motor preparation (van Boxtel and Brunia 1994),
these correlations suggest that the cerebral cortex mediates the optimization of postural
responses.

Despite similarities among the results of Experiment One and Experiment Two,
some notable differences were evident. First, in the No Cue condition, the average EEG
waveforms demonstrated no evidence of a readiness potential in Experiment Two,

whereas in Experiment One, the waveforms still exhibited negative deviations in the
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signal (albeit of smaller amplitude and more variable timing than the readiness potentials
observed when the subjects were provided with a cue). In addition, for the conditions
with cues, the readiness potentials were of greater amplitude and exhibited a more
consistent negative drift in Experiment Two than in Experiment One. We speculate that
these differences were due to doubling the number of trials performed in Experiment
Two. That is, we suspect that the subjects always attempted to anticipate the onset of the
perturbation, but without the benefit of the warning cue in the No Cue condition, the
subjects were unable to temporally couple their response preparation with the
perturbation. Thus, over separate trials, the subjects’ cerebral potentials would occur at
different times prior to the perturbation and, over repeated trials, these potentials would
progressively offset each other in the average EEG waveform. This speculation is
consistent with previous studies demonstrating that decreased potential amplitudes
correspond to an increased difficulty in predicting response timing when testing subjects
under different preparatory periods (McAdam et al. 1969; Maeda and Fujiwara 2006). In
contrast, during the conditions with cues, the subjects could consistently couple their
response preparation with the perturbation and, consequently, their average EEG
potentials progressively increased with repeated trials.

In addition to differences in the shape of the subjects’ readiness potentials, the
results of the two experiments differed in whether the cue-related difference in the
number of trials with steps significantly correlated with the cue-related difference in the
readiness potential. We suspect that the relationship between step trials and cortical
potentials was lost in Experiment Two because trials with steps were relatively rare in

Experiment Two.
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The subjects in Experiments One and Two also differed in their preferred
response to this perturbation, and this observation may underscore a potentially important
cultural difference in strategies used to maintain balance in response to an external
postural perturbation. The subjects in Experiment Two were Asian, while the subjects in
Experiment One were primarily American or European, and studies have demonstrated
significant differences in the propensity to fall between these cultures (Fujiwara et al.
1993; Aoyagi et al. 1998; Davis et al. 1999). In this study, we observed that the Asian
subjects responded to the perturbations with deep hip flexions, and they preferred to place
‘their hands on the floor if their initial feet-in-place responses were not sufficient to
maintain standing balance. In contrast, the American and European subjects remained
upright in response to the perturbations, and they preferred to step if their initial feet-in-
place responses failed to keep them in standing balance. In addition, the subjects in
Experiment Two were able to withstand the perturbations without stepping in a higher
percentage of trials than the subjects in Experiment One, suggesting that the perturbation
was easier for the subjects in Experiment Two. Cross-cultural studies examining response
strategies to external perturbations of balance, therefore, may provide insight into optimal
control strategies for the prevention of falls.

Despite different ethnicities, characteristics, and postural behaviors, however, the
two subject groups both demonstrated cue-related changes in corticél activity that were
correlated to cue-related changes in postural responses. Thus, the concept of utilizing
anticipatory cortical activity to modify postural responses through changes in central set
represents a robust neuro-motor behavior and does not appear to be dependent on an

individual’s ethnicity or preferred response strategy.
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The cerebral cortex may influence postural responses only when actively
attending to postural preparation. We observed one subject who performed more trials
with steps in the Cue condition than in the No Cue condition, and this subject’s peak
readiness potential was also larger in the No Cue condition than in the Cue condition.
With explicit instructions to pay attention to the cue, however, the subject stepped less
often and increased her readiness potential compared to the first performance of the Cue
condition. This observation highlights the notion that attention contributes to the
production of cued cerebral readiness potentials (Tecce 1972) and to the performance of
postural responses (Norrie et al. 2002).

The role of attention on postural modification emphasizes a major methodological
consideration when extrapolating our results to postural behavior outside a laboratory
setting. Our studies only tested subjects in conditions in which the subjects expected a
perturbation. Because readiness potentials prior to cued responses are dependent on
attention to the cue (Tecce 1972), the results suggest that the activation of cortical circuits
to optimize postural responses can only occur in situations where a loss of balance is
anticipated. In addition, our study only examined responses (o a single type of
perturbation, requiring further study to determine whether activity at the cerebral cortex
can optimize postural responses when perturbation characteristics are unpredictable.
Therefore, the cerebral cortex may play a more limited role in shaping reactive postural
responses to unexpected or unpredictable perturbations.

In summary, our study demonstrated that the cerebral cortex influences postural
responses to external perturbations of balance through changes in anticipatory central set,

suggesting that movements once considered automatic might be susceptible to voluntary
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control. Because the cerebral cortex may similarly influence both the modification of
voluntary movements and the modification of postural responses, techniques that are used
to train voluntary movements (e.g., repetitive training and visualization techniques) may
also be useful to train postural responses. Thus, individuals with impaired balance may
benefit from cognitive training of their postural responses to optimize balance control

(Rogers et al. 2003b; Jobges et al. 2004; Woollacott et al. 2005; Maffiuletti et al. 2005).
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ABSTRACT

Previous research on human balance recovery suggests that, prior to an externally
triggered postural perturbation, healthy subjects can pre-select their postural response
based on the environmental context, but it is unclear whether this pre-selection includes
the selection of a stepping leg when performing compensatory steps. We sought to
determine how pre-selecting a stepping limb affects the compensatory steps and stability
of young, healthy subjects when responding to postural perturbations. Nine healthy
subjects (24-37 years of age) stepped in response to backward translations of a platform
under their feet when, prior to the perturbations, the subjects either knew whether they
were to step with their left or right leg to a visual target (the Predictable condition) or did
not know whether to step with their left or right leg until one of two targets appeared at
perturbation onset (the Unpredictable condition). The Unpredictable condition also
included randomly inserted trials of toes-up rotations and catch trials, consisting of
backward translations without targets. The results showed that, in the Predictable
condition, the subjects consistently exhibited one anticipatory postural adjustment (APA;
a lateral weight shift) before stepping accurately to the target with the correct leg. In the
Unpredictable condition, the subjects either exhibited (1) multiple APAs, late step onsets,
and forward center-of-mass (CoM) displacements that were farther beyond their base of
support, or (2) an early step with only one APA and kept their CoM closer to the base of
support, but also stepped more often with the incorrect leg. Thus, when the subjects had
to select a stepping leg at perturbation onset, they either became more unstable and used
multiple APAs to provide enough time to select the correct stepping leg, or they stepped

earlier to remain stable but often stepped with the incorrect leg. In addition, responses to
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catch trials in the Unpredictable condition included distorted step placements that
resembled steps to anticipated targets, despite allowing the subjects to step with a leg of
their choice and to a location of their choice. Lastly, the subjects’ voluntary stepping
latencies to visual targets presented without perturbations were twice as long as their
stepping latencies to the backward platform translations. Therefore, healthy subjects
appear to pre-select their stepping limb, even when the perturbation characteristics are
unpredictable, because relying on visual input provided at perturbation onset requires a
delayed response that leads to greater instability.
INTRODUCTION

The ability of individuals to recover from a sudden loss of balance is essential for
preventing falls and their resulting injuries. Balance recovery depends on the selection of
a postural response that is appropriate for the environmental context. For example, when
a person slips while crossing a stream along a path of mossy rocks, that person must
quickly step to the next available stone in o