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Abstract

We explored unintentional drifts in voluntary whole-body sway tasks following the removal of
visual feedback. The main hypothesis was that the unintentional drifts were produced by drifts of
referent coordinates for salient performance variables. Young healthy subjects stood quietly on a
force platform and also performed voluntary body sway at 0.5 Hz both in the anterio-posterior and
medio-lateral directions. Visual feedback on the center of pressure (COP) coordinate was provided
and then turned off. During quiet stance trials, the subjects matched the initial COP coordinate
with a target shifted by 3 cm anterior, posterior, left, or right from the coordinate during natural
standing, and activated the right tibialis anterior to 30% of its maximal voluntary contraction.
During cyclical voluntary sway task, the nominal sway amplitude was always 4 cm while the
midpoint was at one of the four mentioned locations. Removing visual feedback caused COP drifts
during quiet stance trials that were consistent across trials performed by a subject but could be in
opposite directions across subjects; there was a consistent drop in the activation level of tibialis
anterior. During voluntary body sway, removing visual feedback caused a consistent increase in
the voluntary sway amplitude and a drift of the midpoint that was consistent within but not across
subjects. Motor equivalent and non-motor equivalent inter-cycle motion components were
quantified within the space of muscle groups (muscle modes) under visual feedback and at the end
of the period without visual feedback. Throughout the trial, there were large motor equivalent
motion components, and they increased over the period without visual feedback. The results
corroborate the idea that referent coordinate drifts at different levels of the control hierarchy can
lead to unintentional drifts in performance. It suggests that directions of COP drifts are defined by
two main factors, drift of the body referent coordinate toward the actual coordinate (that can lead
to fall) and an opposite drift to ensure body motion to a safer location. Analysis of motor
equivalence suggests that postural stability is not compromised during unintentional drifts in
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performance in contrast to earlier studies of multi-finger tasks. This may be due to the vital
importance of postural stability for everyday actions.
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Introduction

Unintentional drifts in motor performance are seen in young, healthy persons when visual
feedback is withdrawn and the subjects are instructed “to continue doing what you have
been doing”. These phenomena have been described for accurate force production tasks
(Slifkin et al. 2000; Vaillancourt and Russell 2002; Shapkova et al. 2008), object holding
tasks (Ambike et al. 2014), and multi-joint positional tasks (Zhou et al. 2014, 2015). In
particular, if a person is asked to produce a certain force level (e.g., by pressing with a finger
on a force sensor) under visual feedback and then the feedback is turned off, a consistent
force drift is observed, typically to lower force values (Vaillancourt and Russell 2000;
Ambike et al. 2015). These observations were originally interpreted as consequences of
limitations of motor memory (Slifkin et al. 2000, Vaillancourt and Russell 2002) supported
by brain imaging and clinical studies (Vaillancourt et al. 2001, 2003; Poon et al. 2012). This
interpretation has been challenged in recent studies showing that memorizing and
reproducing force is not accompanied by force drift to lower magnitudes (Jo et al. 2015;
Solnik et al. 2017).

An alternative explanation has been offered recently within the physical approach to the
control of movements (reviewed in Latash 2010, 2016). This explanation assumes that the
central nervous system produces movements by setting parameters associated with spatial
referent coordinates (RC) for the involved effector (RC hypothesis, Feldman 2015). During
force production by a finger in isometric conditions along a coordinate X; setting RCy
different from the fingertip coordinate (X7) produces force proportional to the difference
between the RCyand Xe7: Fx= K(RCx-Xr7), where kis apparent stiffness, also reflecting
spatial RC changes for opposing muscle groups (cf. Latash and Zatsiorsky 1993; Feldman
2015). A drop in force reflects an unintentional RCy drift toward X7 (drifts in kare also
possible but less likely, see Ambike et al. 2017). This interpretation views the documented
force drop as a reflection of the natural tendency of physical systems to move toward
minimum of potential energy.

Unintentional drifts in performance are also seen during cyclical tasks. For example, during
cyclical force production by a finger, a drift in the midpoint of the cycle to lower magnitudes
is seen accompanied by a drift of the peak-to-peak force amplitude to higher values (Ambike
et al. 2016). Notably, the two drifts occur at significantly different time scales. These
observations suggest that there are several factors affecting unintentional drifts in
performance that may include the existence of preferred parameters of action (such as
preferred peak-to-peak force magnitude in cyclical tasks, cf. Kay et al. 1987; Hatsopoulos
and Warren 1996).

Exp Brain Res. Author manuscript; available in PMC 2018 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rasouli et al.

Page 3

In this study, we explored a highly functional task of standing combined with the
requirement to produce cyclical patterns of the center of pressure (COP) in the anterior-
posterior (AP) or medio-lateral (ML) direction. Note that, if a person is standing quietly
while leaning in a certain direction, e.g., forward, from the preferred coordinate, body RC
has to be behind the person to produce activation of dorsal muscles counteracting the
moment of the gravity force. If RC drifts toward the actual body coordinate, the active force
resisting the moment of the gravity force should drop, and the person should lean forward
more and more until he or she falls. This prediction sounds rather unlikely given that
postural stability and fall prevention are major imperatives that may play a greater role than
the assumed drift of RC toward the actual coordinate. On the other hand, if the person is
asked not to stand quietly but to sway about a certain coordinate (that deviates from the
natural one, but not by too much) with a certain peak-to-peak amplitude, it becomes less
obvious, which of the factors would define behavior after the visual feedback on COP(t) has
been turned off.

Based on earlier studies with finger force production (Ambike et al. 2016; Reschechtko et al.
2017), we predicted that turning visual feedback off would lead to an increase in the peak-
to-peak voluntary body sway amplitude (Hypothesis 1). Note that this hypothesis refers not
to spontaneous postural sway, which is known to increase under closed-eye conditions (e.g.,
Winter 2009), but to a voluntary whole-body action performed while standing. Our second,
tentative hypothesis was that both the COP coordinate during quiet standing and the mid-
point of the voluntary body sway could show drifts toward the coordinate preferred during
natural standing or away from that coordinate in different subjects. Note that all these
predictions are drawn assuming that the subject is always trying “to do the same” and is
paced by an auditory metronome at a comfortable frequency.

The idea of control with RC suggests that unintentional RC drifts can be observed at
different levels of the hierarchy involved in an ongoing motor task. For example, if a muscle
is activated to a particular level, not required for performance, turning visual feedback off
would lead to a slow drift of the muscle activation level to lower magnitudes. Once again,
the subject is asked not to change the activation level of the target muscle. We tested this
hypothesis (Hypothesis 3) by asking subjects to perform quiet stance tasks with increased
activation level of the tibialis anterior (TA) muscle to a visual target and then removing the
target; TA was selected for its obvious role in the control of vertical posture and because its
activation can be easily recorded and quantified.

The final purpose of the study was to estimate stability of voluntary whole-body sway and
its possible changes during the unintentional drifts. For this purpose, we used the framework
of the uncontrolled manifold (UCM) hypothesis (Scholz and Schéner 1999) and estimated
cycle-to-cycle deviations in the space of activation of muscle groups (muscle modes or M-
modes, Krishnamoorthy et al. 2003) before turning the visual feedback off and also at the
end of the drift period. These deviations were quantified in two spaces, UCM and ORT.
UCM is the space where M-mode deviations have no effect on COP coordinate; deviations
within this space are termed motor equivalent (ME; Scholz et al. 2007; Mattos et al. 2011).
COP shifts within the ORT space; these are non-motor equivalent (nME) deviations. An
earlier study has shown large ME deviations, significantly larger than nME deviations, in the
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M-mode space during multi-joint arm movements (Mattos et al. 2013). Hence, we expected
ME deviations both prior to and at the end of the drift period that would be at least
comparable to task-related nME deviations (Hypothesis 4). Note that ME deviations, by
their very definition, are wasteful for task performance, which makes this hypothesis non-
trivial.

ME deviations have been interpreted as reflections of stabilization of the salient performance
variable (COP coordinate in our study) in the abundant space of M-modes (Mattos et al.
2011, 2013). Based on earlier studies, we expected stability of the drifting variable to
become compromised (Parsa et al. 2017a,b) leading to a drop in the ME deviations without a
comparable drop, or even an increase, in the nME deviations (Hypothesis 5).

Methods

Participants

Eleven healthy individuals (4 females, 7 males (age 27.5 + 4.4 years old, height 1.73 £ 0.10
m, body mass 66.4 + 10.3 kg; mean +SD) participated in this study. The subjects had normal
or corrected to normal vision and no known musculoskeletal or neurological disorders. They
signed an informed consent according to the procedures approved by the Office for Research
Protections of the Pennsylvania State University.

Apparatus

A force platform (AMTI, OR-6) was used to record the AP, ML and vertical components of
the ground reaction force (Fx, Fy, and Fz respectively), and also the moments of force
around the frontal and sagittal axes (My and My, respectively). The force coordinate system
was defined with the X-axis pointing anterior, the Y-axis pointing to the right, and the Z-axis
pointing downward. Subjects received real-time visual feedback on the trajectory of the COP
using a19” monitor placed at the eye level about 1.5 m away from the subject. The COP
displacement along AP direction (COPp) caused cursor motion up and down, while the
COP displacement along ML direction (COPy,. ) caused cursor motion right and left.

Surface muscle activation (EMG) signals were recorded using a 16-channel Trigno Wireless
System (Delsys Incorporation, Boston, MA, USA). Active electrodes with built-in amplifiers
(size: 37x26x15 mm) were attached by two-sided tape to the skin over the bellies of the
muscles. Thirteen muscles on the right side of the body were recorded: tibialis anterior (TA),
soleus (SOL), gastrocnemius medialis (GM), gastrocnemius lateralis (GL), semitendinosus
(ST), biceps femoris (BF), vastus lateralis (VL), vastus medialis (VM), rectus femoris (RF),
tensor fasciae latae (TFL), lumbar erector spinae (ESL), thoracic erector spinae (EST), and
rectus abdominis (RA). To check the electrode placement, the EMG signals were observed
while the subjects performed a set of isomeric contractions and related movements (Kendall
et al. 2005). Given the 16-channel system, we opted for recording more muscles on one side
of the body only rather than recording fewer muscles bilaterally and potentially missing
some important EMG signals. EMG signals were amplified and band-pass filtered (20-450
Hz) before being transmitted to the data collection desktop computer (Dell, Core i7, 2.93
GHz). A customized LabView program (LabView 2014, National Instruments, Austin, TX,
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USA) was used to collect and record EMG and force platform signals with the sampling
frequency of 1 kHz with the 16-bit resolution data acquisition board (PCI-6225, National
Instruments).

Each experimental session consisted of 1) Control trials that included quiet standing,
standing while holding a load, and rhythmic voluntary body sway; and 2) Main tasks that
included steady-state task (quiet standing) in modified initial postures and cyclical voluntary
body sway with manipulations of the visual feedback. Control trials were always conducted
in a fixed order A, B and C (see below). Then the main tasks (quiet standing and cyclical
sway) were performed in a random order. Across all trials, the subject stood barefoot on the
force platform, feet in parallel, with the insides of the feet 15 cm apart. The initial foot
position was marked on top of the platform and reproduced across all tests. In all trials,
except for the trials with standing while holding a load, the subjects stood with the arms
crossed on the chest. In the trial with holding the load, the subjects stood with their arms
extended as required by the task. Note that the data collected in those trials were used only
for EMG normalization.

Control trials

A. Quiet standing: This task was performed to measure the baseline muscle activity, which
was used for further EMG normalization. Subjects performed one trial of quiet standing for
30 s without visual feedback, and they were instructed to stand as still as possible and to
look at a fixed point on the screen in front of them.

B. Standing while holding a load: In the next two trials, the subjects were instructed to
stand quietly, keep vertical posture and grasp a handle bar by pressing with the hands of
extended arms on two circular panels at the end of the bar. A 5 kg load (selected based on
earlier studies, Danna-dos-Santos et al. 2007; Klous et al. 2011; Piscitelli et al. 2017) was
attached to the bar acting either downward or upward (via a pulley system) in different trials.
The two load directions were used to provide conditions that required primarily dorsal
muscle activation (load acting downward) or ventral muscle activation (load acting upward).
The subjects held the bar with the load for 10 s with their arms parallel to the ground. The
time interval between the two trials was 30 s. The data from these trials were used for EMG
normalization (see Danna-dos-Santos et al. 2007).

C. Voluntary body sway: Further, subjects were instructed to stand in the initial,
comfortable position with arms crossed on the chest and fingertips on the shoulders, and
perform continuous voluntary body sway between the two targets shown on the monitor.
Sways in the AP and ML directions were performed in separate trials. The purpose of this
task was to define a low-dimensional set of elemental variables (M-modes, muscle groups
with parallel changes in activation levels (Krishnamoorthy et al. 2003a) and to link small
changes in M-modes to COPap shifts (the Jacobian, J, Krishnamoorthy et al. 2003b; Danna-
dos-Santos 2007). The subjects were asked to sway about the ankle joints while keeping full
contact of the feet with the force platform. The target amplitude was set at £ 3 cm deviation
of the COP from the initial position and it was shown on the screen with two lines while the
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real-time COP coordinate was displayed as a white circle with 5-mm diameter. Subjects
were asked to sway with the auditory metronome (1 Hz) and touch each of the target lines at
the metronome beeps. Therefore, one complete cycle was performed in 2 seconds (0.5 Hz).
Subjects had two practice trials before data acquisition. Three trials were performed in a row
for each sway direction; the duration of each trial was 30 s with a 30-s rest between the trials
and one-minute rest between the directions. Subjects were instructed to follow the
metronome and do their best to minimize COP deviations in the non-instructed direction.
The order of AP and ML directions was randomized.

Main trials

A. Quiet standing with increased TA activation: This test included four conditions that
differed in the initial COP coordinate that deviated from the COP coordinates during natural
standing: anterior (Ant), posterior (Post), right (Right) and left (Left). First, each subject
performed two trials at maximal dorsiflexion of the right foot while seated, and the maximal
level of the right TA muscle activation was identified over 3 s during the interval of its
maximal activity (MVCya). The subjects were instructed to move the body to the initial
COP coordinate (3 cm from zero-point of CoP) shown on the monitor and simultaneously to
contract the TA muscle to reach approximately 30% of MVCya. The TA EMG feedback was
shown as a vertical tank filled up to a level defined by the rectified and low-pass filtered TA
EMG signal. There were two horizontal lines on the tank, corresponding to 25% and 35% of
MV Cra, and subjects were instructed to hold the TA contraction level between these lines
while keeping full foot contact with the force platform and simultaneously holding their
COP coordinate at the target. Subjects kept the TA activation level and COP coordinate for
10 s with continuous visual feedback on both variables. Then, they were asked to close the
eyes and to “continue doing what you have been doing” for the following 20 s. The four
conditions (Ant, Post, Right and Left) were blocked-randomized, and each of them was
repeated three times in a row. Before the test, subjects performed one practice trial with open
eyes and the feedback on for the whole trial duration (30 s). A 30-s rest between trials and 1-
min rest between conditions were applied.

B. Voluntary cyclical sway: This test also included four conditions: Ant, Post, Right and
Left. The initial COP coordinate was shown on the monitor for each of the four conditions;
it corresponded to the COP shifted by 2 cm from the natural COP coordinate defined as the
mean coordinate during quiet standing forward (Ant), backward (Post), to the right, or to the
left. Subjects were asked to shift the COP to one of those targets (2 cm away from the
natural COP coordinate) and sway rhythmically with + 2 cm COP deviations for 40 s. In
each condition, there were two lines serving as the designated targets on the screen, which
were horizontal for the COPap tasks and vertical for the COPy,_tasks. The frequency of the
sway was set at 0.5 Hz, paced by the auditory metronome. The metronome was on at all
times throughout each trial; so, no drift in the sway frequency was possible. Subjects were
instructed to start swaying with visual feedback, close the eyes at 10 s and continue swaying
for 30 more seconds with the same voluntary body sway parameters until the end of the trial.
The conditions were blocked-randomized with three trials in a row for each condition.
Subjects had 30-s rest between trials and 1-minute rest between conditions. Subjects had one
practice trial before each condition with open eyes and the feedback on for the whole trial
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duration (40 s). Subjects always swayed in the AP direction for the Ant and Post conditions,
while they swayed in the ML direction for the Left and Right conditions for a total of 12
experimental trials: 4 conditions x 3 trials x 40 s. The total number of trials in the study was
33, and the average duration of the experiment was 90 minutes. There were no reports of
fatigue or discomfort during the testing session.

Data analysis

Customized programs in MATLAB 2015b (MathWorks, Natick, MA, USA) were used to
process and analyze the data. Signals from the force platform (Fz Fx, and My) were filtered
with a 5 Hz low-pass, 4th order, zero-lag Butterworth filter before calculating the COPpp
and COP),_ coordinates with the following equations (Winter et al. 1996):

COPAP:fW 1)

Mg "rz)
COP M. +(F‘y d (2)

ML 7

where d; is the distance from the platform origin to the surface, which was 0.043 m in this
study. To avoid edge effects, the data were accepted from the (3-27 s) interval only, for each
30-s trial of the voluntary sway task. A cycle was defined as the time between two
successive lateral-most COPy,._ or anterior-most COPap coordinates. Each subject
performed about 12 full cycles within this period in each trial.

Raw EMG signals were full-wave rectified and low-pass filtered using a moving average
100-ms window. EMG data were shifted 50 ms backwards with respect to the force platform
data to account for the electro-mechanical delay (Corcos et al. 1992), for computations
involving both EMG and mechanical signals. The EMG signals were corrected for
background activity and normalized to compare EMG data across subjects (Krishnamoorthy
et al. 2003a; Klous et al. 2010):

EMG—EMGgs
EMG yppm="re9

EMG oy 3)

where EMGgg is the average filtered EMG during the quiet standing from the control trial
and EMG;s is the average filtered EMG in the middle of standing trials while holding the
load. was calculated for the ventral muscles (TA, VM, VL, RF, RA, and TFL) based on the
EMGs data collected during standing while holding the load suspended behind the subject,
and for the dorsal muscles (SOL, GL, GM, BF, ST, ESL, and EST) based on the data
collected during standing while holding the load suspended in front of the subject.

TA-EMG drifts during the steady-state task—Raw EMG signals were rectified,
filtered, and normalized to the value during the MVC test for each subject. The activation
level of TA was analyzed for differences across directions and task phases. Two time
intervals were selected to test Hypothesis 3: before closing eyes, Phase-1 (8-10 s) and at the
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end of the trial, Phase-2 (27-29 s) (see Figure 1 in Results). Further the TA-EMG was
integrated over these 2-s time intervals, and its mean magnitude was computed. These values
were averaged across the three trials for each subject.

Analysis of the voluntary cyclical sway task—For each cycle, two variables were
computed: (1) The sway midpoint of the COP displacement (Mcop) as the mean value of the
consecutive extrema and (2) Peak-to-peak amplitude (Acop) as the absolute difference
between the consecutive extrema. These values (Mcop and Acop) were computed starting
from two full cycles before closing eyes until the beginning of the last incomplete cycle at
the end of the trial. For further processing, the values of Mcop and Acop Were assigned to
the middle of the half-cycle interval between the two extrema. Then, two time intervals were
chosen: Phase-1 (the last two full cycles before closing eyes) and Phase-2 (the last two full
cycles) (see Figure 3). The averages of Mcop and Acop Within each phase were calculated
and then averaged across three trials in each condition for each subject.

Defining muscle modes—The aim of this step was to define groups of muscles (muscle
modes or M-modes, eigenvectors in the muscle activation space, Krishnamoorthy et al.
2003a) that showed parallel changes in their activation levels. These muscle groups are
viewed as the elemental variables in the analysis of synergies (Krishnamoorthy et al. 2003b).
Principal component analysis (PCA) with Varimax rotation and factor extraction was
performed on the correlation matrix of the integrated (50-ms time windows), normalized
EMG (IEMGprm) data from the sway tasks for each condition and each subject separately
(Krishnamoorthy et al. 2003a; Danna-dos-Santos et al. 2007). The first four PCs were
selected for each subject to reduce the 13-dimensional muscle activation space to a 4-
dimensional factor (M-mode) space. We used the Kaiser criterion confirmed by an infection
point on the scree plot after the fourth eigenvalue; in addition, each PC had to contain at
least one muscle with a significant loading (with the absolute magnitude over 0.5; Hair et al.
1995). The amount of variance in the muscle activation space was calculated for each M-
mode.

Defining the Jacobian matrix—The Jacobian (J) matrix was defined to link small
changes in M-mode magnitudes (AM) to COP displacements (ACOPy;_ and ACOPpp),
assuming linear relations between these variables (Krishnamoorthy et al. 2003b; Danna-dos-
Santos et al. 2007). AM, ACOP),._ and ACOP ap data were computed from IEMGy,grm and
integrated COPpy_ and COP ap within 50-ms time windows data from the voluntary body
sway task. All AM, ACOPy; and ACOP ap were filtered with a low-pass, 5-Hz, 4th order,
zero-lag Butterworth filter. Separate multiple regression analyses were performed for each
subject. Two multiple linear regression analysis without intercept were performed over all
selected cycles in the AP and ML directions:

ACOP, =k, AM;+k, ., AMa+k, ., AM3+k, ., AM,
ACOP,, =k, AM;+k,,, , AMo+k, ;. AMs+k,,; , AMj.

ML1
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The multiple regression analysis generated sets of coefficients, which formed a matrix, that
is the J matrix: Jap = [Kap1 kap2 kaps kapal ™, and Jmi = [Kmia Kmiz Kmiis kmialT, where
T is the sign of transpose.

Analysis of motor equivalence—The motor equivalence analysis was performed to
quantify the amount of inter-cycle motion in the M-mode space along the uncontrolled
manifold (UCM, Scholz and Schéner 1999), estimated as the null-space of the
corresponding J matrix, and along the orthogonal to the UCM space (ORT) computed for
the COPap and COP),_ separately. Motion along the UCM will be addressed as motor
equivalent (ME) maotion, while motion along the ORT subspace will be addressed as non-
motor equivalent (nME). M-mode vectors in the 4D space of M-modes were computed for
the maximum (Max) and minimum (Min) point in each cycle. Then, we computed the
difference between the M-mode vectors at the same phase in consecutive cycles. Finally, the
difference vectors were projected onto the UCM and ORT subspaces and the length of each
of those projections was computed. These values were further normalized by the square root
of the corresponding dimensionality (one and three for the ORT and UCM, respectively; cf.
Mattos et al. 2011, 2013) and used as the ME and nME indices. Note that this method
computes both ME and nME indices in units of M-mode displacement, which are computed
based on changes in the normalized and integrated EMG indices. ME and nME for COPap
and COP),_ were computed separately for the Max and Min points in the sway cycles over
the whole trial duration, starting with the two cycles in Phase-1 and ending with the two
cycles in Phase-2. Further, ME and nME were averaged across trials within each of the two
phases for each condition separately and used for further statistical analysis.

Statistical analyses

Data are presented as means and standard errors (SEs). All statistical analyses were
performed with SPSS statistical software version 24 (IBM Corporation, Armonk, NY, USA).
To test Hypothesis 1, a two-way repeated measures ANOVA on peak-to-peak sway
amplitude with factors Condition-1 (Ant vs. Post) and Phase (Phase-1 vs. Phase-2) was
performed. A separate two-way ANOVA on peak-to-peak sway amplitude was run with
factors Condition-2 (Rt vs. Lt) and Phase (Phase-1 vs. Phase-2). To test the effects of
removing visual feedback on midpoint of the sway (Hypothesis 2), the midpoint was
subjected to a two-way ANOVA with factors Condition (2 levels) and Phase (2 levels). A
separate two-way ANOVA for COP),_ was performed. Hypothesis 3 was tested using a two-
way ANOVA on TA activation level with factors Condition-1and Phase. A separate two-way
ANOVA for the ML direction was executed. Lastly, two-way ANOVAs on indices of motor
equivalence (ME and nME) were performed with factors Condition-1 and Phase for both
Max and Min points. The same analyses were done for the ML direction. In addition, two-
way ANOVAs on nME and ME changes from phase-1 to phase-2 in both AP and ML
directions were performed. Paired t-test was used to compare percentage of variance and R2
between AP and ML directions. Significant effects of ANOVA were further explored using
pairwise comparisons with Bonferroni corrections. The level of significance was set at p
<0.05.
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Steady-state task

During steady-state standing without visual feedback, slow unintentional drifts were
observed for both task variables, COP coordinate and TA activation level. In particular, in
the Ant, Right, and Left conditions, COP on average drifted away from its coordinate
observed during natural standing with eyes open. In the Post condition, however, COP
drifted toward the coordinate observed during natural standing. In contrast, TA activation
level showed a drift toward lower magnitudes across the four conditions. An illustration of
the COP and TA activation drifts for the Ant condition performed by a representative subject
is shown in Figure 1.

The average COP displacements between Phase-1 (with vision) and Phase-2 (without vision)
are presented in Figure 2. For COPap, there were significant main effects of Phase (F1,109) =
8.323; p < 0.05) and Condition (F(1,10) = 334.13; p < 0.001) without an interaction reflecting
the fact that COP ap shifted forward for both Ant and Post conditions. Note that the forward
shift in Ant means a shift away from the natural standing coordinate while the forward shift
in Post meant a shift toward that coordinate. For COPy , there were main effects of
Condiition (F (1,10 = 1058.711; p < 0.001) and an interaction Phase x Condition (F1 10) =
5.194; p < 0.05) reflecting the fact that in both Right and Left conditions COP),_ shifted
away from the natural standing coordinate, i.e., in opposite directions.

On average, there was about a 25% drop in the TA activation level in Phase-2 compared to
Phase-1. This is illustrated in Figure 2 that shows the averaged across subjects values of the
rectified and integrated EMG signal of TA. For the AP direction, the two-way ANOVA
revealed a main effect of Phase [F(1,10) = 10.162; p < 0.01] without a main effect of
condition or an interaction, whereas no significant effects were found for the ML direction.

Cyclical voluntary body sway task

Closing the eyes during the voluntary sway task led to consistent changes in the peak-to-
peak sway amplitude (Acop) and mid-point (Mcop). Across all condition, Acop increased
while drifts in Mcop were condition dependent. Figure 3 illustrates the performance in a
typical subject in the Ant condition (the mid-point of the sway was 2 cm anterior to the
natural COP coordinate). The open and filled dots represent Acop and Mcop respectively
computed for consecutive cycles. Note the increase in Acop after the subject closed the eyes
(at time = 10 s) with a relatively small, inconsistent drift in Mcop. While the drifts in Acop
were consistent across subjects (i.e., toward higher magnitudes), changes in Mcop could be
consistent within-a-subject but in different directions across subjects. Figure 4 displays the
blocks of three trials performed by each of four subjects under the Ant and Post conditions.
Note that individual subjects could show consistent across trials drifts in Mcop toward and
away from zero coordinate.

The magnitudes of Acop and Mcop averaged across subjects for all conditions are presented
in Figure 5 for two time windows corresponding to Phase-1 and Phase-2 (see Methods).
Analysis of Acop revealed a main effect of Phase [F(y,109) = 35.235; p < 0.001 for AP and
F(1,10) = 15.004; p < 0.005 for ML] and a Phase x Condition interaction [F(; 10y = 16.319; p
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< 0.005] for the AP direction only. Pairwise comparisons confirmed that Acop in Phase-2
was larger than in Phase-1 for both AP and ML sway directions. The interaction reflected
the fact that Acop in Phase-1 was larger in the Ant condition (p < 0.01) while in Phase-2 it
was greater in the Post condition, albeit under the level of significance (p=0.08).

The Mcop coordinate showed a drift toward the COP coordinate during natural standing
(zero coordinate) in the Post and Right conditions, while there was a small drift away from
the natural standing coordinate in the Ant and Left conditions (Figure 5). The two-way
ANOVA revealed an effect of Condition [F(y 10y = 43.565; p < 0.001], which was due to the
different initial Mcop across conditions, i.e. positive values in the Ant and Right conditions
and negative values in the Post and Left conditions. There was also a main effect of Phase
[F(1,10) = 7.944; p < 0.05] and an interaction [F(1,10) = 5.423; p < 0.05] for the AP sway
direction. The interaction revealed a significant decrease in Mcop from Phase-1 to Phase-2
in the Post condition only. There was also a main effect of Phase [F(1 10) = 8.288; p < 0.05]
for the ML direction corresponding to the overall reduction in the Mcop coordinate from
Phase-1 to Phase-2.

Muscle modes and the Jacobian

There were consistent patterns of muscle activations at the sway frequency during the
cyclical sway task in all the subjects. The PCA with rotation and factor extraction on the
integrated indices of muscle activation led to the identification of four M-modes accounting,
on average, for 76.59+ 5.46% and 61.05 + 7.81% of the total variance for the AP and ML
sway direction respectively. Paired t-test showed that the amount of variance was higher for
the AP direction than for the ML direction (t[10) = 5.88, p < 0.001). Table 1 presents results
of the PCA analysis for a typical subject for both sway directions. There were consistently
high loading factors for the dorsal muscles in one of the first two M-modes and ventral
muscles in the other M-mode. The third and fourth M-mode were less consistent and could
have only one muscle significantly loaded (typically, RA or TFL).

Linear regression analysis between the COP shifts and associated changes in the magnitudes
of the M-modes confirmed that each of the four M-modes was a significant predictor of COP
shifts in both directions (p < 0.001). The average amount of variance accounted for by the
regression analysis was 74 + 8% and 51+15% for COPap and COPy,_ respectively.

Analysis of motor equivalence

Max points—When displacements between successive cycles in the M-mode space were
quantified along the UCM and along the ORT space, ME magnitudes were commonly larger
than nME magnitudes, and ME magnitudes increased in Phase-2 compared to Phase-1,
whereas nME remained relatively unchanged. ME and nME indices for Phase-1 and Phase-2
are presented in Figure 6. In this Figure, the ME and nME indices are quantified for the
peaks (Max) and valleys (Min) of the sway cycle. Note the overall larger ME indices and
their trend to increase in Phase-2.

For ME, the two-way ANOVA showed main effects of Phase [F(1,10) = 12.390; p < 0.01] and
Condition [F(1,10) = 5.693; p < 0.05] without an interaction for the AP direction, while only
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a main effect of Phase [F(1,10) = 8.432; p < 0.05] was found for the ML direction. Pairwise
comparisons showed that the ME in Phase-1 was smaller than in Phase-2 in both AP and ML
directions, and also ME was larger in the Post condition compared to the Ant condition.

Analysis of nME showed only a main effect of Condition [F(y 1) = 10.730; p < 0.01] for the
AP direction indicating larger nME for the Post compared to the Ant condition. There were
no significant effects for the ML direction.

Min points—Similar to the results of Max points, ME magnitude increased in Phase-2
compared to Phase-1 across all conditions while nME stayed unchanged. The results of two-
way ANOVA on ME showed only an interaction of Phase x Condition [F 1,109y = 9.282; p <
0.05] in the AP direction. Post-hoc analysis revealed that ME in Phase-1 was smaller than in
Phase-2 in Ant; also ME in Phase-1 was smaller in Ant compared to Post. A main effect of
Phase [F(1,10) = 6.050; p < 0.05] was observed in the ML direction: ME in Phase-1 was
smaller than in Phase-2.

There was an interaction Phase x Condition [F(, 10) = 9.957; p < 0.01] for nME in the AP
direction, without any effects for nME in the ML direction. Post-hoc analysis showed that
nME in Phase-1 was smaller than in Phase-2 only in Ant, and nME in the Ant condition was
smaller than in the Post condition in Phase-1 (Figure 6).

Discussion

We observed unintentional drifts in characteristics of voluntary whole-body cyclical sway,
caused by turning visual feedback off, that were consistent across subjects and conditions.
These included, in particular, an increase in the sway amplitude in support of Hypothesis 1.
This result was expected based on earlier studies of unintentional drifts in performance
during a very much different task, cyclical finger force production (Ambike et al. 2016,
2017). Drifts of the midpoint of the sway were less consistent across subjects and could
show deviations both toward the coordinate seen during natural quiet standing (COPg) and
away from COPy (in support of Hypothesis 2; see Figure 6). Note that there were also
consistent COP drifts during the quiet stance trials. When the subjects were asked to stand
quietly while keeping an increased level of activation of one of the muscles (TA), there was
a consistent drift in the TA activation level toward lower magnitudes as predicted by
Hypothesis 3. Overall, these findings support the main predictions drawn based on the ideas
of postural control with changes in the referent COP coordinate (RC) and of RC drift toward
preferred values in the absence of visual feedback (reviewed in Latash 2016).

Our predictions with respect to changes in the motor equivalent (ME) and non-motor
equivalent (nME) components of motion in the space of M-modes between consecutive
cycles have been confirmed only partly. Indeed, we observed ME deviations that were
typically larger than nME deviations both prior to and at the end of the sway drift period in
support of Hypothesis 4 (cf. Mattos et al. 2013, 2015). However, there were no signs of a
drop in stability of the sway (cf. Parsa et al. 2016, 2017b) during its drift as reflected in an
increase in the ME component without a comparable increase in the nME component. These
findings refute Hypothesis 5.
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Overall, the results have important implications for a range of issues debated recently in the
field of the neural control of posture and movement (reviewed in Feldman 2015; Latash
2016, 2017). These include the idea of control with RC, the idea of RC drift as the main
cause of unintentional drifts in performance, and the idea of changes in action stability
during unintentional drifts in its parameters.

Control of posture and movement with referent coordinates

Two theoretical approaches to the control of posture and movement have been dominating
the field recently. The first approach assumes that neural signals within the central nervous
system encode desired performance variables (kinetic, kinematic, and/or
electromyographic), e.g., with the help of internal models (Wolpert et al. 1998; Kawato
1999; Shadmehr and Wise 2005). This approach assumes computations performed by the
central nervous system to predict peripheral effects of planned changes in neural signals
given the current and predicted external force field. Within this approach, changes in
performance variables have been interpreted as direct reflections of changes in the respective
internal models (reviewed in Krakauer and Mazzoni 2011; Yavari et al. 2013).

The alternative approach considers the central nervous system as a physical (physiological)
system that behaves according to laws of nature (Latash 2010, 2016; Feldman 2015).
According to this approach, the brain uses changes in parameters of those laws to perform
motor actions while all the variables recorded in the periphery represent reflections of the
time-varying interaction between the body and the environment. This approach started with
the equilibrium-point hypothesis (Feldman 1966, 1986) and, more recently, has been
generalized for multi-muscle and whole-body actions (Feldman 2015).

Within this approach, any motor action starts with specifying a time change of a low-
dimensional RC for salient task-specific variables (RCtask). A change in RCyask leads to a
chain of events at hierarchically lower levels resulting in higher-dimensional RC changes for
individual limbs, digits, joints, and muscles. The few-to-many RC transformations ensure
relatively high stability in task-specific salient variables (driven by RCyask) while allowing
freedom of motion at the level of elements in directions that do not affect the salient
variables. This idea was formalized within the framework of the UCM hypothesis (Schéner
1995; Scholz and Schoner 1999; reviewed in Latash et al. 2007) leading to two quantitative
methods of analysis of stability in the abundant spaces of elements contributing to
performance.

The first method quantifies inter-trial (or inter-cycle) variance within the UCM (Vcm) and
orthogonal to the UCM (Vogt)- The idea is that motion along stable directions is expected
to lead to converging trajectories and, consequently, low inter-trial variance. In contrast,
motion along unstable directions is expected to lead to diverging trajectories and high inter-
trial variance. This method requires collecting multiple trials under the assumption that the
subject is reproducing the neural control process at the task level (RCyask).

An alternative method has been developed recently (Scholz et al. 2007; Mattos et al. 2011),
which involves estimation of motion along the UCM and ORT spaces along single trials.
Any peripheral or descending input into structures involved in the hypothetical RC
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transformations induces motion along all directions, and motion along unstable directions
(ME, along the UCM) is expected to be large despite its obvious inefficacy for changing the
corresponding salient performance variable. Large ME motion was observed during multi-
joint movements and multi-finger force production tasks (Mattos et al. 2011, 2015). In those
studies, ME deviations were larger than nME ones, although only nME deviations
contributed to changes in salient variables. Our study is the first to document large ME
motion in the muscle activation space, larger than nME motion, during voluntary, whole-
body tasks (Figure 6).

These observations are very non-trivial suggesting that changes in muscle activation during
such tasks are mechanically inefficient since they are mostly inter-compensated leading to
ME motion, i.e., no COP shifts required by the task. They speak against theories based on
the central nervous system predicting optimal muscle activations with respect to mechanical
and/or energetic variables (cf. Nelson 1983, Alexander 2002, Prilutsky and Zatsiorsky
2002). Indeed, changes in muscle activations cause changes in muscle forces and require
energy expenditure. Such muscle activation changes lead to an increase in the cost function
within any optimization approach based on minimizing a monotonic function of muscle
activations, force change magnitudes (e.g., a norm in the muscle force space), or energy
expenditure. By definition, they lead to no change in task-specific salient variables; hence,
they do not correspond to a minimum of the cost function and, therefore, are not optimal in
violation of the assumption that an optimality criterion defines muscle activation patterns.
The ME motion is, however, a natural consequence of the physical view on the control of
posture and movement, which predicts, in particular, large deviations of any involved
systems in directions of low stability

Unintentional drifts during whole-body tasks

Arguably, the best-known example of unintentional performance drifts during whole-body
tasks is the postural sway observed during quiet standing. Indeed, even when a person tries
to stand as quietly as possible, spontaneous displacements of the COP and center of mass are
observed. Adding an explicit visual target for a desired COP coordinate does not help and
may even lead to an increase in the sway (Danna-dos-Santos et al. 2008). Traditionally, sway
has been seen as a reflection of postural instability (caused by “neural noise”), and indices of
sway have been used as proxies of postural stability (Kiemel et al. 2002; Blaszczyk 2016).
This assumption is non-trivial given that sway can be reduced in certain groups of patients
with pronounced postural instability such as in advanced stages of Parkinson’s disease
(Horak et al. 1992). It has been criticized and an alternative view on sway has been
suggested assuming that it reflects purposeful process such as scanning the environment for
stability (Riccio 1993; Riley et al. 1997; Mochizuki et al. 2006).

An approach to sway compatible with the idea of control with RCs was developed by
Zatsiorsky and Duarte (1999). According to this approach, sway represents superposition of
two processes: migration of an equilibrium point for the body and oscillations about that
equilibrium point. The two processes have been referred to as rambling and trembling.
Trembling is assumed to reflect peripheral processes defined by the limb/body mechanics
and segmental reflexes, while rambling is assumed to reflect purposeful, even if not
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intentional, migrations of the equilibrium point. During prolonged standing, large-amplitude
changes in rambling may be observed (Duarte and Zatsiorsky 1999, 2000).

Unintentional changes in locomotion have also been reported. In particular, when a person is
asked to walk many times toward an obstacle and step over it, the clearance between the foot
and the obstacle becomes progressively smaller and, sometimes, the person hits the obstacle
(Heijnen et al. 2012, 2014). This happens more frequently with the trailing foot when visual
information is less useful for the control of the stepping motion.

Our experiment presents novel examples of performance drifts in whole-body tasks. These
involve an increase in the voluntary sway amplitude observed across all conditions. These
observations are similar to earlier reports on an increase in the cyclical action amplitude
during finger force production tasks (Ambike et al. 2016). Originally, it was assumed that, in
such tasks, the amplitude drifted to a preferred magnitude based on reports of preferred
amplitudes of cyclical actions (Kay et al. 1987; Hatsopoulos and Warren 1996). A recent
study, however, has shown that the increase in the action amplitude persists over a large
range of initial amplitude values (Ambike et al. 2017) without a significant change in the
magnitude of the increase. This result casts doubt on the mentioned interpretation of the
amplitude increase. In the current study, we did not explore a range of initial sway
amplitudes to avoid increasing testing time. Hence, our results are compatible with the idea
of a drift toward preferred sway amplitude. But this idea has to be checked in future studies
using different initial task parameters

Drifts in the mid-point of the sway cycle were much less consistent across subjects and
conditions. Originally, we assumed that two factors might define the Mcop drifts. One of
them is the assumed RC drift toward the actual body coordinate, which was expected to lead
to Mcop deviations away from the natural COP coordinate (COPg). As mentioned in the
Introduction, this process, if unchecked, could lead to a fall. The other factor is related to
standing safety and was expected to lead to a drift of Mcop toward COP, which represents
the most comfortable and safe posture. In two conditions, we observed data compatible with
predominance of the second factor: In Post and Right, the subjects moved M¢op toward
COPy. In the other two conditions (Ant and Left), however, there was no significant drift in
Mcop, large inter-subject variability, and on average, a small drift away from COP (Figure
5).

We can only speculate on the origin of the condition-specific findings. The observed
directional-specific differences could be related to the biomechanics of the ankle joint and
differences in the joint range of motion in different directions. In addition, the difference
between the Ant and Post conditions can be explained by the fact that swaying about a
position shifted backwards in perceived as more dangerous due to the smaller available
range of COP shifts in the posterior direction. Hence, the safety-related factor dominated
leading to Mcop drift toward COP. All, except one, of our subjects were right-leg
dominant, which means that they preferred to stand on the left leg while performing quick
actions (e.g., kicking a ball) with the right leg. This means that standing with the body
weight shifted toward the left leg might be perceived as more safe and stable leading to
smaller effects of the safety factor in the Left condition compared to the Right condition.
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This interpretation is compatible with the dynamic dominance hypothesis (Sainburg 2002,
2005) and recent observations of higher stability of multi-finger steady-state actions in the
left hand of right-handed persons (Park et al. 2012; Jo et al. 2016). On the other hand,
several studies reported larger loading of the right leg during quiet standing (Blaszczyk et al.
2000; Haddad et al. 2011). There may be a difference between leg loading in quiet stance
and during whole-body motion, such as those required in our study. At this point, we are
unaware of any data addressing this point convincingly.

Note that individual subjects could show consistent COP drifts in different directions in
conditions where, on average, no significant COP drift was observed (cf. Figure 2). These
observations contrast the earlier reports on unintentional force drifts observed without visual
feedback (Vaillancourt and Russell 2000; Ambike et al. 2015). In the mentioned studies,
forces consistently drifted toward lower magnitudes; drifts to larger magnitudes were only
observed for very low initial forces, possibly caused by adaptation of peripheral receptors.
Consistent limb drifts were also reported in studies of arm positional tasks in response to
transient perturbations (Zhou et al. 2014, 2015). This makes the current observations of
drifts in different, subject-specific, directions unusual and implying at least two
aforementioned factors that define those drifts, RC-back-coupling and tendency to move to a
safer posture.

Drifts in performance: Reflections of natural relaxation processes

According to our main hypothesis, drifts in performance are reflections of natural relaxation
processes in the physical (physiological) system involved in movement production (reviewed
in Latash 2016, 2017). These processes may happen at different levels of the hierarchy, i.e.
they may lead to drifts of RCs for the task-specific salient variables, as well as for RCs at
other levels such as those involving individual joints and muscles. Within our task, RC drifts
could happen at the task level leading to drifts in the task-specific COP coordinate. They
could also happen at the level of M-modes and at the level of individual muscle activations.
Note that M-modes may be seen as reflections of elemental RC shifts of the body (see
Robert et al. 2008; Latash and Zatsiorsky 2016) that form a frame of reference at an
intermediate level between RCtask and RCs for individual muscles (which are equivalent to
threshold of the stretch reflex, A, see Feldman 1986; 2015).

The consistent drop in the initial TA activation level observed in our study across conditions
may be viewed as corroborating this general hypothesis at the muscle level. Note that the
subjects could perform the task comfortably with the elevated TA activation, which was not
very high and not expected to lead to fatigue over the typical trial duration (about 30 s). The
trials with TA activation may be viewed as involving dual-tasking. Indeed, the subjects were
required to satisfy requirements related to the initial COP coordinate and to the TA
activation level simultaneously. Dual-tasking is known to lead to deterioration of various
aspects of performance (reviewed in Fraizer and Mitra 2008; Ruffieux et al. 2015). It is
possible that it also led to accentuated TA EMG drifts in our experiment.

The drifts in COP trajectories, which were expected to reflect processes at the task level,
were less consistent and involved at least two processes: A drift of the amplitude to higher
magnitudes and a drift in the midpoint, which was consistent only in some of the conditions
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(see Figure 5). Such complex drift patterns have been described recently in several studies of
cyclical force production (Ambike et al. 2016, 2017; Reschechtko et al. 2017). One of the
cited papers (Reschechtko et al. 2017) presented a dynamical model able to reproduce such
patterns under an assumption of drifts in parameters of the involved dynamical system to
their preferred magnitudes. The qualitative similarity of our findings to those reported in the
cited studies suggests that the underlying drift processes are robust and can happen across
very dissimilar tasks and systems.

Limitations of the study

We would like to acknowledge several limitations of our study that may have implications
for generality of the findings and conclusions. First, we recorded and analyzed muscle
activation levels (EMGS) on one side of the body only. Effects of limb dominance on motor
control are well known and have been formalized recently as the dynamic dominance
hypothesis (reviewed in Sainburg 2005). While this hypothesis addresses primarily the
control of the upper extremities, it is possible that the M-modes identified in the right lower
extremities could not be identical to those in the left lower extremities with implications for
other outcome indices. Given the limited number of channels in our system, we opted for
recording a larger set of muscles on one side of the body rather than recording eight muscles
only on both sides. This is, however, a limitation.

Second, multi-muscle synergies were studied in earlier studies primarily with respect to the
control of COP in the anterior-posterior direction (Krishnamoorthy et al. 2003a,b; Danna-
dos-Santos et al. 2007). This was partly due to the fact that only a few muscles with strong
lateral actions are accessible for reliable surface recording. Studies that tried to analyze
multi-muscle synergies with respect to the COPy,_ coordinate typically reported M-modes
accounting for significantly smaller amounts of variance and synergy indices showing large
inter-subject variability (e.g., Wang et al. 2005, 2006). As in those studies, most muscles
recorded in our study had strong effects on COPap, and not so strong effects on COPy;_. As
a result, we also observed much larger amounts of variance in the muscle activation space
accounted for by a set of M-modes during analysis related to COPap as compared to that
related to COP),_. Hence, we feel much more confident in our conclusions related to COPap
shifts and less confident in those related to COPy,_ shifts. This remains a limitation of the
study.

Concluding comments

Our main observations included COP drifts seen after removing visual feedback on COP
that were consistent across trials performed by individual subjects but could be in opposite
directions across subjects. This was true for quiet stance tasks and also for the midpoint of
the sway cycle in the cyclical sway tasks. In addition, voluntary sway amplitude increased
consistently. Overall, these observations fit the idea of RC drifts as one of the factors that
define unintentional drifts in motor performance (Latash 2016). In addition, in tasks
involving vertical posture, the safety factor played an important role and could overpower
the RC drift effects in some subjects. The observation of TA activation drift confirms that
RC drifts can take place at different levels of the control hierarchy, from individual muscles
to whole-body. One of the least expected results was the increase in the ME motion during
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the drift period without a comparable change in the nME motion. This was confirmed for
both peaks and valleys of the sway cycle. These results suggest that postural stability is not
compromised during unintentional drifts in performance in contrast to earlier studies of
multi-finger tasks (Parsa et al. 2016, 2017b). This may be due to the vital importance of
postural stability for everyday actions.

Acknowledgments

The study was in part supported by an NIH grant R01 NS035032.

References

Ambike S, Paclet F, Zatsiorsky VM, Latash ML. Factors affecting grip force: anatomy, mechanics, and
referent configurations. Exp Brain Res. 2014; 232:1219-1231. [PubMed: 24477762]

Ambike S, Zatsiorsky VM, Latash ML. Processes underlying unintentional finger-force changes in the
absence of visual feedback. Exp Brain Res. 2015; 233:711-721. [PubMed: 25417192]
Ambike S, Mattos D, Zatsiorsky VM, Latash ML. The nature of constant and cyclic force production:
unintentional force-drift characteristics. Exp Brain Res. 2016; 234:197-208. [PubMed: 26419663]
Ambike S, Mattos D, Zatsiorsky VM, Latash ML. Unsteady steady states: Central causes of
unintentional force drift. Exp Brain Res. 2017; 234:3597-3611.
Alexander MR. Energetics and optimization of human walking and running: the 2000 Raymond Pearl
memorial lecture. Amer J Hum Biol. 2002; 14:641-648. [PubMed: 12203818]
Btaszczyk JW. The use of force-plate posturography in the assessment of postural instability. Gait
Posture. 2016; 44:1-6. [PubMed: 27004624]
Blaszczyk JW, Prince F, Raiche M, Hébert R. Effect of ageing and vision on limb load asymmetry
during quiet stance. J Biomech. 2000; 33:1243-1248. [PubMed: 10899333]
Corcos DM, Gottlieb GL, Latash ML, Almeida GL, Agarwal GC. Electromechanical delay: An
experimental artifact. J Electromyogr Kinesiol. 1992; 2:59-68. [PubMed: 20719599]
Danna-Dos-Santos A, Slomka K, Zatsiorsky VM, Latash ML. Muscle modes and synergies during
voluntary body sway. Exp Brain Res. 2007; 179:533-550. [PubMed: 17221222]
Danna-Dos-Santos A, Degani AM, Zatsiorsky VM, Latash ML. Is voluntary control of natural postural
sway possible? J Mot Behav. 2008; 40:179-185. [PubMed: 18477531]
Duarte M, Zatsiorsky VM. Patterns of center of presure migration during prolonged unconstrained
standing. Motor Control. 1999; 3:12-27. [PubMed: 9924098]
Duarte M, Zatsiorsky VM. On the fractal properties of natural human standing. Neurosci Lett. 2000;
283:173-176. [PubMed: 10754215]
Feldman AG. Functional tuning of the nervous system with control of movement or maintenance of a
steady posture. 11. Controllable parameters of the muscle. Biophysics. 1966; 11:565-578.
Feldman AG. Once more on the equilibrium-point hypothesis (A.-model) for motor control. J Mot
Behav. 1986; 18:17-54. [PubMed: 15136283]
Feldman, AG. Referent control of action and perception: Challenging conventional theories in
behavioral science. Springer; NY: 2015.
Fraizer EV, Mitra S. Methodological and interpretive issues in posture-cognition dual-tasking in
upright stance. Gait Posture. 2008; 27:271-279. [PubMed: 17524648]

Haddad JM, Rietdyk S, Ryu JH, Seaman JM, Silver TA, Kalish JA, Hughes CML. Postural
asymmetries in response to holding evenly and unevenly distributed loads during self-selected
stance. J Mot Behav. 2011; 43:345-355. [PubMed: 21774610]

Hair, JF., Anderson, RE., Tatham, RL., Black, WC. Factor analysis. In: Borkowski, D., editor.
Multivariate data analysis. Prentice Hall; Englewood Cliffs: 1995. p. 364-404.

Hatsopoulos NG, Warren WH Jr. Resonance tuning in rhythmic arm movements. J Mot Behav. 1996;
28:3-14. [PubMed: 12529219]

Exp Brain Res. Author manuscript; available in PMC 2018 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rasouli et al.

Page 19

Heijnen MJ, Muir BC, Rietdyk S. Factors leading to obstacle contact during adaptive locomotion. Exp
Brain Res. 2012; 223:219-231. [PubMed: 22972450]

Heijnen MJ, Romine NL, Stumpf DM, Rietdyk S. Memory-guided obstacle crossing: more failures
were observed for the trail limb versus lead limb. Exp Brain Res. 2014; 232:2131-2142. [PubMed:
24838551]

Horak FB, Nutt JG, Nashner LM. Postural inflexibility in parkinsonian subjects. J Neurol Sci. 1992;
111:46-58. [PubMed: 1402997]

Jo HJ, Ambike S, Lewis MM, Huang X, Latash ML. Finger force changes in the absence of visual
feedback in patients with Parkinson’s disease. Clin Neurophysiol. 2015; 127:684-692. [PubMed:
26072437]

Jo HJ, Park J, Lewis MM, Huang X, Latash ML. Prehension synergies and hand function in early-stage
Parkinson’s disease. Exp Brain Res 2015. 2015; 233:425-440.

Kawato M. Internal models for motor control and trajectory planning. Current Opinions in
Neurobiology. 1999; 9:718-727.

Kay BA, Kelso JA, Saltzman EL, Schoner G. Space-time behavior of single and bimanual rhythmical
movements: data and limit cycle model. J Exp Psychol Hum Percept Perform. 1987; 13:178-192.
[PubMed: 2953849]

Kendall, FP., McCreary, EK., Provance, PG., Rodgers, MM., Romani, WA. Muscles: testing and
function with posture and pain. 5. Lippincott Williams & Wilkins; Baltimore: 2005.

Klous M, Danna-dos-Santos A, Latash ML. Multi-muscle synergies in a dual postural task: Evidence
for the principle of superposition. Exp Brain Res. 2010; 202:457-471. [PubMed: 20047089]

Klous M, Mikulic P, Latash ML. Two aspects of feed-forward postural control: Anticipatory postural
adjustments and anticipatory synergy adjustments. J Neurophysiol. 2011; 105:2275-2288.
[PubMed: 21389305]

Krishnamoorthy V, Goodman SR, Latash ML, Zatsiorsky VM. Muscle synergies during shifts of the
center of pressure by standing persons: Identification of muscle modes. Biol Cybern. 2003a;
89:152-161. [PubMed: 12905043]

Krishnamoorthy V, Latash ML, Scholz JP, Zatsiorsky VM. Muscle synergies during shifts of the center
of pressure by standing persons. Exp Brain Res. 2003b; 152:281-292. [PubMed: 12904934]

Krakauer JW, Mazzoni P. Human sensorimotor learning: adaptation, skill, and beyond. Curr Opin
Neurobiol. 2011; 21:636-644. [PubMed: 21764294]

Latash ML. Motor synergies and the equilibrium-point hypothesis. Motor Control. 2010; 14:294-322.
[PubMed: 20702893]

Latash ML. Towards physics of neural processes and behavior. Neurosci Biobehav Rev. 2016; 69:136—
146. [PubMed: 27497717]

Latash ML. Biological movement and laws of physics. Motor Control. 2017 (in press).

Latash ML, Scholz JP, Schoner G. Toward a new theory of motor synergies. Mot or Control. 2007;
11:276-308.

Latash ML, Zatsiorsky VM. Joint stiffness: Myth or reality? Hum Move Sci. 1993; 12:653-692.

Latash, ML., Zatsiorsky, VM. Biomechanics and Motor Control: Defining Central Concepts.
Academic Press; New York, NY: 2016.

Mattos D, Latash ML, Park E, Kuhl J, Scholz JP. Unpredictable elbow joint perturbation during
reaching results in multijoint motor equivalence. J Neurophysiol. 2011; 106:1424-1436. [PubMed:
21676927]

Mattos D, Kuhl J, Scholz JP, Latash ML. Motor equivalence (ME) during reaching: Is ME observable
at the muscle level? Motor Control. 2013; 17:145-175. [PubMed: 23370796]

Mattos D, Schoner G, Zatsiorsky VM, Latash ML. Task-specific stability of abundant systems:
structure of variance and motor equivalence. Neurosci. 2015; 310:600-615.

Mochizuki L, Duarte M, Amadio AC, Zatsiorsky VM, Latash ML. Changes in postural sway and its
fractions in conditions of postural instability. Jo urnal of Applied Biomechanics. 2006; 22:51-66.

Nelson W. Physical principles for economies of skilled movements. Biol Cybern. 1983; 46:135-147.
[PubMed: 6838914]

Exp Brain Res. Author manuscript; available in PMC 2018 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rasouli et al.

Page 20

Park J, Wu Y-H, Lewis MM, Huang X, Latash ML. Changes in multi-finger interaction and
coordination in Parkinson’s disease. J Neurophysiol. 2012; 108:915-924. [PubMed: 22552184]

Parsa B, O’Shea DJ, Zatsiorsky VM, Latash ML. On the nature of unintentional action: A study of
force/moment drifts during multi-finger tasks. J Neurophysiol. 2016; 116:698-708. [PubMed:
27193319]

Parsa B, Terekhov AV, Zatsiorsky VM, Latash ML. Optimality and stability of intentional and
unintentional actions: 1. Origins of drifts in performance. Exp Brain Res. 2017a; 235:481-496.
[PubMed: 27785549]

Parsa B, Zatsiorsky VM, Latash ML. Optimality and stability of intentional and unintentional actions:
1. Motor equivalence and structure of variance. Exp Brain Res. 2017b; 235:457-470. [PubMed:
27778048]

Piscitelli D, Falaki A, Solnik S, Latash ML. Anticipatory postural adjustments and anticipatory
synergy adjustments: Preparing to a postural perturbation with predictable and unpredictable
direction. Exp Brain Res. 2017; 235:713-730. [PubMed: 27866261]

Poon C, Chin-Cottongim LG, Coombes SA, Corcos DM, Vaillancourt DE. Spatiotemporal dynamics
of brain activity during the transition from visually guided to memory-guided force control. J
Neurophysiol. 2012; 108:1335-1348. [PubMed: 22696535]

Prilutsky BI, Zatsiorsky VM. Optimization-based models of muscle coordination. Exer Sport Sci Rev.
2002; 30:32-38.

Riccio, GE. Information in movement variability about the qualitative dynamics of posture and
orientation. In: Newell, KM., Corcos, DM., editors. Variability and Motor Control. Human
Kinetics Publ; Champaign, IL: 1993. p. 317-358.

Riley MA, Wong S, Mitra S, Turvey MT. Common effects of touch and vision on postural parameters.
Exp Brain Res. 1997; 117:165-170. [PubMed: 9386016]

Robert T, Zatsiorsky VM, Latash ML. Multi-muscle synergies in an unusual postural task: Quick shear
force production. Exp Brain Res. 2008; 187:237-253. [PubMed: 18278488]

Ruffieux J, Keller M, Lauber B, Taube W. Changes in standing and walking performance under dual-
task conditions across the lifespan. Sports Med. 2015; 45:1739-58. [PubMed: 26253187]

Sainburg RL. Evidence for a dynamic-dominance hypothesis of handedness. Exp Brain Res. 2002;
142:241-258. [PubMed: 11807578]

Sainburg RL. Handedness: differential specializations for control of trajectory and position. Exerc
Sport Sci Rev. 2005; 33:206-213. [PubMed: 16239839]

Scholz JP, Schoner G. The uncontrolled manifold concept: identifying control variables for a
functional task. Exp Brain Res. 1999; 126:289-306. [PubMed: 10382616]

Scholz JP, Schéner G, Hsu WL, Jeka JJ, Horak F, Martin V. Motor equivalent control of the center of
mass in response to support surface perturbations. Exp Brain Res. 2007; 180:163-179. [PubMed:
17256165]

Schoner G. Recent developments and problems in human movement science and their conceptual
implications. Ecol Psychol. 1995; 8:291-314.

Shadmehr, R., Wise, SP. The computational neurobiology of reaching and pointing. MIT Press;
Cambridge, MA: 2005.

Shapkova, EYu, Shapkova, AL., Goodman, SR., Zatsiorsky, VM., Latash, ML. Do synergies decrease
force variability? A study of single-finger and multi-finger force production. Exp Brain Res. 2008;
188:411-425. [PubMed: 18425506]

Slifkin AB, Vaillancourt DE, Newell KM. Intermittency in the control of continuous force production.
J Neurophysiol. 2000; 84:1708-1718. [PubMed: 11024063]

Solnik S, Qiao M, Latash ML. Effects of visual feedback and memory on unintentional drifts in
performance during finger pressing tasks. Experimental Brain Research. 2017 (in press).

Vaillancourt DE, Russell DM. Temporal capacity of short-term visuomotor memory in continuous
force production. Exp Brain Res. 2002; 145:275-285. [PubMed: 12136377]

Vaillancourt DE, Slifkin AB, Newell KM. Visual control of isometric force in Parkinson’s disease.
Neurophysiologia. 2001; 39:1410-1418.

Exp Brain Res. Author manuscript; available in PMC 2018 July 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rasouli et al.

Page 21

Vaillancourt DE, Thulborn KR, Corcos DM. Neural basis for the processes that underlie visually
guided and internally guided force control in humans. J Neurophysiol. 2003; 90:3330-3340.
[PubMed: 12840082]

Wang Y, Zatsiorsky VM, Latash ML. Muscle synergies involved in shifting center of pressure during
making a first step. Exp Brain Res. 2005; 167:196-210. [PubMed: 16034579]

Wang Y, Zatsiorsky VM, Latash ML. Muscle synergies in preparation to a step made under self-paced
and reaction-time instructions. Clin Neurophysiol. 2006; 117:41-56. [PubMed: 16364687]

Winter, DA. Biomechanics and motor control of human movement. 4. Wiley; NY: 2009.

Winter DA, Prince F, Frank JS, Powell C, Zabjek KF. Unified theory regarding A/P and M/L balance
in quiet stance. J Neurophysiol. 1996; 75:2334-2343. [PubMed: 8793746]

Wolpert DM, Miall RC, Kawato M. Internal models in the cerebellum. Trends Cogn Sci. 1998; 2:338—
347. [PubMed: 21227230]

Yavari F, Towhidkhah F, Ahmadi-Pajouh MA. Are fast/slow process in motor adaptation and forward/
inverse internal model two sides of the same coin? Med Hypotheses. 2013; 81:592-600. [PubMed:
23899631]

Zatsiorsky VM, Duarte M. Rambling and trembling in quiet standing. Motor Control. 2000; 4:185—
200. [PubMed: 11500575]

Zhou T, Solnik S, Wu Y-H, Latash ML. Unintentional movements produced by back-coupling between
the actual and referent body configurations: Violations of equifinality in multi-joint positional
tasks. Exp Brain Res. 2014; 232:3847-3859. [PubMed: 25150552]

Zhou T, Zhang L, Latash ML. Characteristics of unintentional movements by a multi-joint effector. J
Mot Behav. 2015; 47:352-361. [PubMed: 25565394]

Exp Brain Res. Author manuscript; available in PMC 2018 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Rasouli et al.

Page 22

RB0F . d LN e

0 i oL -~ \/\\~~ - P oy

E \\\\\\\\\ —\."N“\\,-\__\ ______ 1

. | i
i 2 Time (s) 19 “

Figure 1.
An illustration of typical behaviors in the quiet stance task from the beginning of Phase-1 to

the end of Phase-2. Top: Slow unintentional COP drift for the Ant condition in the AP
direction. Bottom: The activation level of TA muscle; the values were normalized to the 30%
of MVC of TA EMG. The dashed rectangles denote the time intervals, which were used to
obtain the estimates of drifts in the COP and TA EMG from just before closing the eyes
(Phase-1) to the end of trial (Phase-2). Note that the first 8 s and the last 1 s are not shown in
this figure.
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Anterior Posterior
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Left: COP drift from Phase-1 to Phase-2. Right: The change in the activation level of TA
from Phase-1 to Phase-2. Averaged across subjects values with standard error bars are shown
for each condition. The double-pointed arrow along the Y-axis in the left panel displays “F”
(forward), “B” (backward), “R” (right), and “L” (left) COP shifts. * show significant

differences.
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35 40

An illustration of the cyclical sway task (COPap) for a typical subject in the anterior
condition. Open and filled dots show the amplitude (Acop) and midpoint (Mcop) time series
computed across individual cycles, respectively. The two rectangles represent Phase-1 (P1)
and Phase-2 (P2), which included two full cycle before closing eyes and two full cycles at

the end of trial.
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Figure 4.
An illustration of the drift in the midpoints in the cyclical sway task (Mcop) for four

subjects. Top panel: Ant condition; bottom panel: Post condition. Mcop for individual
subjects are shown with open and filled dots; linear regression lines are drawn. Note the
consistent drifts away from the natural standing COP coordinate (zero) in Subject 1 and
Subject 4, and consistent drifts toward zero in Subject 2 and Subject 3.
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Figure 5.

Averaged across subjects (with standard error bars) peak-to-peak sway amplitude and
midpoint before (Phase-1) and after (Phase-2) closing eyes. A_P1: amplitude in Phase-1,
A_P2: amplitude in Phase-2; M_P1: midpoint in phase-1, M_P2: midpoint in Phase-2. The
double-pointed arrow along the Y-axis in the left panel displays “F” (forward), “B”
(backward), “R” (right), and “L” (left) COP shifts. * show significant differences.
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Averaged across subjects (with standard error bars) normalized magnitudes of the motor
equivalent (ME) and non-motor equivalent (nME) motion in Phase-1 and Phase-2 across the
four conditions. The indices are shown for both peaks (Max) and valleys (Min) of the cycles.
P1_ME: motor equivalent in Phase-1, P1_nME: non-motor equivalent in Phase-1; P2_ME:
motor equivalent in Phase-2, P2_nME: non-motor equivalent in Phase-2. * show significant

differences.
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