
From the Department of Neuroscience, 
Karolinska Institutet, Stockholm, Sweden 

NEURAL CONTROL OF 
STANDING POSTURE 

Craig Tokuno 

Stockholm 2007 



2007

Gårdsvägen 4, 169 70 Solna

Printed by

Cover Illustration: Chad Anderson 

All previously published papers were reproduced with permission from the publisher. 

Published by Karolinska Institutet. Printed by Reproprint AB. 

© Craig Tokuno, 2007
ISBN 978-91-7357-396-2 



ABSTRACT 

When humans are asked to stand normally, they are not completely motionless. Rather, 
small amounts of body movement, termed postural sway, can be observed. Although the 
postural sway of standing has been well described, the manner in which this sway is 
neurally controlled and its influence in tasks involving postural re-stabilization are not 
known. Therefore, the aim of this thesis was to investigate the neural control of human 
standing posture, with a special emphasis on 1) whether the neuromuscular responses to 
an unexpected perturbation are influenced by the postural sway, 2) whether spinally-
mediated changes occur as a function of postural sway position and/or direction, and 3) 
whether the excitability of the cortical and corticospinal pathways are altered with respect 
to postural sway. 

In each study, subjects stood quietly on a force platform. For Studies I-III, the antero-
posterior center of pressure (COP) signal from the force platform was monitored online 
such that when the position and/or velocity of the COP was of the desired magnitude and 
direction, a perturbation was administered to the subject. The perturbation consisted of 
either a sudden support surface translation (Study I) or a percutaneous electrical 
stimulation to the posterior tibial nerve (Studies II-IV). In Study IV, a perturbation, in the 
form of either a transcranial magnetic (TMS) or electric (TES) stimulation to the left motor 
cortex, was triggered at a random time, regardless of the COP signal. The neuromuscular 
responses to the mechanical, electrical or magnetic perturbations were assessed by 
measuring the body kinematics from a motion capture system or electromyographic (EMG) 
recordings from surface electrodes placed over various lower limb muscles. Specific 
dependent measures included the number of stepping responses, the latencies and 
amplitudes of the EMG recordings, the peak-to-peak amplitudes of the Hoffmann reflex (H-
reflex) and M-wave from tibial nerve stimulation, as well as the peak-to-peak amplitudes of 
the motor evoked potentials (MEPs) elicited by TMS and TES. 

Study I indicated that when subjects were standing normally, the position of postural sway 
influenced the postural responses to an unexpected surface translation. EMG activity of 
various lower limb and trunk muscles were generally delayed in time and larger in 
amplitude when subjects were swaying in the direction opposite to the upcoming 
perturbation. The altered postural responses may be related to the ongoing modulation of 
the synaptic efficacy, as reflected by the size of the H-reflex, to the triceps surae Ia 
pathways. In Studies II-IV, it was found that when subjects were swaying in the forward as 
compared to the backward direction or position, depolarization of the soleus and medial 
gastrocnemius motoneurone pools, via synaptic transmission of the Ia afferents, was 
easier to achieve. However, this sway direction- and sway position-dependent modulation 
of neural excitability was limited to the spinal and corticospinal levels. Study IV revealed 
that TMS- and TES-evoked MEPs were similarly modulated during the naturally occurring 
sway of normal standing, suggesting that the excitability of the motor cortex was not 
dependent on postural sway. A facilitation in cortical excitability, as shown by the 
differential MEP response between TMS and TES, was however found during normal as 
compared supported (i.e. no postural sway) standing. 

This thesis demonstrates that human standing posture is controlled via an overall 
enhancement of cortical excitability, concurrently with an ongoing sway-dependent 
modulation of spinal and corticospinal processes. The constantly changing neural inputs to 
the motoneurone pool may give insight into the influence of postural sway to the 
neuromuscular responses to an unexpected perturbation. 

Keywords: Posture, motor cortex, electromyography, kinematics, H-reflex, pre-synaptic 
inhibition, transcranial magnetic stimulation 
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INTRODUCTION 

At first glance, the control of human standing posture appears to be a relatively simple 
task. In reality however, maintaining an upright stance is rather complex due to the bipedal 
stance, the small base of support and the high vertical position of the center of mass 
(COM). This inherently unstable system requires the successful integration of several 
commands, including receiving sensory inputs from the visual, vestibular, and 
somatosensory systems, processing the sensory feedback within the central nervous 
system, and taking appropriate actions with the musculoskeletal system, for postural 
stability to be achieved. Any disruptions or deteriorations to these neuromuscular 
processes, through aging or disease, can have drastic consequences on the ability to 
maintain a standing posture. 

The neuromechanical control of human standing posture 

When quietly standing, humans naturally sway at a mean frequency of 0.27-0.45 Hz 
(Carpenter et al. 2001). These small oscillations are associated with angular changes of 
approximately 1.0-1.5 ° at the ankle, knee and hip joints (Gage et al. 2004; Gatev et al. 
1999) and result in the body’s COM to horizontally displace 4-18 mm (Gatev et al. 1999; 
Winter et al. 1998). To ensure that the COM is maintained in the ideal location within the 
base of support, slightly larger displacements of the center of pressure (COP) need to 
occur. This is achieved primarily through the activation of the ankle plantar flexors, such as 
the soleus (SOL) and medial gastrocnemius (MG), as well as the dorsiflexors, particularly 
the tibialis anterior (TA), for the control of the COM in the antero-posterior (A-P) direction 
(Winter et al. 1996). Contractions of the ankle invertors, ankle evertors and hip abductors 
help to appropriately position the COM in the medio-lateral direction (Winter et al. 1996). 

The original theories on the control of standing posture assumed that humans maintained 
an upright stance through a stretch reflex feedback system (Hellebrandt 1938). Any time 
the body swayed forward, the muscles and muscle spindles of the triceps surae were 
believed to stretch, thereby causing an increase in the firing rate of the Ia afferents. 
Consequently, stronger contractions of the homonymous muscles would occur and help 
bring the body back towards the vertical. Subsequent studies however indicated that 
stretch reflexes were unlikely to be the primary source for initiating plantar flexor torque as 
no reflexive EMG activity was detected when standing subjects experienced small (0.1 °) 
rotations of the support surface (Gurfinkel et al. 1974). As a result, Winter et al. (1998; 
2001) proposed the spring-stiffness control system, whereby the central nervous system 
was responsible for setting the appropriate ankle stiffness via a constant level of muscle 
tone. With this mechanism, large enough torques were thought to be generated by the 
spring-like properties of the muscles and thus, any changes in the joint angle could be 
immediately counteracted by the stiffness properties of the joint (Winter et al. 1998). 

More recently, a contrasting approach, termed the ballistic bias model, was put forth by 
Loram et al. (2004; 2005a; 2005b), who suggested that forward sway was not associated 
with muscle lengthening. Since the intrinsic stiffness of the ankle joint is not large enough 
to counteract the toppling torque per unit angle to the body (Casadio et al. 2005; Loram 
and Lakie 2002), it was argued that an alternate control mechanism must be taking place. 
Indeed, ultrasound recordings of the SOL and MG during standing revealed a paradoxical 
change in muscle length of the triceps surae with respect to body sway (Loram et al. 
2005a; Loram et al. 2005b). Specifically, when the body swayed forward, there was an 
overall shortening of the muscles comprising the triceps surae. These results strongly 
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suggest the unlikelihood of a stretch reflex type control system but rather, advocate for the 
feedforward control of standing posture. 

While these studies provide some possible explanations into the neuromechanical control 
of human standing posture, these theories do not provide any direct measurements of the 
neural output arising from the central nervous system and how these mechanisms are 
modulated as a result of the ongoing control of postural sway during normal standing. 

Methods to examine the neural control of human standing posture 

Several paradigms are commonly used to gain insight into the different mechanisms and 
strategies involved in the postural control of human standing. Three of the methods 
implemented in this thesis are introduced below. 

De-stabilizing external forces 

The control of standing posture has previously been assessed by applying an unexpected, 
externally-induced perturbation, consisting of either a pushing or pulling force to the 
subject’s waist, trunk or arms; a platform that rotates about the ankle joint; or a platform 
that translates horizontally. For protocols involving a support surface translation, the 
paradigm of interest in Study I of this thesis, a stereotypical pattern of postural reflexes, in 
the form of electromyographic (EMG) activity, joint kinematics or joint kinetics, is observed. 
The first EMG responses generally occur in the muscles of the lower limbs, approximately 
70 to 110 ms after the onset of the perturbation (Horak et al. 1989). While the initial 
responses are mediated via spinal reflexes, subsequent responses likely involve 
supraspinal and transcortical pathways (Taube et al. 2006). 

Postural responses to an unexpected surface translation however depend on the 
parameters of the perturbation, including the magnitude of peak velocity or acceleration as 
well as the acceleration-deceleration time interval (Bothner and Jensen 2001; Carpenter et 
al. 2005; McIlroy and Maki 1994; Runge et al. 1999). Moreover, for a given perturbation, 
the postural configuration adopted by the subject can also influence the amplitude and 
latency of the postural reflexes (Henry et al. 2001; Horak and Moore 1993). It has been 
shown for example, that actively leaning prior to a surface translation can alter the 
biomechanical constraints of the subject’s starting posture. As a result, the same 
perturbation can result in the subject relying more heavily on a hip as compared to an 
ankle balance-recovery strategy (Horak and Moore 1993). 

These studies however have focused solely on relatively large changes in body posture. It 
is not known whether smaller changes in body posture, such as those occurring as a result 
of natural postural sway during standing, can affect responses to an upcoming 
perturbation. Although the magnitude of postural sway may be considered small (e.g. 4-18 
mm shifts in the body’s COM), these movements may still be significant enough to alter the 
ongoing excitability of the motoneurone pool. If a perturbation is administered at a time in 
the postural sway cycle when the motoneurone pool is depressed, it is foreseeable that the 
ability to respond to a perturbation at the typical latency and appropriate amplitude would 
be negatively affected. 

Percutaneous electrical stimulation of a peripheral nerve 

Spinally-mediated changes in the nervous system can be assessed by eliciting the 
Hoffmann reflex (H-reflex) (for reviews, see Hugon 1973; Misiaszek 2003; Pierrot-
Deseilligny and Mazevet 2000). This reflex is observed by applying a percutaneous 
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electrical stimulation to a peripheral nerve, such as the posterior tibial nerve – the nerve of 
relevance to Studies II-IV of this thesis. The electrical stimulus predominantly activates the 

-motoneurones and the large-diameter group Ia afferents. Whereas activation of the -
motoneurones results in a direct motor response, action potentials from the primary 
afferents must first synapse monosynaptically onto the homonymous motoneurones before 
activating the muscle fibers (Figure 1). For a moderate stimulus intensity, the first EMG 
response, observed with surface or indwelling electrodes placed over the muscles of 
interest, arises from the direct activation of the motor axons and is termed the M-wave. 
The second EMG response originates from the activation of the Ia afferent and is known 
as the H-reflex. Although the H-reflex is mainly comprised of a monosynaptic response, 
the size of the reflex response is influenced by a number of pre- and post-synaptic factors, 
including a change in motoneurone excitability via descending drive, a change in 
homosynaptic post-activation depression (Crone and Nielsen 1989) or more commonly, a 
change in pre-synaptic inhibition via primary-afferent depolarization (Pierrot-Deseilligny 
and Mazevet 2000; Zehr 2002). 

Figure 1: Schematic of the neural pathways involved with the different types of electrical or magnetic 
stimulations. Stimulation of a mixed nerve (A) results in the activation of -motoneurones and Ia afferents. 
Consequently, an M-wave and H-reflex can be observed through surface or indwelling electrode recordings 
from the muscle of interest (B). TMS stimulates the cortical neurones trans-synaptically (C), whereas TES 
activates the axons of the corticospinal neurones directly (D). Both TMS and TES can lead to an MEP 
response in the muscle of interest (B). Open and filled neurones represent excitatory and inhibitory inputs, 
respectively.
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There is evidence to suggest that the synaptic efficacy of the triceps surae Ia pathways, as 
reflected by the size of the triceps surae H-reflex, is altered during normal standing. A 
significant decrease in the H-reflex amplitude, presumably due to a greater amount of pre-
synaptic inhibition, is typically observed when subjects are standing as compared to lying 
or sitting (Capaday and Stein 1986; Hayashi et al. 1992; Katz et al. 1988; Koceja et al. 
1995; Koceja et al. 1993). This task-dependent modulation of the H-reflex amplitude is 
further affected by changes in standing posture, whereby an increased amplitude of the 
SOL H-reflex is observed when subjects are standing with a forward lean as compared to 
standing in their normal upright posture (Hayashi et al. 1997). More recently, a reduction in 
the between-trial reliability of the H-reflex amplitude was observed in elderly subjects 
maintaining a standing posture (Mynark 2005), prompting the author to propose that 
altered sway parameters may have impacted the measurement of the H-reflex. 

Despite these findings, it has not yet been examined whether a tonic level of pre- and post-
synaptic inputs onto the Ia spinal pathway is acting throughout standing, or whether the 
strength of these inputs are altered throughout the sway cycle. Given that the postural 
sway is associated with changes in muscle length (Loram et al. 2005b) and muscle activity 
(Gatev et al. 1999; Loram et al. 2005b), two factors which are known to alter the amplitude 
of the H-reflex (Hayashi et al. 1992), it would not be unreasonable to observe a sway-
dependent modulation of the triceps surae H-reflex during standing. 

Transcranial stimulation 

To assess the involvement of supraspinal structures, an electrical or magnetic stimulus 
can be applied to the motor cortex. Although both techniques result in the excitation of 
cortical neurones that conduct descending volleys along the corticospinal axons, subtle 
differences between transcranial electrical stimulation (TES) and transcranial magnetic 
stimulation (TMS) result in the two methods being complementary to one another. With 
TES, an electrical current is passed through two electrodes placed on the skin of the scalp, 
which at low stimulus intensities, directly activates the axons of the corticospinal neurones 
(Day et al. 1989; Nielsen et al. 1995). As a result, TES-evoked motor evoked potentials 
(MEPs) are not affected by changes in cortical excitability. In contrast, a magnetic 
stimulator, consisting of a coil of wire connected to a large electrical capacitance, excites 
neurones in the cerebral cortex by inducing electrical currents through rapidly changing 
magnetic fields (for review, see Rothwell 1997). TMS, however, primarily excites cortical 
neurones trans-synaptically (Di Lazzaro et al. 2001; Nielsen et al. 1995; Rothwell 1997) 
and is therefore influenced by changes in the excitability at both the cortical and sub-
cortical levels. As a result, when both TMS and TES are utilized, increases in cortical 
excitability can be detected as changes in the TMS-evoked MEPs without a concurrent 
change in the TES-evoked MEPs. A schematic of the pathways excited by TMS and TES 
is illustrated in Figure 1. 

The motor cortex has generally been assumed to have a minor role in the maintenance of 
posture (Sherrington 1910). However, recent studies using TMS suggest otherwise. For 
example, when subjects voluntarily contract the plantar flexor muscles, a similar MEP 
amplitude and amount of intracortical inhibition is observed regardless of whether subjects 
are in a seated or a standing posture (Lavoie et al. 1995; Soto et al. 2006). Similarly, the 
excitability of the corticospinal pathways to the SOL and/or TA have been found to 
increase when subjects are tested from a lying or sitting position to a standing posture 
(Ackermann et al. 1991; Goulart et al. 2000; Nakazawa et al. 2003). While these findings 
give some insight into the possible involvement of the motor cortex to the control of 
standing posture, the effects from the aforementioned studies cannot be directly attributed 
to changes within the motor cortex. The results were based predominantly upon the 
recording of TMS-evoked MEPs, which are influenced not only by the excitability of the 
motor cortex, but also the motoneurone pool (Ugawa et al. 1995). Therefore, it is 
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necessary to utilize a combination of methods (i.e. TMS, TES and H-reflexes) to ensure 
that the motor cortex is specifically involved during the control of human standing. 

It is also of importance to examine the effect of postural sway on the excitability of the 
cortical and corticospinal pathways. Since the synaptic efficacy of the Ia-pathway is 
influenced by both the direction and position of sway, it would not be unreasonable to 
observe a similar sway-dependent modulation of the cortical and corticospinal pathways. 
Furthermore, the presence of an altered cortical and corticospinal excitability depending on 
the postural sway cycle may help to explain earlier findings, where the lower limb and trunk 
postural responses to an unexpected surface translation were influenced by the position of 
postural sway. 

The aims of the thesis 

The overall aim of this thesis was to investigate the neural control of human standing 
posture. A particular emphasis was placed on the ongoing control of postural sway in the 
A-P direction. Four studies were designed to address the following questions: 

1. Does postural sway during normal standing affect the neuromuscular responses to an 
unexpected surface translation? (Study I) 

2. Does the synaptic efficacy of the Ia pathway to the SOL and MG change with respect 
to postural sway during standing? (Study II) 

3. Are changes in the synaptic efficacy of the Ia pathway dependent on the position 
and/or direction of postural sway during standing? (Study III) 

4. Does the motor cortex contribute to the control of standing? If so, is its involvement 
sway-dependent? (Study IV) 
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METHODS

Subjects 

Adults who reported no recent history of neurological or orthopedic disorders that could 
affect their balance participated in the four studies of this thesis (Table 1). All subjects 
gave informed consent prior to testing. All experimental procedures were undertaken 
according to the Declaration of Helsinki and were approved by the ethics committee of 
Karolinska Institutet or The University of Queensland. 

Table 1: Characteristics of the subjects participating in Studies I-IV. Values are reported as means±1 SD.

Study Experiment No. of Subjects Age (yr) Height (m) Mass (kg) 

I 1 17 (13 ) 27±5 1.80±0.09 75±10 

1 8 (6 ) 27±4 1.73±0.06 74±14 
II

2 5 (1 ) 35±7 1.66±0.08 60±10 

1 8 (8 ) 31±6 1.75±0.04 71±8 
III

2 10 (10 ) 29±6 1.77±0.03 71±10 

1 11 (8 ) 27±6 1.75±0.07 73±9 
IV

2 4 (4 ) 27±6 1.74±0.07 71±9 

Experimental setup 

Pairs of surface electrodes (2.5-5.0 mm diameter, Ag/Ag-Cl, SensorMedic or Kendall 
Meditrace, USA) were placed in a bipolar configuration over several right-sided muscles, 
including TA, SOL, MG, vastus lateralis (VL), rectus abdominis (RA) and erector spinae 
(ES) for Study I; TA, SOL and MG for Studies II and III; and TA and SOL for Study IV. A 
reference electrode was placed on the lateral aspect of the knee. All locations were 
prepared through shaving, abrading and cleaning of the skin with alcohol prior to electrode 
placement. Additional pairs of surface electrodes, placed in a belly-tendon configuration, 
were also placed over the right SOL and MG muscles for Studies II and III. EMG signals 
were pre-amplified between 100-1000 times (Myosystem 2000, Noraxon, USA; NL844, 
Digitimer, UK; or MA300, Motion Lab Systems, USA), either low-pass filtered at 500 or 750 
Hz (NL 135, Digitimer, UK or MA300, Motion Lab Systems, USA), or band-pass filtered 
from 20-300 Hz (NL125, Digitimer, UK), and sampled between 1-10 kHz using an analog-
to-digital converter (CED micro 1401 or Power1401, Cambridge Electronics Design, UK) 
and a Spike2 data collection system (Cambridge Electronics Design, UK). 

In Studies II and III, kinematic recordings of the right lower limb were collected using a six-
camera infrared motion analysis system (ProReflex, Qualisys, Sweden). Single reflective 
markers were placed on the greater trochanter, medial and lateral knee joint line, medial 
and lateral malleoli, and the 1st and 5th metatarsal heads. The single markers were used to 
generate a static model of the thigh, shank and foot but were not tracked throughout the 
trials. Instead, clusters of reflective markers were additionally placed on the lateral aspect 
of the right thigh and shank as well as on the dorsum of the right foot. Each cluster, 
mounted on a rigid 10 cm x 16 cm plastic plate, was comprised of four reflective markers, 
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and was used to track the movements of the lower limb segments. All motion data, 
synchronized in time with the analog data, were sampled at 100 Hz. Noise level of the 
motion analysis system, as measured by the root mean square error of stationary markers 
at floor level, was not greater than 0.02 mm in any of the three planes. 

Subjects stood quietly on a force plate (OR6-5-2000, Advanced Mechanical Technology 
Inc., USA) that was either fixed on top of a moveable belt (Model 5288, Boy Transport 
Material, Denmark; Study I; Figure 2) or flush mounted with the ground (Studies II-IV). The 
exception was in Experiment 2 of Study II, where subjects were strapped onto a tilt table 
and rotated into the vertical position. All force plate signals were low pass filtered at 5 Hz 
(NL 125, Digitimer, UK) and sampled at 1 kHz using a analog-to-digital converter (CED 
micro 1401 or Power1401, Cambridge Electronics Design, UK) and a Spike2 data 
collection system (Cambridge Electronics Design, UK). In Study I, the subjects’ feet were 
placed with an inter-heel distance of 17 cm while for the remaining studies, subjects 
selected their preferred foot position. The chosen foot position was kept constant 
throughout the experiment by marking the location of the feet on the force plate. Subjects 
were instructed to stand quietly, with their arms to their side, eyes open and head facing 
forward. Earphones were worn by the subjects to minimize noise distraction. 

Experimental protocol 

In each study, a mechanical, electrical or magnetic perturbation was administered to the 
standing subject when specific temporal and/or COP criteria were satisfied (Table 2). Rest 
periods were given after every 10-15 min to minimize the amount of fatigue or discomfort 
that may result from long periods of standing. The total duration for each study was 
approximately 2.5 h. Specific details of the experimental protocol for each study are 
described below. 

Table 2: The type of perturbation and perturbation-triggering criteria used in each experiment. In the 
“Perturbation” column, SST, PES, TMS and TES refer to a support surface translation, peripheral electrical 
stimulation, transcranial magnetic stimulation and transcranial electrical stimulation, respectively. Note that for 
Study IV, the perturbations were triggered at random time intervals of between 10-15 s but were later grouped 
(offline) based on the direction of the COP velocity.

   Perturbation-Triggering Criteria 
Study Experiment Perturbation Time COP Position COP Velocity 

I 1 SST  60 s Exceeded ±1.5 SD - 

1 PES  15 s Exceeded ±1.6 SD - 
II

2 PES  15 s - - 

1 PES  15 s ±0 SD Exceeded ±5 mm·s-1

III
2 PES  15 s Exceeded ±1.6 SD Exceeded ±5 mm·s-1

1 PES, TMS 10-15 s - - 
IV

2 TMS, TES 10-15 s - - 

Study I 

Each trial of Study I commenced with a 60-s quiet standing period to determine the 
baseline mean and SD of the COP position in the A-P direction. These measures were 
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used to establish two COP thresholds for triggering the moveable platform (Figure 2): (1) 
the mean+1.5 SD (i.e. COP in an anterior position relative to the mean) and (2) the 
mean-1.5 SD (i.e. COP in a posterior position) of the baseline A-P COP signal. Following 
the 60-s standing period and once the COP exceeded one of the calculated COP 
thresholds, a mechanical perturbation was applied to the standing subject (Figure 3). The 
perturbation was in the form of an unexpected support surface translation in either the 
forward or backward direction. As determined by an accelerometer (K-Beam 8302A10, 
Kistler, Switzerland) fixed to the front of the force plate, the translation had an initial peak 
acceleration of 1.2 m·s-2 (duration of 400 ms), followed by a constant velocity of 0.24 m·s-1

for 2 s, and a peak deceleration of 1.7 m·s-2 (duration of 270 ms). The total displacement 
was 0.6 m. Subjects were instructed to respond to the surface translation by maintaining 
their balance without stepping. In the event of a stepping response to a perturbation (56 of 
262 trials, 21%), subjects were verbally reminded and encouraged to strive for a non-
stepping response. 

Figure 2: Illustration of the experimental setup for Study I. A subject is standing on a force platform that was 
fixed on top of a moveable belt. L, W, and H indicate length, width, and height, respectively.

Figure 3: A representative 60-s standing trial, where the position of the COP in the A-P direction is plotted with 
respect to time. Immediately following the baseline period, the mean and SD of the A-P COP signal are 
calculated such that the COP threshold (in this case, the baseline mean minus 1.5 SD) is determined. Once 
the COP crosses this threshold (shaded circle), the platform is translated either forward or backward.

Subjects participated in a minimum of 24 trials. The first four trials (two backward and two 
forward surface translations) were conducted to familiarize the subject to the support 
surface translations and were omitted from further analysis. The remaining trials consisted 
of at least five trials for each of the four translation direction-COP threshold combinations. 
Due to a delay of approximately 180 ms between the outgoing trigger signal from the 
computer and the actual onset of the translation, there were instances when the position of 
the COP was less than the mean±1.5 SD threshold when the translation was initialized (82 
of 344 trials, 24%). These trials were rejected and omitted from further analysis. 

Trials were grouped according to the relationship between the translation direction and the 
COP position. When the translation was in the same direction as the position of the COP 

60 second quiet standing period 
(to establish the COP threshold) 

mean - 1.5 SD 
(COP threshold) 

mean baseline 

anterior

A
-P

 C
O

P
 

L: 3.50 m 
H: 0.52 m 

Force Platform 
(L: 0.46 m, W: 0.51 m, H: 0.08 m) 

W: 1.17 m 

W: 0.80 m 
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(e.g. forward translation with a COP position 1.5 SD anterior to the mean), these trials 
were referred to COPsame. Conversely, when the translation was in the opposite direction 
as the position of the COP (e.g. backward translation with a COP position 1.5 SD anterior 
to the mean), the experimental condition was termed COPopposite.

Study II 

The electrical perturbation for Study II consisted of peripheral electrical stimulation to the 
posterior tibial nerve in the popliteal fossa. Each stimulus was 1 ms in duration and 
delivered from a constant current stimulator (DS7A, Digitimer, Hertfordshire, UK). The 
current was passed through a carbon rubber pad anode electrode, placed distal to the 
patella on the anterior aspect of the right leg, and a cathode electrode (5 mm diameter, Ag-
AgCl, Kendall Meditrace, Chicopee, MA, USA), placed in the popliteal fossa. The location 
of the cathode was established by moving a probe electrode to the position that gave the 
largest SOL H-reflex amplitude for a given current. 

In Experiment 1, SOL and MG H-reflex recruitment curves were obtained during three 
experimental conditions. In the first condition, subjects were required to lie prone on a 
testing bench with the sole of their right foot secured against a rigid surface at an ankle 
angle of approximately 90°. For the second and third conditions, subjects stood quietly 
while SOL and MG H-reflex recruitment curves were obtained at two different A-P COP 
positions, relative to the mean baseline position: 1) 1.6 SD posterior (COPpost) and 2) 1.6 
SD anterior (COPant). The mean and SD baseline parameters were determined from a 
single 90-s quiet standing period that was collected prior to the experimental trials. Once 
the COP thresholds were established, the position of the COP in the A-P direction was 
monitored online such that when the position of the COP crossed the predetermined 
threshold, an electrical stimulus was triggered via an outgoing signal from the computer. 

In Experiment 2, subjects were strapped onto a tilt table and rotated into a standing 
posture (Figure 4). The straps ensured that no postural sway occurred while standing. H-
reflex recruitment curves from the SOL and MG were collected under two standing 
conditions: (1) a baseline level of background EMG (bEMG) and (2) an elevated level of 
bEMG activity in the SOL and MG. The baseline level was considered to be the magnitude 
of bEMG activity that occurred while the subject was strapped and standing vertically 
against the tilt table. For the elevated level of bEMG condition, the magnitude of increase 
in the SOL and MG bEMG activity was intended to be similar to the change observed 
between the COPopposite and COPsame conditions of Experiment 1. Increased levels of 
bEMG activity were achieved by temporarily unstrapping the subjects from the tilt table and 
allowing them to lean slightly forward. After the appropriate level of bEMG was achieved, 
subjects were strapped back onto the tilt table in the new leaning position and remained 
this way for the stimulation trials. 

Figure 4: Illustration of the experimental setup for Experiment 2 of Study II. 
Subjects were strapped onto a tilt table to ensure that no postural sway 
occurred while standing. 
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In both experiments of Study II, the SOL and MG H-reflex recruitment curves involved a 
gradual increase (approximately 1 mA) in stimulus intensity until the maximal M-wave 
(Mmax) response was found. Between 33-64 stimuli were delivered per experimental 
condition. Inter-stimulus duration was no less than 15 s to minimize the effect of post-
activation depression (Crone and Nielsen 1989). 

Study III 

Study III also involved the use of peripheral electrical stimulation to the posterior tibial 
nerve. The methods used to apply the electrical current are identical to Study II with the 
following exceptions. 

Experiment 1 commenced with an initial 90-s quiet standing period, such that the mean 
baseline COP position in the A-P direction could be determined. The COP position and 
direction parameters for two experimental conditions were then determined as either: (1) 
COP moving in the forward direction at the mean baseline COP position, and (2) COP 
moving in the backward direction at the mean COP baseline position. Throughout the 
experiment, the position and velocity of the COP in the A-P direction were monitored 
online such that when the COP moved through the mean position in the desired direction, 
an electrical stimulus was applied to the posterior tibial nerve. To allow for some 
differentiation between direction conditions, a positive or negative direction was deemed to 
occur if the COP velocity was no less than ±5 mm·s-1. H-reflex recruitment curves from the 
SOL and MG were obtained from the two experimental conditions. Each recruitment curve 
comprised on average, 29 (range of 22-42) stimulation intensities (trials). 

As in Experiment 1, Experiment 2 began with a 90-s quiet standing period to determine the 
mean baseline COP position. Based on this baseline measure, four experimental 
conditions were determined: (1) COP at the mean-1.6 SD position and moving in the 
forward direction, (2) COP at the mean+1.6 SD position and moving in the backward 
direction, (3) COP at the mean+1.6 SD position and moving in the forward direction, (4) 
COP at the mean-1.6 SD position and moving in the backward direction. When the two 
COP parameters satisfied the criteria for the particular experimental condition, an electrical 
stimulus was applied to the posterior tibial nerve. As in Experiment 1, a positive or 
negative direction was deemed to occur if the COP velocity was no less than ±5 mm·s-1.

Unlike Experiment 1, the trials for Experiment 2 involved the use of a constant submaximal 
stimulus intensity throughout the experiment. The appropriate intensity was initially 
determined by collecting a SOL H-reflex recruitment curve while the subject was standing 
with body support to minimize postural sway. From this curve, the electrical current that 
elicited a reflex response of approximately 90% of the maximum H-reflex amplitude (Hmax)
was set as the initial stimulus intensity. Using such an intensity results in a sizeable M-
wave amplitude without the H-reflex being on the descending part of the recruitment curve. 
Consequently, this allows for the greatest ability to monitor stimulus constancy to the tibial 
nerve. The stimulus intensity was slightly adjusted between trials to ensure that the M-
wave amplitude remained constant throughout the experiment. A minimum of four stimuli 
(trials) was applied for each experimental condition. 

Study IV 

In Experiment 1 of Study IV, subjects were instructed to stand quietly on a force plate in 
one of two conditions: (1) supported or (2) normal standing (Figure 5). During the 
supported standing condition, subjects stood upright with an adjustable wall (height of 1.5 
m) placed in front of them. Subjects were instructed to lightly rest their body against the 
wall so that the amount of postural sway in the A-P direction would be minimized. The 
position of the wall was adjusted so that subjects maintained the COP in a similar position 
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to when standing without support. During the normal standing condition, subjects stood 
upright without the use of the support wall, with their arms at their side, and with their head 
facing forward. At a random time interval of between 10-15 s, peripheral electrical 
stimulation to the posterior tibial nerve or TMS to the left motor cortex was applied.  

Figure 5: Illustration of the supported (A) and normal (B) 
standing conditions. The method of stabilizing the TMS coil is 
shown in (B). The weight of the coil is partially supported by 
straps attached to the ceiling while the position of the coil is 
guided by the experimenter.

The methods for applying the electrical stimulation to the posterior tibial nerve were similar 
to that used in Studies II and III, with the following exceptions. A SOL H-reflex recruitment 
curve was initially obtained while subjects stood upright with body support to determine the 
appropriate stimulation intensity required for the experimental trials. From this recruitment 
curve, the stimulation intensity was adjusted to elicit an H-reflex with a size of 75% of Hmax.
This intensity was chosen because the size of the H-reflex is still on the ascending slope of 
the H-reflex recruitment curve while at the same time, small changes to the M-wave can be 
observed to ensure stimulus constancy. 

Magnetic stimulation of the motor cortex was applied using a Magstim 200 (Magstim 
Company Ltd, UK) with a 90 mm circular coil. Each stimulus was 200 s in duration with a 
monophasic waveform. The optimal coil position was determined while subjects stood 
upright. Motor evoked potentials were evoked at an initial stimulation point of 
approximately 0.5 cm anterior to the vertex and directly over the midline. The coil was 
gradually moved anterior and leftward from the vertex while the size of the MEPs from the 
SOL and TA were monitored. The location in which the SOL MEP could be elicited with 
minimal stimulator output was marked on the scalp with a felt pen. Throughout the 
experiment, the weight of the TMS coil was supported by straps attached to the ceiling and 
the coil position was guided by an experimenter (Figure 5). Motor threshold of the SOL 
was then determined while subjects were standing with body support and was defined as 
the intensity at which an MEP of at least 100 V was distinguishable in 3 out of 5 trials 
(Kujirai et al. 1993). This stimulation intensity was used throughout the experiment. In 
three subjects, the bEMG activity during normal standing was greater than 100 V and 
therefore, the stimulation intensity for these subjects was set such that MEPs twice the 
size of the bEMG could be evoked during supported standing. 

Subjects performed 10 blocks of 16 trials, with each block consisting of an equal number of 
peripheral nerve stimulation and TMS trials that were presented in a random order. Five 
blocks were conducted while subjects were standing with support and the remaining five 
blocks were collected during normal standing. In total, 40 H-reflexes and 40 TMS-evoked 
MEPs were collected for each standing condition. 

Experiment 2 of Study IV involved TMS, as described in Experiment 1 of Study IV, and 
TES. The electrical stimulus was applied to the left motor cortex using a constant voltage 
stimulator (D185, Digitimer Ltd., UK). Each stimulus was a square wave pulse with a 100 

A B 
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s duration, and was delivered through an anode, placed 2-3 cm left of the vertex, and a 
cathode, placed 4-6 cm anterior to the vertex (Nielsen et al. 1995). The TES-evoked MEPs 
were verified to have latencies 1-2 ms shorter than those evoked by TMS. The method for 
determining the motor threshold with TES was similar to that of TMS. The subjects of this 
experiment participated in a minimum of 8 and 35 trials for the supported and normal 
standing conditions, respectively, for each of the two stimulation types (i.e. TMS and TES). 
All subjects were tested with TES followed by TMS but the order of the standing conditions 
(i.e. supported vs. normal standing) was counterbalanced between subjects. 

Data analysis 

Postural responses (Study I) 

In Study I, three measures were used to quantify the postural responses that occurred 
following the unexpected surface translation. First, the frequency of stepping responses 
during the four experimental conditions was noted by the experimenter. Second, EMG 
latencies of the six recorded muscles were determined using customized algorithms 
developed with commercially available software (Spike2, Cambridge Electronic Design, 
UK). For each trial, the algorithm determined the time at which the rectified EMG signal 
exceeded 1.0 SD of the mean baseline, taken from the 1 s preceding the onset of the 
translation, for a period of at least 25 ms, but allowing for a drop below this threshold for no 
longer than 3 ms. To ensure a reliable latency measure, subject latencies were only 
included in the statistical analyses if a latency was detected in at least 50% of trials and in 
a minimum of three trials within each muscle and COP condition. The inability to detect a 
muscle latency was due to either technical problems (one subject for each of SOL, VL and 
ES muscles) or to a constant level of EMG activity throughout the trial. Third, EMG 
amplitudes for the six muscles were calculated as the root mean square (RMS) amplitude 
of the non-rectified EMG signal during two intervals: 0-200 ms and 200-400 ms post-
muscle onset. By analyzing the data relative to the onset of muscle activity, detection of 
changes in EMG amplitude, independent of any change in muscle latency, can be 
observed. All amplitudes were normalized to each muscle’s isometric maximum voluntary 
contraction. 

Kinematics (Studies II and III) 

A 6 Hz low-pass Butterworth filter was initially applied to the raw co-ordinate data obtained 
in Studies II and III. Angular displacements in the sagittal plane were then calculated for 
the ankle and knee joints by taking the rotation matrix describing the transformation of the 
foot segment coordinate system to the shank segment coordinate system or the shank 
segment coordinate system to the thigh segment coordinate system for the ankle and knee 
joint angles, respectively. Horizontal displacement of the right greater trochanter, as 
determined by the rotational and translational movements of the cluster of markers placed 
on the thigh, was also measured. All analyses were conducted using commercially 
available software (Visual3D, C-Motion Inc., USA). 

Motoneurone excitability (Studies II-IV) 

The level of motoneurone excitability, as measured by the bEMG activity of each muscle, 
was determined as the RMS of the EMG signal over the 50-ms period immediately 
preceding the onset of the magnetic or electrical stimulus. 
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H-reflexes and M-waves (Studies II-IV) 

H-reflexes and M-waves were quantified as the peak-to-peak response from the electrodes 
placed in a belly-tendon (Studies II and III) or belly-belly configuration (Study IV) (Figure 
6). For experiments involving H-reflex recruitment curves, the amplitude of Hmax was 
determined as the average of the three largest H-reflex amplitudes within each condition 
(Lagerquist et al. 2006) (Figure 6). All Hmax values were normalized to the Mmax of each 
condition. 

Figure 6: In (A), SOL EMG data recorded from a single trial, with the H-reflex and M-wave peak-to-peak 
amplitudes indicated by the vertical arrows. In (B), an example H-reflex recruitment curve from a representative 
subject when standing with the COP 1.6 SD posterior to the mean baseline position. The open ( ) and filled ( )
circles represent the peak-to-peak amplitude of the SOL H-reflex and M-wave, respectively. The dashed 
horizontal lines indicate the calculated Hmax and Mmax values.

For Experiment 2 of Study III, H-reflex values were normalized to the amplitude of Mmax
obtained during the supported standing condition. Mmax was assumed to be of the same 
magnitude between all experimental conditions based on the data of Study II, which found 
that the size of Mmax was not different between standing postures. For Experiment 1 of 
Study IV, H-reflexes were expressed in mV as the data were not normalized as a 
percentage of Mmax. No changes to the Mmax amplitude were assumed to occur between 
such small changes in body posture. 

TMS- and TES-evoked MEPs (Study IV) 

For Experiments 1 and 2 of Study IV, the peak-to-peak amplitude of the MEP to each TMS 
and TES was measured in the SOL and TA muscles (Figure 7). 

Figure 7: An example of a single TMS-evoked MEP response from 
the SOL during normal standing. The vertical arrow indicates the 
peak-to-peak amplitude calculation.
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During the analysis of the MEP data, it was noted that the level of bEMG activity was 
different between the two standing and two sway conditions. Thus, additional analyses 
were conducted to eliminate any possible effects related to the small differences in bEMG 
on the MEP amplitudes. This was accomplished by successively omitting trials with a 
bEMG farthest from the mean, until the average SOL or TA bEMG level was no longer 
different between test conditions. Data were still available from a minimum of 37 trials per 
subject from each of the normal and supported standing conditions, as well as at least 5 
trials per subject from each of the forward and backward sway direction conditions since, 
on average, only two trials from each standing condition were removed. 

Statistical analysis 

The data from all studies were normally distributed according to the Shapiro-Wilk W-test, 
and consequently, the majority of the analyses were conducted using a two-way repeated 
measures analysis of variance (ANOVA) (Table 3). Post-hoc analyses were performed 
using two-tailed paired t-tests, adjusted with a Bonferroni correction, where appropriate.  

Table 3: Summary of the measures and factors used in the two-way repeated measures ANOVAs for each 
study. Data for the ‘pooled’ standing condition of Experiment 1, Study II were derived by averaging the data 
from the two standing conditions (COPpost and COPant).

Two-Way Repeated Measures ANOVA 

Study Experiment Dependent Measures Factor 1 Factor 2 

I 1 - EMG amplitude 
- EMG latency 
- COP displacement 
- COP velocity 

COP Position 
(COPsame vs. COPopposite)

Translation Direction 
(backward vs. forward) 

- Hmax amplitude 
- Mmax amplitude 

Muscle 
(SOL vs. MG) 

Postural Condition 
(lying vs. ‘pooled’ standing) 
or 
COP Position 
(COPpost vs. COPant)

1

- bEMG amplitude Muscle 
(SOL vs. MG vs. TA) 

Postural Condition 
(lying vs. ‘pooled’ standing) 
or 
COP Position 
(COPpost vs. COPant)

- Hmax amplitude 
- Mmax amplitude 

Muscle 
(SOL vs. MG) 

EMG Condition 
(baseline vs. elevated) 

II

2

- bEMG amplitude Muscle 
(SOL vs. MG vs. TA) 

EMG Condition 
(baseline vs. elevated) 

1 - Hmax amplitude 
- Mmax amplitude 

Muscle 
(SOL vs. MG) 

COP Direction 
(backward vs. forward) 

III

 - bEMG amplitude Muscle 
(SOL vs. MG vs. TA) 

COP Direction 
(backward vs. forward) 

IV 1 - TMS-evoked MEP 
amplitude 
- bEMG amplitude 

Muscle 
(SOL vs. TA) 

Standing Condition 
(supported vs. normal) 
or 
COP Direction 
(backward vs. forward) 
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All statistical analyses were conducted using commercially available software (SPSS, 
USA). Unless stated otherwise, the level of significance was set a priori to P 0.05 and 
trends were reported in cases of 0.05<P 0.10. 
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RESULTS

Body posture at perturbation onset (Studies I-IV) 

COP parameters 

The use of the temporal and/or COP criteria for triggering the perturbation resulted in 
differences in the COP position and/or velocity as well as the body kinematics between 
experimental conditions. When only the COP position was used for determining the 
threshold criteria (i.e. Studies I and II), a difference of 1.2-2.2 cm in the position of the COP 
was found between the experimental conditions. Although the COP velocity was not 
monitored online in these two studies, the magnitude of the velocity did not appear to be 
different between experimental conditions. The direction of the velocity was however 
dependent on the COP condition. When the COP was in an anterior position, the COP 
velocity was in the anterior direction; likewise, when the COP was in a posterior position, 
the COP velocity was in the posterior direction. 

In the two experiments of Study III, both the COP position and velocity were monitored 
online. As intended for Experiment 1 of Study III, the direction but not the magnitude of the 
COP velocity was different between the backward (-10.1±1.1 mm s-1) and forward (9.4±0.9 
mm s-1) COP direction conditions. No differences were observed in the COP position 
between the two COP direction conditions. For Experiment 2 of Study III, the position and 
velocity components of the A-P COP corresponded to the criteria set out for each of the 
four experimental conditions (Figure 8). 

Figure 8: The linear or angular position and velocity of the intended COP (top left), actual COP (bottom left), 
ankle joint (top right) and greater trochanter (GT, bottom right) at the time of the electrical stimulus (Experiment 
2 of Study III). Letters A to D along the horizontal axis represent the four experimental conditions: (A) COP at 
the mean-1.6 SD position and moving in the forward direction, (B) COP at the mean+1.6 SD position and 
moving in the forward direction, (C) COP at the mean+1.6 SD position and moving in the backward direction, 
(D) COP at the mean-1.6 SD position and moving in the backward direction.
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The data obtained during the normal standing condition in Experiment 1 of Study IV were 
grouped offline based on sway direction. A difference in the direction of the COP velocity 
was found between the forward (8.6±0.7 mm s-1) and backward (-10.9±1.1 mm s-1) sway 
direction conditions. 

Kinematic parameters 

In Studies II and III, kinematic measurements obtained from the motion analysis system 
reinforced the notion that the use of the COP was a general approximation of the ongoing 
parameters of postural sway. In Experiment 1 of Study II, the greater trochanter was in a 
more anterior position (0.8±0.2 cm) and the ankle joint was in a more dorsiflexed position 
(0.8±0.2 °) when the experimental condition involved a more forward COP position. 
Likewise, in Experiment 1 of Study III, the position and velocity components of the greater 
trochanter and ankle joint corresponded similarly to the position and velocity of the COP 
between experimental conditions (Figure 8). For both studies, the angular kinematics of 
the knee joint was not different between any of the experimental conditions.

Postural responses to an unexpected perturbation (Study I) 

Despite subjects being instructed to maintain balance using a feet-in-place strategy, a 
stepping response was observed in 10 of the 17 subjects. Of these 10 subjects, a stepping 
response occurred in 56 of 159 trials (35%), and was more frequently observed during 
forward as compared to backward translation, as well as during the COPopposite as 
compared to the COPsame condition. 

EMG latencies for the TA, VL, and MG exhibited a COP position x translation direction 
interaction effect (Figure 9). A trend towards an interaction effect was observed for the 
latencies from the ES (P=0.09). When there was a backward translation, the TA and VL 
EMG activity was elicited earlier by 19±8 ms (10% change) and 25±6% (11% change), 
respectively, during the COPopposite as compared to the COPsame condition. In contrast, 
during forward translations, the MG and ES exhibited an earlier EMG onset by 45±13 ms 
(23% change) and 15±5 ms (10% change), respectively, during the COPsame as compared 
to the COPopposite condition. 

Figure 9: Group (mean 1 SE) data for the EMG latency (A) and amplitudes (0-200 ms post-muscle onset, B; 
200-400 ms post-muscle onset, C) from the TA in response to a backward ( ) or forward ( ) surface translation 
(Study I). In each subplot, statistically significant COP position main effects are denoted by c, translation 
direction main effects are denoted by d, and COP position x translation direction interactions are denoted by 
cxd. MVC refers to maximum voluntary contraction. 
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The amplitude of the EMG responses was also affected by the position of the COP (Figure 
9). During the first 200 ms interval post-muscle onset, the position of the COP affected the 
EMG amplitude in the TA and SOL, such that larger responses were observed during the 
COPopposite as compared to the COPsame condition. During the 200-400 ms interval following 
muscle onset, greater EMG amplitudes were observed during the COPopposite as compared 
to the COPsame condition in the TA (39%), MG (16%) and VL (20%). The SOL showed a 
trend towards an effect (18% greater EMG amplitude during COPopposite; P=0.09). 

Spinal excitability during standing (Studies II-IV) 

Task-dependent modulation 

Task-dependent changes to the triceps surae H-reflex amplitude were observed as 
subjects were tested from a lying to a standing posture (Experiment 1 of Study II), or from 
a supported to a normal standing posture (Experiment 1 of Study IV; Figure 10). When 
subjects were standing normally as compared to lying, there was a 37±6% and 34±7% 
depression of the SOL and MG H-reflexes, respectively. Similarly, the SOL H-reflex 
decreased by 11±4% as subjects were tested from a supported to a normal standing 
posture (Figure 10). 

Figure 10: Data from 
Experiment 1 of Study 
IV. In (A), the mean 
(solid line) 1 SD (grey 
shading) response to 
peripheral electrical 
stimulation from a 
representative subject 
during the supported 
and normal standing 
conditions. In (B), the % 
change of the group 
(mean 1 SE) in the 
SOL H-reflex ( ) and M-
wave ( ) from the 
supported to the natural 
standing condition. The 
asterisk (*) indicates 
statistical significance 
between standing 
conditions.

Although many factors can influence the efficacy of the Ia pathway (Misiaszek 2003), three 
of the more common mechanisms can be disregarded in the Studies II-IV. First, since the 
level of triceps surae bEMG activity was greater during normal standing than in lying 
(280% and 176% increase in the SOL and MG, respectively) or supported standing (113% 
increase in the SOL), the observed changes in the synaptic efficacy of the Ia pathway 
cannot be attributed to the change in motoneurone excitability. In fact, the altered 
motoneurone excitability could have only served to minimize the effect of the observed 
decrease in the H-reflex amplitude. Second, in the case of Experiment 1 of Study IV, the 
M-wave amplitude did not exhibit a concurrent decrease as the H-reflex between standing 
conditions. Thus, the task-dependent modulation of the Ia efficacy cannot be accounted by 
a reduction in stimulus intensity during the normal as compared to the supported standing 
condition. Third, when the data from Experiment 1 of Study IV were re-analyzed to match 
for the level of TA bEMG activity, the SOL H-reflexes were still depressed during normal as 
compared to supported standing. Therefore, the efficacy of the Ia pathway was unlikely to 
have been significantly influenced by a change in reciprocal inhibition. Based on these 
analyses, the reduced efficacy of the Ia pathway was most likely a result of an increase in 
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pre-synaptic inhibition, mediated via last-order primary afferent depolarization 
interneurones. 

Sway-dependent modulation 

A sway-dependent modulation of the synaptic efficacy on the SOL and MG Ia pathways 
was initially observed in Experiment 1 of Study II. In this experiment, a larger Hmax:Mmax
ratio was found in both the SOL and MG when the subject was in a forward (COPant) as 
compared to a backward (COPpost) position of sway. However, the two COP position 
conditions also exhibited a difference in the level bEMG activity for both the SOL (30%) 
and MG (248%). To establish that the 12±6% and 23±6% increase for the SOL and MG H-
reflexes, respectively, were not a result of the concomitant changes in motoneurone 
excitability, Experiment 2 of Study II was conducted. In this experiment, H-reflexes were 
elicited in subjects maintaining a baseline or elevated level of bEMG activity. It was found 
that despite large changes in bEMG activity (1012% in the SOL, 144% in the MG) between 
the two EMG conditions, no differences were found in the Hmax:Mmax ratios in the SOL 
(2 14% change) and MG (9 18% change). The findings from Experiment 2 of Study II 
therefore suggest that the concomitant increase in the motoneurone excitability observed 
in Experiment 1 of Study II was unlikely to have significantly influenced the H-reflex 
findings. 

The importance of sway position and sway direction were delineated in the two 
experiments of Study III. Experiment 1 revealed that sway direction alone could affect the 
efficacy of the Ia pathway. Specifically, the triceps surae Hmax:Mmax ratio was greater by 
9 3% during the forward as compared to the backward direction condition. This difference 
in the H-reflex amplitude was not accompanied by changes to neither the Mmax amplitude 
nor the level of the SOL bEMG activity. Although a significant increase in the MG bEMG 
activity was observed during the forward as compared to the backward COP direction 
condition, the magnitude of change was only 6.8 1.2 V, which in relative terms, equated 
to a change of less than 5 % of maximum voluntary contraction. Based on the results of 
Experiment 2 of Study II, which examined the effects of an increased level of bEMG during 
standing, and the fact that observed magnitude of bEMG change was proportionately 
small, it was assumed that the altered level of motoneurone excitability did not influence 
the H-reflex results. 

In Experiment 2 of Study III, subjects were tested under four experimental conditions, 
comprised of different combinations of COP positions and directions. The direction of the 
COP was found to affect the size of the H-reflex, whereby larger H-reflexes occurred 
during trials with a forward as compared to a backward COP direction (mean difference of 
14±5%; Figure 11). The COP position exhibited a trend towards an effect, where a 6±2% 
greater H-reflex amplitude was observed during the forward as compared to the backward 
COP position condition (Figure 11; P=0.081). The observed changes in the H-reflex 
amplitude cannot be attributed to a change in stimulus intensity because no differences 
were found in the amplitude of the M-wave between the COP position and direction 
conditions. Although there were some differences in the level of bEMG activity between 
COP position or direction conditions, the magnitude of change was, in relative terms, small 
(maximal difference of 7 V for the SOL and 10.5 V for the MG). While these changes in 
motoneurone excitability can potentially contribute to the observed effects on the synaptic 
efficacy, the results from Experiment 2 of Study II would suggest otherwise (see above). 

The effect of sway direction on the efficacy of the Ia pathway was confirmed in Experiment 
1 of Study IV. When the data obtained during the normal standing condition were grouped 
based on sway direction, an 18±5% increase in the SOL H-reflex occurred when subjects 
were swaying in the forward as compared to the backward direction (Figure 10). Since no 
changes were observed in either the level of bEMG activity or M-wave amplitude, the 



20

change in the synaptic efficacy of the Ia pathway was likely a result of a removal of pre-
synaptic inhibition during forward as compared to backward sway direction. 

Figure 11: Group mean data from 
Experiment 2 of Study III. H-reflex 
amplitudes for the SOL (open 
square), MG (open triangle) and the 
pooled data from the SOL and MG 
(filled circle with 1 SE bars). For 
graphical purposes, the H-reflex 
values are expressed as a 
percentage of the mean-1.6 SD 
COP position or the backward COP 
direction condition, but the non-
normalized values were used for 
statistical analyses. 

Cortical and corticospinal excitability during standing (Study IV) 

Task-dependent modulation 

In Experiment 1 of Study IV, TMS-evoked MEPs were larger in the SOL (35±11%) and TA 
(51±15%) during normal as compared to supported standing (representative subject data 
shown in Figure 12; group data shown in Figure 13). These effects occurred in parallel with 
an increase in the SOL and TA bEMG activity (5% and 23% for the SOL and TA, 
respectively). 

Figure 12: The mean (solid line)  1 SD (grey shading) response to TMS from a representative subject for the 
four experimental conditions in Experiment 1 of Study IV. The experimental conditions are specified by the 
illustration in the top row and are, from left to right, supported standing, normal standing, backward sway 
direction, forward sway direction.
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To ensure that changes in bEMG activity did not influence the observed MEP responses, 
an additional analysis was conducted such that the level of bEMG activity was matched 
between the two standing conditions. Despite having a similar level of bEMG activity, the 
effects of standing condition on the TMS-evoked MEPs were still observed in both the SOL 
and TA (i.e. increased MEPs during normal as compared to supported standing). Based on 
these analyses, the observed changes in the SOL and TA MEP responses cannot be due 
to a change in motoneurone excitability but rather, were a result of an enhanced 
corticospinal excitability during normal as compared to supported standing. 

Figure 13: Group mean 1 SE 
% change in the TMS-evoked 
MEP (Experiment 1, ), TMS-
evoked MEP (Experiment 2, 

) and TES-evoked MEP 
(Experiment 2, ) response 
from the supported to the 
normal standing condition. 
Data for SOL and TA are 
plotted in (A) and (B), 
respectively. Asterisks (*) 
indicate statistical significance 
between standing conditions. 

Experiment 2 of Study IV examined whether a cortical contribution was involved in the 
control of normal standing posture. A differentiation between TMS and TES-evoked MEP 
responses was observed in both the SOL and TA (Figure 13). Whereas the TMS-evoked 
MEPs were larger during the normal as compared to the supported standing conditions, no 
changes in the TES-evoked MEPs were observed between standing conditions. When 
trials were selected to match for the level of bEMG in either the SOL or TA, the TMS-
evoked MEPs were still affected by the standing condition, while the TES-evoked 
responses again exhibited no differences between standing conditions. Based on these 
results, it can be concluded that the TMS- and TES-evoked MEPs were not influenced by 
the altered level of motoneurone excitability between standing conditions. 

Sway-dependent modulation 

The results from Experiment 1 of Study IV revealed that the amplitude of the TMS-evoked 
MEP was influenced by a sway direction x muscle interaction (representative subject data 
shown in Figure 12; group data shown in Figure 14). Whereas the SOL MEP was larger by 
36±12% during forward as compared to backward sway direction, the TA MEP was smaller 
by 21±7% during forward as compared to backward sway direction. To eliminate the 
possibility that these MEP responses were influenced by the concurrent changes in bEMG 
(i.e. motoneurone excitability) activity between sway direction conditions, trials for the two 
conditions were selected to match for the bEMG activity. When the SOL bEMG activity 
was matched, the TMS-evoked SOL MEP was still greater by 21±10% during forward as 
compared to backward sway direction. Likewise, when the TA bEMG activity was matched, 
the TMS-evoked MEP responses from the TA were still found to decrease by 18±7% when 
swaying in the forward as compared to the backward direction. Based on these analyses, 
the small changes in the SOL and TA bEMG activity were unlikely to have strongly 
influenced the MEP results between sway direction conditions. 
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Figure 14: Group mean 1 SE 
% change in the TMS-evoked 
MEP (Experiment 1, ), TMS-
evoked MEP (Experiment 2, 

) and TES-evoked MEP 
(Experiment 2, ) response 
from the backward to the 
forward sway direction 
condition. Data for SOL and 
TA are plotted in (A) and (B), 
respectively. Asterisk (*) 
indicate statistical significance 
between sway direction 
conditions.

Experiment 2 of Study IV demonstrated that the TMS- and TES-evoked MEPs changed 
similarly between the two sway direction conditions (Figure 14). When swaying in the 
forward as compared to the backward direction, increases of 13±11% and 21±4% were 
observed in the SOL MEPs evoked by TMS and TES, respectively. To examine the 
influence of the increase in motoneurone excitability during forward as compared to the 
backward sway direction conditions, the MEP data were re-analyzed by matching for the 
level of SOL bEMG activity between the two conditions. Using this method, both the TMS-
evoked and TES-evoked SOL MEPs were still found to be greater by 25±12% and 15±6%, 
respectively, during the forward as compared to the backward sway direction condition. 
Changes in motoneurone excitability are therefore unlikely to be responsible for the 
observed effects in the TMS- and TES-evoked MEP responses. 

In contrast, TMS- and TES-evoked MEPs in the TA were greater (17±10% with TMS and 
33±5% with TES) during the backward as compared to the forward sway direction 
condition (Figure 14). Although the TA bEMG activity was only slightly different (~1.5 mV) 
between sway direction conditions, the MEP data were nevertheless re-analyzed by 
comparing trials with a similar level of bEMG activity. This analysis also revealed that the 
TA bEMG activity was unlikely to have influenced the MEP responses, as the TMS-evoked 
and TES-evoked TA MEPs were still greater (22±12% with TMS and 32±5% with TES) 
during the backward as compared to the forward sway directions. 
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DISCUSSION

The four studies presented in this thesis examined the neural control of standing posture in 
humans. A significant modulation of the excitability at the spinal, corticospinal and cortical 
levels was observed during normal standing as compared to lying or supported standing, 
the spinal and corticospinal pathways were altered with respect to postural sway. This was 
in contrast to the excitability of the motor cortex, which did not differ between the two 
directions of sway. The results of Studies II-IV give some insight into the findings of Study 
I, which demonstrated that the naturally occurring sway of standing influences the postural 
responses to an unexpected perturbation. 

Postural responses to an unexpected perturbation (Study I) 

Changes in standing posture are known to affect the postural responses to an unexpected 
perturbation (Allum 1983; Diener et al. 1983; Horak and Moore 1993). Until now, no 
studies had considered whether the small changes in body position (joint angular change 
of 1-1.5 ° and a horizontal COM displacement of <2 cm) arising from postural sway was 
large enough to elicit similar alterations in postural responses to a surface translation. 

The results from Study I support the hypothesis that the A-P position of postural sway 
during standing affects the postural responses to an unexpected support surface 
translation in the A-P direction. Regardless of the direction of the translation, muscle 
onsets were earlier and EMG amplitudes were greater when the COP was positioned 
opposite to the direction of the upcoming translation. Furthermore, despite the earlier and 
greater activity of the lower limb and trunk muscles, a two-fold increase in the number of 
stepping responses still occurred. 

Although the findings allude to the importance of sway position in maintaining balance, the 
possible influence of other factors, such as sway velocity, cannot be ruled out. However, it 
is conceivable that any potential velocity effects would have been equivalent across all 
COP conditions. Not only was the average COP velocity for each experimental condition 
found to be of similar magnitude and direction, there was a similar proportion of trials 
where the COP had reversed in direction. Thus, it can be hypothesized that the observed 
findings of this study are primarily related to a position effect, with a possible consistent 
velocity effect, during quiet standing. However, given that Studies II-IV of this thesis 
revealed a significant modulation of spinal and corticospinal excitability with respect 
primarily to sway direction, future studies will be required to whether sway velocity also 
influences the postural responses to an unexpected surface translation. 

It cannot be determined from Study I whether the observed changes to the postural 
responses are a reflection of neural and/or biomechanical constraints. However, given the 
relatively small biomechanical changes that occurred in body posture between 
experimental conditions (e.g. 2.2 cm difference in COP position), it would be expected that 
the altered postural responses exhibited between the two COP conditions arose due to an 
underlying neural change in the control of upright stance. Specifically, it is hypothesized 
that there is a varying amount of excitatory and inhibitory inputs that act onto the 
motoneurone pools of the lower limb muscles at different phases of the postural sway 
cycle. As a result, depending on when the surface translation is triggered relative to the 
position of postural sway, it is possible that the excitability of the motoneurone pool, and 
hence, the timing and magnitude of the postural responses are differentially affected. This 
hypothesis formed the partial basis for the investigations conducted in Studies II-IV. 
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Spinal excitability during standing (Studies II-IV) 

The control of posture has traditionally been believed to be controlled at the spinal level 
(Hellebrandt 1938; Sherrington 1910). Therefore, if the sway-dependent postural 
responses to an unexpected surface translation are controlled via spinal processes, an 
ongoing neural modulation would most likely be observed at the spinal level. To this end, 
Studies II-IV examined whether the synaptic efficacy of the SOL and MG Ia pathways are 
altered during the control of human standing. 

Task- and sway-dependent changes in synaptic efficacy of the Ia pathway during 
standing 

In agreement with previous studies (Katz et al. 1988; Koceja et al. 1995; Koceja et al. 
1993), task-dependent modulation of the triceps surae H-reflex was observed as subjects 
were tested from a lying to a standing position (Study II) or from a supported to normal 
standing posture (Study IV). The decreased amplitude of the triceps surae H-reflex that 
occurs during normal standing has been previously shown to be a result of an increase in 
pre-synaptic inhibition acting on the terminals of the Ia afferents (Katz et al. 1988). The 
depressed synaptic efficacy has been suggested to be a reflection of the neural strategy 
involved in the control of standing posture, such that the likelihood of the triceps surae 
motoneurones firing is diminished and consequently, the amount of any unnecessary de-
stabilizing plantar flexor torques is minimized (Hayashi et al. 1997). 

The second major finding from Studies II-IV indicated that the synaptic efficacy of the SOL 
and MG Ia pathways was dependent on the postural sway of standing. In the initial study 
(Study II), both the SOL and MG H-reflexes were found to increase when subjects were 
swaying in a more forward as compared to a backward position. However, sway direction 
was not controlled in this study and therefore, may have unintentionally contributed to the 
observed effects. To delineate which of the two sway parameters (i.e. sway position and 
sway direction) had influenced the efficacy of the Ia pathways, a follow-up study (Study III) 
was conducted. In this study, it was shown that the synaptic efficacy of the triceps surae Ia 
pathway was more likely to have been affected by sway direction as compared to sway 
position. The effect of sway direction alone resulted in a 14% difference in the triceps 
surae H-reflex, whereas the effect of sway position alone lead to a 6% change in the 
triceps surae H-reflex. However, since the magnitude of these changes were generally 
smaller than the 12-23% difference that was reported in Study II, it is possible that the 
discrepancy between the results of the two studies reflects the additive effects of sway 
direction and sway position on changes in the Ia spinal pathway to the motoneurone pool 
of the triceps surae. 

Functional relevance of a reduced synaptic efficacy during standing 

In some regards, a 5-23 % change in the H-reflex found between various phases of 
postural sway may be considered small. However, the direction- and position-dependent 
modulation of the H-reflex is of a similar magnitude to when larger, experimentally-
controlled ankle movements are applied to subjects lying prone on a bench. For instance, 
Nordlund et al. (2002) observed a difference of approximately 9% in the SOL Hmax:Mmax
ratio between concentric and eccentric muscle contractions, despite the use of a 30-fold 
increase in the ankle range of motion and a 5-fold increase in the ankle angular velocity. 
Thus, the effects of a sway direction- and position-dependent modulation of the spinal Ia 
pathway, as reflected by triceps surae H-reflex, appears to be of great significance in the 
control of upright stance. 
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It is probable that the modulation of synaptic efficacy at different phases of the sway cycle 
is related to the biomechanical demands of upright stance. When additional plantar flexor 
torque is needed, such as during forward sway, depolarization of the SOL and MG 
motoneurone pool via synaptic transmission of the Ia afferents is easier to achieve. In 
contrast, during backward sway, the efficacy of the Ia pathway is reduced via increased 
levels of Ia pre-synaptic inhibition so that the amplitude of the excitatory post-synaptic 
potentials and consequently, the amount of plantar flexor torque, would be significantly 
minimized. 

However, if the spinal control of standing posture is responsible for regulating the amount 
of ankle torque, a greater depression of the MG as compared to the SOL H-reflex would 
perhaps be expected. This is because fast-twitch fibers are more abundant in the MG than 
the SOL (Gollnick et al. 1974). A down-regulation of the MG as opposed to the SOL Ia 
pathway would have a larger effect in minimizing the potential for any unwanted 
fluctuations in plantar flexion torque. However, such a control strategy was not observed, 
as the H-reflexes for the two muscles were found to be similarly affected between COP 
conditions (Study II and III), indicating that normal standing, the two plantar flexor muscles 
are not differentially controlled. This is in contrast to previous studies, which have found a 
preferential control of the MG as compared to the SOL during hopping (Moritani et al. 
1990; Voigt et al. 1998), walking and running (Duysens et al. 1991). The absence of a 
differential control of the plantar flexors during quiet standing may be a reflection of the 
minimal mechanical requirements that occur in the maintenance of an upright stance. 

Many neural sources can potentially be responsible for the excitatory and inhibitory inputs 
acting on the Ia spinal pathway during normal standing. Centrally-mediated commands for 
the control of postural sway can arise from a variety of locations, including the visual cortex 
and cerebellum (Ouchi et al. 1999), as well as through vestibulospinal and reticulospinal 
projections (Matsuyama and Drew 2000). Conversely, peripheral inputs, such as load 
afferents from the vertebral column and/or lower limb joints, may have affected the SOL 
and MG H-reflexes since these have been shown to be important sources of information 
for the modulation of synaptic efficacy between postural conditions (Kawashima et al. 
2003; Miyoshi et al. 2003; Nakazawa et al. 2004). 

However, it is hypothesized that the modulation of the synaptic efficacy during various 
phases of postural sway faithfully reflects the ongoing muscle actions required for the 
control of upright stance. When a subject is in a sitting or lying posture and their ankle 
movement is experimentally-controlled via a torque motor, a greater amount of pre-
synaptic inhibition, as reflected by a smaller H-reflex, is found during muscle lengthening 
(i.e. dorsiflexion) as compared to shortening (i.e. plantar flexion) actions (Nordlund et al. 
2002; Pinniger et al. 2001; Romano and Schieppati 1987). If the same control mechanism 
is to be present during standing, a smaller H-reflex would be expected during events in the 
sway cycle when the muscle is lengthening. Although this cannot be determined 
conclusively from the results of this thesis, this appears to be the case. According to the 
recent work involving ultrasound imaging, a ‘paradoxical’ change in the muscle length of 
the triceps surae occurs during standing, such that there is an increase in muscle fascicle 
length (i.e. lengthening) of the SOL and MG during backward as compared to forward 
sway (Loram et al. 2005a; Loram et al. 2005b). Since the studies of this thesis found a 
decreased triceps surae H-reflex during backward sway, which presumably is associated 
with muscle lengthening, the relationship between the changes in the H-reflex amplitude 
and the presumed muscle actions of the triceps surae is identical between standing and 
experimentally-controlled muscle actions at the ankle joint. 
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Cortical and corticospinal excitability during standing (Study IV) 

In contrast to traditional assumptions, recent data obtained from both animals and humans 
strongly suggest that the motor cortex is involved in the control of posture, particularly 
when postural re-stabilization is required. For example, direct electrophysiological 
recordings obtained from cortical neurones in both rabbits and cats indicate that the neural 
output from these cells is strongly related to the postural responses that occur as a result 
of sinusoidal rotations to the support surface (Beloozerova et al. 2005; Beloozerova et al. 
2003). Similarly, Solopova et al. (2003) observed larger TMS-evoked MEPs from the SOL 
and TA when human subjects were standing on a tilting as compared to a stable surface. 
Their results alluded to the presence of a cortical control of posture since a concurrent 
change in spinal level excitability was not observed.  

While these findings give evidence for the involvement of the motor cortex during tasks 
concerning large postural disturbances, the contribution of supraspinal regions to the 
control of more stable postures has not been well examined. Accordingly, Study IV 
examined whether the motor cortex is involved in the control of undisturbed standing 
posture in humans. 

A task- but not sway-dependent modulation of cortical excitability 

The first major finding of Study IV was the presence of a task-dependent modulation of 
cortical excitability during normal standing. In line with previous studies (Ackermann et al. 
1991; Goulart et al. 2000; Koceja et al. 1993; Nakazawa et al. 2003), TMS-evoked MEP 
amplitudes in the SOL and TA were found to be facilitated as subjects were tested from a 
supported to a normal standing posture. Although the decrease in the SOL H-reflex with 
the concomitant increase in the SOL TMS-evoked MEP that was observed during normal 
as compared to supported standing provide some evidence for a change in cortical as 
opposed to corticospinal excitability during normal standing, evaluating these two reflex 
responses as a reflection of cortical excitability is somewhat limited. The stimuli used to 
elicit H-reflexes and TMS-evoked MEPs do not necessarily activate the same population of 
motoneurones (Nielsen et al. 1999) and thus, a more appropriate method to distinguish 
between excitability changes at the cortical and corticospinal levels is to compare the 
muscle responses elicited by TMS and TES. TES penetrates deeper into the cortex than 
TMS and as a result, TES preferentially activates the axons of the corticospinal cells 
(Rothwell 1997). Consequently, responses to TES are generally not influenced by the 
overall excitability of the motor cortex. In contrast, TMS primarily activates the 
corticomotoneurones either trans-synaptically or directly at or close to the soma and thus, 
responses to TMS are affected by cortical excitability (Rothwell 1997). When the results 
from the two transcranial stimulation techniques were analyzed in Experiment 2 of Study 
IV, a differential modulation of the MEP responses was clearly observed. Whereas SOL 
and TA MEPs evoked by TMS were greater during normal as compared to supported 
standing, the amplitude of the TES-evoked MEPs to the same muscles showed minimal 
change between the normal and supported standing conditions. Taken together, these 
observations point towards an increased cortical excitability to both the SOL and TA 
motoneurone pools during normal as compared to supported standing. 

The second major finding of Study IV was that both TMS- and TES-evoked SOL MEPs 
were significantly facilitated when subjects were swaying forward as compared to 
backward. Conversely, larger TA MEPs from TMS and TES were evoked during backward 
as compared to forward sway. Based on these results, a sway-dependent modulation of 
cortical excitability cannot be deduced due to the lack of differentiation between the 
responses obtained with TMS and TES. Moreover, since the observed effects in the TMS- 
and TES-evoked MEPs were present even after the precise matching for bEMG levels, the 
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results cannot be attributed to an altered level of motoneurone excitability. Rather, the 
MEP data point towards a modulation of corticospinal excitability to the SOL and TA 
motoneurone pools depending on the direction of postural sway. 

Functional relevance of a cortical involvement during standing 

Previous studies have shown that cortical activation normally decreases the amount of 
pre-synaptic inhibition onto the Ia afferents of the lower limbs (Iles 1996; Meunier and 
Pierrot-Deseilligny 1998). However, the results of the present study observed an increase 
in cortical excitability concomitant with a decrease in Ia efficacy, mediated presumably by 
an increase in pre-synaptic inhibition, to the SOL motoneurone pool. While the exact 
relationship between the spinal and cortical changes cannot be determined from this study, 
it is possible that the present findings reflect a re-organization of the regions responsible 
for postural control. Specifically, as subjects move from a supported to a normal standing 
posture, cortical involvement becomes more prominent. This hypothesis would be in line 
with the work of McIlroy et al. (2003), who observed a shift towards a supraspinal rather 
than a spinal level of movement control when balance was compromised. 

The presence of a task-dependent (i.e. from supported to normal standing) change in 
cortical excitability but an absence of a sway-dependent cortical modulation suggests that 
during normal standing, a tonically activated and enhanced cortical output is required to 
maintain the excitability at the spinal and/or sub-cortical levels (Irlbacher et al. 2006). 
Furthermore, it is at this spinal or sub-cortical level where the neural mechanism 
responsible for the altered synaptic transmission of the Ia spinal pathway during normal 
standing likely takes place. One possible effect that involves both the spinal and 
supraspinal levels is the modulation of Renshaw cells that synapse onto the SOL and TA 
motoneurones. During normal as compared to supported standing, the amount of recurrent 
inhibition acting onto the SOL and TA motoneurone pools is enhanced (Pierrot-Deseilligny 
et al. 1977). Since the inhibition of Renshaw cells would not only facilitate the activity of 
SOL motoneurones, but at the same time, lead to the disinhibition of the Ia inhibitory 
interneurones acting onto the TA motoneurones, this control mechanism would fit with the 
observed reciprocal changes in corticospinal excitability that occur as a function of sway 
direction. In addition, it is plausible that control of the Renshaw cells, or other spinal 
interneurones synapsing onto the SOL and TA motoneurones, could be originating from 
the cerebellum and/or visual cortex. Both regions have been found to have greater activity 
when standing as compared to lying (Ouchi et al. 1999). 

The observed sway direction-dependent changes in the spinal and corticospinal pathways 
may also provide further insight into the underlying control of the lower limb muscles. 
When the ankle joint is experimentally rotated, causing a change in the length of the 
triceps surae muscles, responses to both magnetically evoked MEPs and H-reflexes are 
greater when the muscles are shortening as compared to lengthening (Nordlund et al. 
2002; Sekiguchi et al. 2003). Since forward sway has recently been associated with an 
overall shortening of the SOL and medial gastrocnemius muscles (Loram et al. 2005b), it is 
certainly possible that the observed changes in spinal and corticospinal excitability 
between sway direction conditions were a faithful reflection of the ongoing muscle length 
changes that occur in the control of normal standing. 

Methodological considerations 

As with all research studies, several methodological considerations must be addressed 
when interpreting each study’s findings. Two of the main issues relating to the results of 
this thesis are discussed below. 
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Center of pressure as a measure of postural sway 

Postural sway relates to movements of the body in three-dimensional space. To 
adequately describe the postural sway of standing, measurement of the body’s COM is 
therefore required. However, the whole body COM, determined from the weighted average 
of each body segment’s COM position in three-dimensional space, is not easily recorded. 
Not only are assumptions made regarding the number of segments and the inertial 
properties of each segment, the position of each segment must be measured with high 
accuracy and resolution. Furthermore, since the determination of the whole body COM 
position is dependent on the recording of many body segments, tracking the movements of 
the COM in real-time, and with minimal delay, was not possible in the laboratories in which 
the data were collected. 

For the purposes of this thesis, it was therefore assumed that the COP signal, which is a 
measure of the location of the vertical ground reaction force vector, would give an 
approximation of the postural sway of standing. This assumption was based on the work of 
Gatev et al. (1999), who showed that during normal standing, movements of the COP in 
the A-P direction were highly correlated and with minimal phase-lag with the movements of 
the whole body COM. The strong relationship between the position of the COP and the 
COM was supported by the measurement of the body kinematics in Experiment 2 of Study 
III. Differences in the kinematics of the ankle angle and greater trochanter, both of which 
correlate with the kinematics of the whole body COM, between the four experimental 
conditions corresponded similarly to the movements of the COP. Finally, since the COP 
position and velocity criteria for the triggering the various perturbations were for the most 
part, considerably different between experimental conditions (e.g. COP positions were at 
least ±1.5 SD from the mean baseline position; COP velocities were required to be at least 
±5 mm·s-1), it is likely that the effects of COM and COP parameters on the EMG responses 
would be similar to each other. 

Additional analyses will nevertheless be conducted in the future to test the assumption that 
the EMG responses to the electrical and magnetic stimuli are influenced similarly by the 
kinematic parameters of the COP and COM. The position and velocity of the COM can be 
estimated offline by applying the zero-point-to-zero-point double integration technique to 
the force and moment signals obtained from the force plate (Zatsiorsky and Duarte 2000). 
This method has been shown to give similar COM trajectories to that obtained from the 
kinematic method, which involves the measurement of all body segments using a motion 
capture system (Lafond et al. 2004). It is hypothesized that the findings of this thesis will 
be unaffected with this re-analysis. 

Influence of motoneurone excitability on H-reflexes and MEPs 

One of the challenging issues in interpreting the H-reflex and MEP data was whether the 
EMG responses to the electrical and magnetic stimuli were a reflection of the differences in 
motoneurone excitability, as reflected by the bEMG activity, between experimental 
conditions. When subjects are in a stable lying position, the H-reflex amplitude has been 
shown to linearly increase over a moderate range of bEMG activation levels (e.g. 10-40% 
of maximum voluntary isometric contraction) (Löscher et al. 1996). Similarly, TMS-evoked 
MEPs have been found to positively correlate with underlying contraction when subjects 
are tested while in a lying or a standing posture (Lavoie et al. 1995; Morita et al. 2000; 
Ugawa et al. 1995). 

However, the greater magnitude of bEMG activity that occurred during the forward sway of 
quiet standing was unlikely to have accounted for the observed increase in the triceps 
surae H-reflex for several reasons. First, the results from Experiment 2 of Study II showed 
that when subjects are in a standing posture, the amplitudes of the SOL and MG H-
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reflexes do not increase despite increasing bEMG levels by significant amounts. This 
finding is supported by the work of Capaday and Stein (1986), who established that the 
rate of increase in the H-reflex as a function of bEMG level was much less during standing 
than walking or running. In order to detect greater H-reflex amplitudes as a direct result of 
motoneurone excitability during standing, large changes in bEMG activation levels appear 
to be required. However, the magnitude of change in the level of bEMG activity commonly 
observed between the standing conditions of each study equated to a maximal difference 
in ankle torque of approximately 10 Nm, which translates into only a 5-7 % of maximum 
plantar flexor torque (Simoneau et al. 2005). Given this small change in bEMG activity, it is 
not surprising that motoneurone excitability did not significantly alter the size of the H-
reflex. Finally, when the H-reflex data from Study IV were re-analyzed by matching for the 
level of bEMG in the SOL or TA, the originally observed effects of postural task on the H-
reflex amplitude remained. Based on these results, the observed changes in the triceps 
surae H-reflex during upright stance were unlikely to be a result of the recorded differences 
in background motoneurone excitability. 

In Study IV, the possible effect of an altered level of motoneurone excitability between 
experimental conditions on the TMS-evoked and TMS-evoked MEPs was addressed with 
an additional analysis of the recorded data. In situations when the level of bEMG activity 
was different between the standing or sway direction conditions, the data were re-analyzed 
by omitting trials until the average bEMG level was no longer different between 
experimental conditions. The fact that the effects of standing condition or sway direction on 
the MEP responses did not change from the original analysis suggest that changes in 
motoneurone excitability did not influence the MEP responses. 

Implications for future research 

The findings from this thesis highlight the mechanisms involved in the control of postural 
sway during normal standing posture. Postural sway is related to a constantly altering 
neural input, primarily originating at the spinal level, which in turn, may provide an 
explanation into the influence of postural sway on the neuromuscular responses to an 
unexpected perturbation. The revelation of the potential links between the neural signaling 
of the central nervous system, the postural sway of normal standing, and the ability to 
respond to an unexpected perturbation has implications for future research. 

The results of Study I raise important methodological considerations for the interpretation 
of postural perturbation studies. One suggestion would be that the timing of the support 
surface translations be administered at the same location of postural sway for all subjects. 
Horak & Moore (1993) have suggested the need to prevent subject leaning but it is now 
possible that even smaller changes, such as those within the normal parameters of sway, 
can potentially confound postural responses. Further, the lack of consistency in triggering 
the timing of perturbations may partially explain the variability in the latencies and 
amplitudes of muscular responses found between studies. A second consequence of the 
findings from this study is that consideration should be given when comparing individuals 
with different sway parameters. Some populations, such as the elderly, exhibit larger than 
normal sway magnitudes (Blaszczyk et al. 2000) and thus, it is possible that their postural 
responses to an unexpected perturbation may be different if it happens to be consistently 
triggered when they are at one extreme of postural sway. Finally, a potential consequence 
of this study, which certainly warrants further examination, is the possibility that dynamic 
balance may be improved by reducing the magnitude of sway. It may be that the common 
link for improvement in dynamic balance is simply a decrease in postural sway during 
standing. 
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Until now, the role of postural sway on the H-reflex amplitude had not been taken into 
consideration. The finding that the H-reflex of the triceps surae is dependent on the 
parameters of postural sway may explain the results from previous studies. For instance, 
when postural sway is not accounted for, a greater between-trial variability occurs in the 
SOL H-reflex during standing as compared to lying (Koceja et al. 1993; Mynark 2005) and 
the amplitude of sway positively correlates with the size of the SOL H-reflex gain (Tokuda 
et al. 1991). The results of the thesis suggest that these previous findings were brought 
about by simply stimulating the tibial nerve at random directions or positions of postural 
sway. By controlling for the direction and position of sway, some of the variability that is 
inherently present during quiet standing may be reduced. 

The hypothesis that the observed changes in the spinal and corticospinal excitability 
(Studies II-IV) are related to the previously reported muscle fascicle length changes that 
occur during normal standing warrants further investigation. A future study needs to 
determine whether the small changes in muscle length, reported to be in the magnitude of 
30-300 m (Loram et al. 2005b), are large enough to alter the H-reflex and MEP 
responses. This data would also be ideally complemented through the use of 
microneurography (Mano et al. 2006), where the discharge rates from the Ia afferents of 
the posterior tibial nerve are measured. This would provide a better indication of the 
afferent input that is associated with the various phases of postural sway. Finally, a 
dissociation between these small muscle movements and the acting of swaying must also 
be examined. The current results cannot determine whether changes at the spinal and 
corticospinal levels are simply a reflection of the lengthening and shortening actions of the 
triceps surae, and hence the ongoing Ia traffic, or are occurring due to postural sway itself. 
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CONCLUSIONS 

The studies presented in this thesis provide additional evidence towards the neural 
mechanisms involved in the control of human standing posture. In relation to the aims of 
the four studies, four general conclusions can be stated: 

1. Neuromuscular responses to an unexpected surface translation are influenced by the 
postural sway of standing. The results suggest the need to control for the parameters 
of postural sway in order to minimize the within- and between-subject variability of 
muscle responses. 

2. The synaptic efficacy of the SOL and MG Ia pathways is dependent on the postural 
sway during quiet standing. It is suggested that this neural strategy acts to ensure that 
when additional plantar flexor torque is needed, such as during forward sway, 
depolarization of the SOL and MG motoneurone pool via synaptic transmission of the 
Ia afferents is easier to achieve. However, unlike other motor tasks such as running 
and jumping, a differential control of the SOL and MG was not observed in the control 
of normal standing. 

3. The modulation of the synaptic efficacy to the triceps surae Ia pathways is dependent 
on sway direction and to a lesser extent, sway position during standing. The effects of 
the two sway parameters are independent but additive of one another. It is 
hypothesized that the ongoing changes in the spinal excitability relate to the small 
muscle length changes occurring in the SOL and MG during standing. 

4. The excitability of the motor cortex to the SOL and TA motoneurone pools is greater 
during normal as compared to supported standing. However, the increased cortical 
excitability is unlikely to be a reflection of an ongoing cortical control of muscular output 
during normal standing because unlike the spinal and corticospinal pathways, changes 
in cortical excitability do not occur as a function of postural sway. This suggests that 
only the spinal and sub-cortical regions are responsible, presumably via alterations in 
the amount of pre-synaptic inhibition, for the control of postural sway. The lack of 
modulation at the cortical level suggests that the influence of postural sway on the 
responses to an unexpected perturbation, as found in Study I, were unlikely to be 
mediated via cortical processes. 
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