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Abstract

We explored one of the unusual predictions of the concept of back-coupling within the theoretical
scheme of the control of posture and movement with setting referent coordinates for the effectors.
This concept implies slow drifts of referent coordinates toward actual coordinates leading to
unintentional drift in performance. During standing, such slow drifts may lead to a protective step
or even a fall and, therefore, corrections are expected leading to body sway at frequencies under
0.1 Hz. Young healthy subjects stood on the force platform quietly for 60 s under two single-task
conditions, with eyes open and closed, and two double-task conditions, matching an irrelevant
muscle activation signal to a target (MATCH) and performing a subtraction task. The latter was
performed with eyes open and closed. The rambling-trembling decomposition was applied to the
displacements of the center of pressure in the anterior-posterior direction. Spectral analysis was
used to quantify power within typical ranges for Tr and Rm, as well as for a slow Rm component
(under 0.1 Hz) addressed as Drift. Closing eyes led to a significant increase in Rm and Tr, but no
effects on Drift. Drift increased significantly in the MATCH task with no changes in Rm and a
drop in Tr. No effects of the subtraction task were seen on Drift. Overall, our findings suggest that
unintentional slow drift of referent body orientation towards the actual body orientation leads to
Drift, a specific example of back-coupling reflected in postural sway. This observation can be also
seen as an example of physiological minimization of activity of motoneurons. Natural visual
feedback is used to avoid the COP drift and/or correct it quickly and effectively; this ability is
compromised when vision is used for an unrelated task.
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Introduction

Quiet standing is associated with continuous changes in a variety of mechanical variables
addressed as body sway (reviewed in Winter et al. 2006). Analysis of forces applied to the
supporting surface has resulted in a hypothesis that body sway is associated with two
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processes termed rambling (Rm) and trembling (Tr) (Zatsiorsky and Duarte 1999, 2000).
Rm represents a trajectory of the center of pressure (COP, the point of application of the
resultant vertical force acting on the body), computed as an interpolation of instantaneous
equilibrium points, i.e., the points when the resultant force in the selected direction, anterior-
posterior or medio-lateral, is zero. Tr is the difference between the COP trajectory and Rm.
Rm has been viewed as predominantly a consequence of supraspinal control, while Tr has
been considered a reflection of peripheral mechanics and action of spinal reflex loops.

The Rm-Tr decomposition fits the theory of the neural control of posture and movement
with setting referent coordinates (RCs) for the involved effectors (Feldman 2015; Latash and
Zatsiorsky 2016; Mullick et al. 2018). According to this theory, the controller specifies RC
time profiles for effectors at the task-specific level (e.g., for the whole body) and then a
sequence of few-to-many (abundant, Latash 2012) transformations leads to RCs at the levels
of extremities, joints, and muscles. At the single-muscle level, RC is equivalent to threshold
of the stretch reflex (A) as postulated by the classical equilibrium-point hypothesis (Feldman
1966, 1986). During quiet standing with the body center of gravity projecting in front of the
ankle joints, the trunk referent orientation (RO, a specific case of RC) has to be behind the
actual trunk orientation, which allows generating the moment of force acting against the
moment produced by gravity (Fig. 1).

A number of recent studies have shown that, when a person performs a task, which requires
the RC and the actual coordinate of the effector to differ (e.g., during pressing with a finger
against a stop), a slow drift of RC toward the actual coordinate is observed with
characteristic times on the order of 10-20 s (Vaillancourt and Russell 2002; Wilhelm et al.
2013; Reschechtko et al. 2014, 2017; Ambike et al. 2015, 2016). Slow drifts have also been
reported for whole-body voluntary rhythmical sway performed by standing persons (Rasouli
et al. 2017). These phenomena have been interpreted as consequences of RC-back-coupling
(cf. Martin et al. 2009; Zhou et al. 2015), a natural process moving the system toward states
with lower potential energy.

The idea of RC-back-coupling suggests that, during quiet standing, a RO drift can be
observed towards the actual body orientation. A direct consequence of this prediction is that
there should be a drop in the actively produced moment of force and — unless these effects
are corrected — a protective step or even a fall when the COP projects outside the support
area (see Fig. 1). Naturally, the system of postural control does not allow this to happen and
acts to correct such RO drifts when they reach a certain threshold or even over-compensates
leading to a COP drift in the opposite direction (Rasouli et al. 2017). Given the reported time
constants of RC drift, COP deviations in the anterior-posterior direction (COPap) over
periods of 10-20 s can be expected with a large signal power in the frequency range about
0.05 - 0.1 Hz, below the typical values of peak power for Rm and Tr (cf. Zatsiorsky and
Duarte 2000). Note that, in an earlier study, Duarte and Zatsiorsky (1999) reported very slow
COP shifts (addressed by the authors as “drifting™), but during standing over much longer
time intervals.

In this study, we explored this prediction. To facilitate the natural RO drift, we used two
manipulations to reduce potential COP-stabilizing effects of the natural visual cues. In the
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first, we asked the subjects to perform the task of quiet standing while matching a visual
target on the monitor with a signal reflecting an irrelevant variable, the level of activation of
a finger flexor muscle (see Methods). In the second, the subjects stood with eyes closed.
Control conditions involved standing with eyes open and a typical dual-task condition,
standing while counting backwards, which is known to affect sway characteristics
(Andersson et al. 2002; Wollesen et al. 2016). Our main hypothesis was that the slow
COPap drifts would be large during standing with eyes closed and with vision focused on
producing a required level of the wrist flexor muscle activation, and the drift would be
reduced during standing with open eyes, with no additional effects of counting backwards.

Three women and six men (22.7 + 3.3 years old, body mass 66.1 + 8.5 kg, height 1.7 £ 0.1
m; mean + SD) participated in this study. All subjects were free of neurological and
musculo-skeletal disorders. They were right-leg dominant as defined by the test of kicking a
ball. Prior to the testing, the participants gave informed consent approved by the Office for
Research Protections of the Pennsylvania State University.

A force platform (AMTI, OR-6, Watertown, MA, USA), was used to record three force (Fx,
Fy, and F) and three moment components (My, My, and M) along the anterior-posterior
(X), medio-lateral ('Y) and vertical (2) directions with respect to the subject’s body. A 21-
inch monitor located at the eye level about 1 m away from the subject displayed real-time
visual feedback in some conditions. The feedback on the flexor digitorum superficialis
(FDS) activation level (FDS EMG) was showed as a bar moved upwards by an increase in
muscle activation (see later). A customized LabView program was used to collect the data at
1 kHz with the 16-bit resolution (PCI-6225, National Instruments Corp., Austin, TX, USA).

In each trial, the subject was asked to stand quietly for 65 s with the arms crossed over the
chest and the fingertips placed on the shoulders. The feet were parallel to each other at the
hip width, and the foot position was marked on top of the platform for consistency across
trials. The following single-task conditions were used: Standing with eyes open (EO) and
closed (EC), There were also two dual-task conditions: standing while performing a mental
subtraction task (MATH) and while matching the FDS EMG signal to the target (MATCH).
In the MATH task, the subjects started from a random three-digit number between 400 and
500 and counted backwards by subtracting seven at each step (speaking up the numbers);
this task was performed with eyes open (MATH_EO) and eyes closed (MATH_EC).

In the MATCH condition, visual feedback on the rectified FDS activation level was provided
after filtering with a moving average 250-ms window. The subjects were asked to press with
their right hand on the left shoulder to match the target corresponding to twice the FDS
activation level seen during quiet standing. The single-task conditions (EO and EC) were
performed both at the beginning and at the end of the experiment. The dual-task conditions
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(MATH_EO, MATH_EC, and MATCH) were performed three times each. There were three
blocks of conditions: single-task, dual-task, and single-task. Within each block, the order of
the conditions was randomized. Three practice trials were performed prior to each of the
dual-task conditions. To minimize fatigue, 30-s and 1-min rest periods were provided
between trials and conditions, respectively.

Data processing

Statistics

Results

All calculations were done using a customized MATLAB R2016a program (Mathworks
Corp., Natick, MA, USA). The force platform signals were low-pass filtered at 10 Hz with a
4-th order, zero-lag Butterworth filter. The first 5 s of the data in each trial were removed,
and the rest of the data over 60 s were used for further analysis.

Decomposition of the COP p signal into Rm and Tr was done following the procedures
described by Zatsiorsky and Duarte (1999, 2000). In brief, we identified instantaneous
equilibrium points (IEPs), defined as COP ap coordinates when Fap was zero. Rm was
estimated as the interpolation of the IEP coordinates with a cubic spline, whereas Tr was
estimated as the difference between the COP and Rm trajectories. The first and last one-
second intervals of Rm and Tr were removed to avoid edge effects. The power spectrum
analysis of COPap, Rm and Tr was done for each trial. Further, each power signal was
normalized by the COPap peak power. We defined Drift as the Rm within the {0; 0.1 Hz}
interval, Rm within the {0.1; 0.4 Hz} interval, and Tr within the {0.2; 1.5 Hz} interval (see
Fig. 3 in Results).

The following statistical tests were performed using SPSS (IBM Corp., Armonk, NY, USA):
(1) To test the effects of closing eyes on the sway components, two-way repeated-measure
ANOVA over single-task conditions was used, Vision (EO and EC) x Component (Drift,
Rm, and Tr); (2) To test the effects of dual-tasking on the sway components, we used a
three-way repeated-measure ANOVA: 7ask (EO and MATH) x Vision x Component, (3) To
test the effects of FDS EMG matching (MATCH) on the sway components a two-way
repeated-measure ANOVA was used, Condition (EO and MATCH) x Component, and (4) To
compare the two dual-task conditions (MATH and MATCH) on the sway components, we
used a two-way repeated-measure ANOVA, 7ask (MATH_EO and MATCH) x Component.

We checked the assumptions of normality and sphericity before applying parametric
statistics. Log-transformation were used to satisfy the normality assumptions in cases of
violations of normality, and the Greenhouse-Geisser procedure was used in case of
violations of sphericity. When necessary, pairwise contrasts with Bonferroni corrections
were carried out. The significance level was set at 0.05 and adjusted as needed when
Bonferroni corrections were used.

Typical COPpp time series during standing with eyes open (EO, thin trace) and during
matching the target with the FDS EMG signal (MATCH) are illustrated in Figure 2. Note
that there is a large-amplitude, slow COP change in the MATCH condition, but not in the
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EO condition. Averaged across subjects power spectra of Rm and Tr are shown in Figure 3
for the EO condition. Note the different scales for Rm and Tr in Figures 2 and 3. Based on
earlier studies, reporting typical Rm frequency characteristics (Zatsiorsky and Duarte 2000),
we considered Rm within the very slow range (under 0.1 Hz) as a separate component, Drift.

Averaged across subjects power of each of the three sway components for each of the five
conditions is shown in Figure 4. Note the very large Drift component in the MATCH
condition (the white bar) with no similar effect for the EC condition (the dotted bar).

Standing with eyes closed resulted in larger signal power for all three sway components:
Drift, Rm, and Tr, although the effect on Drift was relatively small. A two-way ANOVA
showed main effects of both Visior. F(y, g1 = 13.5; p < 0.01 and Component. F(,, 16] = 27.4;
p < 0.01). The effect of component reflected Drift > Rm > Tr confirmed by pairwise
contrasts (p < 0.05). There was also a close to significant interaction effect (p = 0.068).

The dual-task MATH condition led to a decrease in Drift with no consistent effects on Rm
and Tr. Effects of Vision (F1, g1 = 15.8; p < 0.01) and Component (F[», 1) = 66.9; p < 0.01)
were confirmed in ANOVA involving the MATH condition. Also, there were significant
interactions Vision x Component (F[2, 16] = 11.5; p < 0.01) and 7ask x Component (F[2, 16] =
4.7; p <0.05). The latter reflected smaller Drift for MATH compared to single-task
conditions (EO and EC) without such effects on Rm and Tr.

When the subjects matched the FDS EMG signal to the target on the screen (MATCH), they
showed an increase in Drift and a drop in Tr, without a change in Rm. Two-way ANOVA
confirmed the main effect of Component ([, 1) = 105.4; p < 0.01) and a significant
Condition x Component interaction (F[2, 16) = 15.4; p < 0.01). The interaction reflected the
larger Drift and smaller Tr in the MATCH condition compared to the EO condition.

Direct comparison between the two dual-task conditions, MATH_EO and MATCH, showed
a main effect of Component (F2, 16) = 98.3; p < 0.01) and a 7ask x Component interaction

(F2, 16) = 12.4; p < 0.01), reflecting larger Drift in the MATCH condition compared to that
in the MATH_EO condition.

Discussion

Our main hypothesis formulated in the Introduction has been supported for one of the
conditions (MATCH) and falsified for the other one (EC). Indeed, we expected the largest
slow COP drift magnitudes during standing with eyes closed and with visual feedback on
FDS EMG. The experiment showed no significant effects of closing the eyes on the COP
drift characteristics, and an increase in the drift component under visual feedback on FDS
EMG. This effect was not due to dual-tasking, because another typical dual-task condition
involving quiet standing while counting backwards (cf. Andersson et al. 2002; Wollesen et
al. 2016) led to an opposite effect, namely a drop in the drift compared to the single-task
conditions. Further, we consider these results within the theory of control of posture and
movement with referent coordinates for the effectors (Feldman 2015).
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Control of vertical posture with changes in body referent coordinates

Several recent studies have produced results compatible with the idea of control of vertical
posture with changes in referent body orientation (RO) (Mullick et al. 2018; Yamagata et al.
2018; Zhang et al. 2018). This idea is a particular example of a more general theory, which
considers the neural control of posture and movement as the process of setting time profiles
of referent coordinates (RC) for the involved effectors (Latash 2010; Feldman 2015). RC()
functions are used by the CNS as tools leading to desired motor effects based on memory
and sensory feedback. This is done without computations that would link neural variables to
peripheral variables such as muscle activations, forces, and displacements. RC can be
expressed in spatial Cartesian coordinates as well as in angular coordinates; then, it is
addressed as referent orientation (RO) (Latash et al. 2010; Mullick et al. 2018).

Within this general framework, shifts in the body RO lead to changes in the equilibrium
states of the body in the field of gravity reflected in the Rm component of the sway
(Zatsiorsky and Duarte 2000). In contrast, Tr is affected by the neural control process only
indirectly, e.g., as a result of associated changes in the apparent stiffness of the body joints
(cf. Latash and Zatsiorsky 1993; Latash 2018) following changes in muscle activation
patterns. A number of studies have corroborated different origins of Rm and Tr by showing
differential effects on these two sway components of such factors as visual feedback
(Danna-dos-Santos et al. 2008), aging (Sarabon et al. 2013; Degani et al. 2017), typical and
atypical development (Monteiro Ferronato and Barela 2011; Speedtsberg et al. 2017),
neurological disorders (Shin et al. 2011; Shin and Sosnoff 2017), postural instability
(Mochizuki et al. 2006), bedrest (Sarabon and Rosker 2012), ballet dancing (Michalska et al.
2018), and cannabis use (Bolbecker et al. 2018). Rm is a non-stationary process (Bottaro et
al. 2005), and the original studies had used de-trending or high-pass filtering before the Rm-
Tr decomposition process (e.g., Zatsiorsky and Duarte 2000; Sarabon et al. 2013). Some of
these procedures could effectively remove the very slow COP pp drift observed in our
experiment. We view this drift as a third sway component with the origin different from
those of both Rm and Tr.

RC-back-coupling as a potential mechanism leading to postural drift

One of the unusual predictions of the scheme of control with RC is unintentional drift in
performance when RC is kept away from the actual coordinate of the effector by external
forces. Such drifts in performance have been interpreted as consequences of RC drifts
reflecting the natural tendency of all physical systems to move toward states with lower
potential energy (Latash 2017). Performance drifts have been documented across a variety of
tasks including accurate force production by fingers (Vaillancourt and Russell 2002;
Wilhelm et al. 2014; Ambike et al. 2015) and accurate positioning of the hand (Zhou et al.
2014, 2015). A few recent studies have confirmed and quantified RC drifts during finger
force production in the absence of visual feedback (Reschechtko and Latash 2017; Ambike
et al. 2018), thus providing direct support for the RC-back-coupling concept. So far, only
one study reported findings interpreted as consequences of RO drift during whole-body
voluntary sway tasks (Rasouli et al. 2017).
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The idea of RC-back-coupling may be seen as a particular realization of the principle of
minimization of activity of motoneurons as suggested recently by Feldman (2018). Indeed,
the generalization of the idea of control of movements with shifts in threshold of the stretch
reflex (Feldman 1986, 2015) defines a condition for muscle activation as the one when
referent body configuration (RO for the example of standing, see Fig. 1) differs from its
actual configuration. Commonly, when this happens, the body moves toward RC thus
minimizing the difference between the two and, as a result, minimizing muscle activation. In
certain conditions, when external forces do not allow body to move toward RC, RC starts to
move toward the actual body orientation also contributing to minimization of muscle
activation. Note that, unlike other applications of optimization principles in motor control
(Prilutsky and Zatsiorsky 2002; Todorov 2004; Diedrichsen et al. 2010), in this example,
muscle activation is minimized by physical (including physiological) processes, without
assuming any computations within the central nervous system.

We interpret the Drift component in our study as a consequence of an unintentional slow RO
drift towards the actual body orientation, a specific example of RC-back-coupling. When the
COPpp drift reached a threshold magnitude detected by the subject with the help of available
sensory signals, a postural correction was introduced. The drift continued until reaching the
threshold magnitude again, followed by another postural correction, and so on (see Figure
2).

When the subjects in our experiment looked at external objects, many vertical and horizontal
cues were available, likely helping to avoid the COP drift and/or correct it quickly and
effectively. This ability was unaffected by dual-tasking since the MATH condition showed
lower Drift compared to the similar single-task conditions. When vision was used for an
irrelevant task (MATCH), Drift was corrected only after reaching a relatively large
magnitude. Note that the exponential nature of the drift (cf. Zhou et al. 2014; Ambike et al.
2015) resulted the relatively high overall power of the signal as a consequence of the drift
being corrected at discrete time moments and reset.

It seems counter-intuitive that Drift was relatively small during standing with eyes closed
(see Fig. 4, EC). In the EC condition, the subjects had to rely on non-visual sensory signals,
which are less effective in preventing large COP deviations (in our study Rm and Tr were
significantly larger in the EC condition compared to the EO one, see Fig. 4). This could lead
to longer COP drifts and fewer corrections leading to the relatively modest Drift power.

Concluding comments

We demonstrate very slow COP pp drift (at frequencies below 0.1 Hz), which showed
particularly large power in conditions with visual feedback on an irrelevant variable. This
third component of sway (in addition to Rm and Tr) is interpreted as a consequence of an
unintentional drift of body RO toward its actual orientation. This study represents a step
toward understanding postural sway and its components within a physical theory on the
control of posture and movement.
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AO RO

Fall

Figurel.
An illustration of the control of vertical posture with setting referent orientation (RO) of the

body. Left: When RO deviates from actual body orientation (AO), active moment of force
(MacT) counteracts the moment produced by the gravity force (Fg). Right: A drift of RO
toward AO leads to a drop in MacT, and the body is expected to fall.
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Examples of the center of pressure (COP) time series for a representative subject performing
the task of quiet standing with eyes open (thin line, EO) and while matching the EMG of the
finger flexors to a target (thick line, MATCH). Note the low-frequency cycles obvious in
MATCH, not in EO.
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Figure 3.

The power of the sway components (averaged across subjects data with standard error bars)
for the rambling (Rm) and Trembling (Tr). The low-frequency Rm (< 0.1 Hz) has been
designated as Drift. The values were normalized by the peak COP power for each individual
subject. Note the different scales for the Rm and Tr signals.
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Figure 4.

The power magnitudes for the three sway components across the five conditions. Note the
large Drift value for the MATCH condition without similar effects on Rm and Tr. Note also
the effects of closing eyes, particularly obvious for Rm and Tr and modest, if any, for Drift.
The scales for the Rm and Tr signals are different. Averaged across subjects data with
standard error bars are shown.
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