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Abstract
We examined the control of postural stability in preparation to a discrete, quick whole-body sway toward a target and back 
to the initial position. Several predictions were tested based on the theory of control with referent body orientation and the 
notion of multi-muscle synergies stabilizing center of pressure (COP) coordinate. Healthy, young adults performed fast, 
discrete whole-body motion forward-and-back and backward-and-back under visual feedback on the COP. We used two 
methods to assess COP stability, analysis of inter-trial variance and analysis of motor equivalence in the muscle activation 
space. Actions were always preceded by COP counter-movements. Backward COP shifts were faster, and the indices of 
multi-muscle synergies stabilizing COP were higher prior to those actions. Patterns of muscle activation at the motion onset 
supported the idea of a gradual shift in the referent body orientation. Prior to the backward movements, there was a trend 
toward higher muscle co-activation, compared to reciprocal activation. We found strong correlations between the sets of 
indices of motor equivalence and those of inter-trial variance. Overall, the results support the theory of control with referent 
coordinates and the idea of multi-muscle synergies stabilizing posture by confirming a number of non-trivial predictions 
based on these concepts. The findings favor using indices of motor equivalence in clinical studies to minimize the number 
of trials performed by each subject.
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Introduction

Two main views dominate the field of motor control. 
According to one of the views, the central nervous system 
(CNS) performs computational operations to ensure that 
proper time profiles of muscle activations and forces are gen-
erated by the involved effectors; this is done with the help of 

internal models or other computational tools such as opti-
mal feedback control schemes (Wolpert et al. 1998; Kawato 
1999; Todorov 2004; Shadmehr and Wise 2005; Diedrichsen 
et al. 2010). The alternative view does not assume neural 
computation and postulates that the CNS specifies time pro-
files of parameters of laws of nature that define interactions 
among body parts and between the body and the environ-
ment (Feldman 2015; Latash 2010, 2016, 2017). For exam-
ple, the dependence of active muscle force on muscle length 
has features common across skeletal muscles and species; it 
can be viewed as a biology-specific law of nature that links 
two salient variables (force and length) with the help of one 
parameter (threshold of the stretch reflex, λ, as in the equi-
librium-point hypothesis, Feldman 1966, 1986). Changes in 
such parameters are used as tools by the CNS to drive salient 
performance variables to a desired state.

A generalization of this approach is the theory of motor 
control with shifting referent coordinates (RCs) for the effec-
tors (reviewed in Feldman 2015). According to this theory, 
the CNS specifies time profiles of spatial RCs, and the dif-
ferences between actual coordinates and RCs lead to muscle 
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activations and active force generation. This process starts 
at a low-dimensional, task-specific level and then leads to 
RCs for the involved limbs, joints, and muscles as a result 
of few-to-many abundant transformations (Latash 2010, 
2012). In particular, during standing, referent orientation 
(RO) of the body is specified at the task level leading to 
referent joint configurations and RCs for muscles equivalent 
to their stretch reflex threshold values (λ) as in the classical 
equilibrium-point hypothesis (Feldman 1966, 1986).

The mentioned few-to-many transformations are typi-
cally organized in a synergic way. This means that they 
allow relatively low stability (reflected in high inter-trial 
variance) in directions that preserve the task-specific sali-
ent variable—these directions span the uncontrolled mani-
fold (UCM, Scholz and Schöner 1999) for that variable—as 
compared to directions that lead to changes in the salient 
variable. The UCM concept assumes that the neural control-
ler acts in a multi-dimensional space of elemental variables 
and stabilizes directions in that space that lead to changes in 
task-specific salient performance variables. Analysis within 
the UCM hypothesis involves decomposition of inter-trial 
variance into a component that keeps a potentially important 
performance variance unchanged (within the UCM for that 
variable, VUCM) and a component within the orthogonal to 
the UCM space (ORT, VORT), where this variable changes 
(reviewed in Latash et al. 2002). In our study, elemental vari-
ables were associated with muscle groups with parallel scal-
ing of activation levels, muscle modes (M-modes, Krishna-
moorthy et al. 2003a, b), which are sometimes addressed as 
“muscle synergies” (Ivanenko et al. 2004; Ting and Mcpher-
son 2005). We prefer to use the term “synergy” for a neural 
organization that stabilizes salient performance variables; 
hence, we address muscle groups with parallel scaling of 
activation as M-modes to avoid confusion.

M-modes have been viewed as reflections of a preferred 
set of primitives (cf. Bizzi et al. 1995; D’Avella et al. 2003, 
2005; Kargo et al. 2010), i.e., RC changes at the joint level, 
which can be applied with different gains during whole-
body tasks (Robert and Latash 2008). The relative amount 
of inter-trial variance in the M-mode space that preserves 
coordinate of the center of pressure (COP), VUCM, has been 
used as a metric of postural stability (Danna-dos-Santos 
et al. 2008; Klous et al. 2011).

The current study aimed to examine several predictions of 
the theory of postural control with RCs with respect to pos-
tural stability in preparation to a quick whole-body sway to a 
target and back to the initial posture. Imagine a person stand-
ing while leaning forward (Fig. 1). To keep balance, referent 
orientation (RO, a specific example of RC) of the body has 
to be behind the person (dashed line in Fig. 1) leading to the 
generation of active moment of force (MACT​) counteract-
ing the moment (MG) produced by the gravity force. In this 
posture, elevated background activation of dorsal muscles is 

expected because they are longer compared to their length 
in the RO, possibly with some co-activation of their antago-
nists (e.g., Yamagata et al. 2018). To produce a quick sway 
forward, RO has to be shifted toward the actual body orien-
tation leading, first, to a drop in the dorsal muscle activation 
(such as in triceps surae, TS) and then, after a delay, to the 
activation of ventral muscles (such as tibialis anterior, TA). 
Note that this prediction (our Hypothesis 1) is non-trivial: It 
predicts that a quick action begins not with the generation of 
active muscle forces moving the body in the desired direc-
tion, but with a drop in the activation of muscles allowing 
external forces to initiate the desired action (as suggested by 
Mullick et al. 2018). The prediction is based on assuming a 
gradual shift in RO, not its jump to the desired final location 
(cf. Polit and Bizzi 1978; Latash and Gottlieb 1991).

In contrast, motion in the backward direction starting 
from the same initial posture is expected to begin with a 
burst of activation of the pre-activated TS. This gives the 
backward motion an advantage compared to the forward one 
and is expected to lead to faster sway (Hypothesis 2). The 
mentioned advantage is due to two factors. One is related 
to muscle mechanics, which allows expecting larger forces 
from relatively longer, pre-activated muscles (Zatsiorsky and 
Prilutsky 2012). The other is due to the fact that, during 
forward sway, only gravity-related moment is expected to 
contribute to body motion in the desired direction until RO 
catches up with the actual body configuration (see Fig. 1). In 
contrast, during the backward sway, muscle activation con-
tributes to the sway from the very beginning of the RO shift.

Since we allowed the subjects to practice, they could 
appreciate that backward actions were faster than the 

Fig. 1   When a person stands while leaning forward, referent body 
orientation (RO) differs from the actual body orientation (AO). This 
leads to the generation of active moment of force (MACT​) counteract-
ing the moment (MG) produced by the gravity force (FG). A voluntary 
body sway is produced by a gradual shift of RO (shown with gray 
arrows). This scheme leads to several non-trivial predictions (see text)
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forward ones. This allowed the subjects to prepare for the 
instructed action differently depending on its direction in 
spite of the fact that their initial body posture was the same. 
We expected the subjects to co-activate muscles stronger in 
preparation to backward sway (Hypothesis 3) because higher 
muscle co-activation results in higher apparent stiffness of 
the involved effectors and facilitates faster movement (Ben-
nett et al. 1992; Nielsen and Kagamihara 1992; reviewed 
in; Latash 2018). Note that changing muscle co-activation 
without a COP shift (which was prescribed in the initial 
posture) leads to M-mode changes within the UCM for the 
COP. This is expected to lead to higher VUCM during steady 
state prior to backward sway (Hypothesis 4) reflecting the 
signal-dependent noise (Harris and Wolpert 1998).

We also explored a complementary method of quantify-
ing the stability of multi-element states, addressed as analy-
sis of motor equivalence (ME, Mattos et al. 2011, 2013). 
This method quantifies deviations in a multi-dimensional 
system of elemental variables (such as M-modes) during 
quick actions in directions that keep a salient performance 
variable unchanged (within the UCM, motor equivalent, 
ME) and in directions that change that variable (orthogonal 
to the UCM, non-motor equivalent, nME). Assuming that 
the states of the multi-element system are sampled from the 
same normal distribution, 

√
VUCM is expected to correlate 

with ME, while the square root from variance in the orthog-
onal direction, 

√
VORT , is expected to correlate with nME 

(Leone et al. 1961). Indeed, studies of cyclical whole-body 
sway confirmed strong correlations between the two pairs 
of indices (Falaki et al. 2017). In contrast, a study of quick 
multi-finger action (Cuadra et al. 2018) has confirmed only 
the correlation between 

√
VUCM and ME, but not between √

VORT and nME. The two mentioned studies differed in the 
effector (whole body vs. hand), sets of elemental variables 
(M-modes vs. finger modes), and tasks (cyclical sway vs. 
discrete force pulse). We tentatively expected correlations 
between both pairs of variables (Hypothesis 5) based on the 
mentioned study by Falaki et al. (2017).

Methods

Participants

Nine healthy, young subjects, five males and four females, 
with the age 30.3 ± 3.8 years (mean ± standard deviation, 
SD), mass 68.1 ± 4.8 kg, and height 1.69 ± 0.06 m partici-
pated in this experiment. All participants were right-handed 
based on their preferential hand usage during writing and 
eating and had normal or corrected to normal vision. They 
gave written informed consent according to the procedure 
approved by the office for research protection of The Penn-
sylvania State University. The number of participants was 

defined based on previous studies of multi-muscle synergies 
during voluntary whole-body tasks performed by healthy, 
young individuals, which showed moderate-to-large effects 
of factors such as speed and direction of action (Wang et al. 
2006; Danna-Dos-Santos et al. 2008).

Apparatus

The subjects stood barefoot on a force platform (OR-6, 
AMTI, Watertown, MA, USA) that was used to record three 
components of the ground reaction force (FX, FY, and FZ) 
as well as moments of force (MX, MY and MZ). The force 
plate coordinate system was defined with the X-axis point-
ing forward along the AP direction, the Y-axis pointing to 
the right along the ML direction, and the Z-axis pointing 
downward in the vertical direction. These data were used 
to compute the COP coordinates in the anterior–posterior 
(COPAP) and medial–lateral (COPML) directions (cf. Winter 
et al. 1996). Direct visual feedback on the COP coordinates 
was presented to the participants with a video projector, 
which projected on a wall, 2.5 m in front of them at the eye 
level. Displacements of COPAP caused the cursor to move up 
and down, while COPML motion caused cursor motion left 
and right. Two yellow circles that showed the anterior and 
posterior targets (see later and Fig. 2) were also displayed 
on the wall. The normal lights in the laboratory were always 
on. This did not interfere with the subjects’ ability to see the 
target and feedback on the screen.

The surface electromyograms (EMG) were recorded 
using a 16-channel Trigno Wireless System (Delsys Inc., 
Natick, MA, USA). Active electrodes with built-in ampli-
fiers were attached to the skin over the bellies of the fol-
lowing 13 muscles on the right side of the body (Fig. 2): 
tibialis anterior (TA), soleus (SOL), gastrocnemius medialis 
(GM), gastrocnemius lateralis (GL), biceps femoris (BF), 
semitendinosus (ST), rectus femoris (RF), vastus lateralis 
(VL), vastus medialis (VM), tensor fasciae latae (TFL), lum-
bar erector spinae (ESL), thoracic erector spinae (EST), and 
rectus abdominis (RA). EMG sensors were placed accord-
ing to published guidelines (Criswell and Cram 2011) and 
subsequently confirmed by observing EMG patterns dur-
ing isometric contractions and movements. The skin was 
rubbed with 70% alcohol solution and, when necessary, the 
leg was shaved before placing the electrodes. The signals 
from the electrodes were amplified and band-pass filtered 
(20–450 Hz) before being transmitted to the base station 
connected to the data collection computer (Dell, Core i7 
2.93 GHz). All the signals were sampled at 1000 Hz with 
a 16-bit resolution analog-to-digital board (PCI 6225, 
National Instruments Co., Austin, TX, USA). A custom-
ized LabVIEW-based software (LabVIEW 2013—National 
Instruments) was used to record EMG and force platform 
signals during the experiment.
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Procedures

In the initial position, subjects stood on the force platform 
with their feet in parallel, 15 cm apart. The position of each 
foot was marked on the top of the platform to make this ini-
tial position consistent across all trials and conditions. Each 
participant performed four tasks: (1) quiet standing (QS); 
(2) control trials; (3) continuous voluntary body sway task, 
and (4) discrete COP shift task in the anterior (Forward) or 
posterior (Backward) direction and back to the initial state.

The QS and control trials were performed to normalize 
EMG signals. The data from the QS trials were used to cor-
rect the EMG signals for the baseline levels. The control 
trials with holding standard loads were used to normalize the 
EMG values in the continuous body sway and discrete COP 
shift tasks. A detailed description of the procedure is given 
in Danna-Dos-Santos et al. (2007). Briefly, in a single trial 
of the QS task, subjects stood quietly on the force platform 
with the arms crossed over the chest and looked at a fixed 
point on the wall in front of them, while trying to prevent 
voluntary body movements for 60 s. In the control trials, 
subjects were asked to hold a horizontal bar by grasping the 
two circular panels at each side of the bar with both hands, 
the shoulders flexed at 90° and elbows fully extended. The 
bar was connected to a pulley system that allowed using 

the 5 kg load to generate either a downward or an upward 
force. This posture was held for 10 s with a 1-min rest period 
between the two trials (one for each force direction). Dur-
ing these trials, the participants were asked to stand still, 
without leaning forward or backward (visually controlled 
by the experimenter).

In the continuous voluntary body sway task, the subjects 
crossed the arms over the chest and performed continuous 
voluntary full-body sways, mainly moving around the ankle 
joints, in the anterior–posterior direction. By swaying in this 
direction, the participants shifted the instantaneous COPAP 
position projected on the wall between two targets (shown 
as two horizontal lines). Positions of the targets were set 
at 2 cm posterior and 8 cm anterior to the neutral stand-
ing position (10 cm peak-to-peak amplitude) for all tasks. 
Participants were asked to keep full contact of both feet 
with the platform surface during the sway (observed by the 
experimenter) and to minimize the COPML deviations. The 
frequency of the continuous voluntary body sway task was 
set at 0.5 Hz, paced by an auditory metronome set at 1 Hz 
(reaching a target at each beep). Three 35-s trials were per-
formed with a 30-s rest period in-between.

The adopted position for the main experimental task 
(Fig. 2), the discrete COP shift task, was similar to the con-
tinuous voluntary body sway task. However, the subjects 
with the arms crossed over the chest were asked to hold an 
electrical switch in the right hand that was used to demon-
strate when they were ready to start the trial. Before starting 
the trial, participants shifted their COPAP coordinate 3 cm 
forward to their natural standing position (shown with a 
black horizontal line in Fig. 2) and were asked to keep that 
position stable before pressing the switch. The shifted initial 
position was selected for two reasons: (1) to have non-zero 
muscle activation levels during the initial steady state (to 
enable performing the UCM-based analysis); and (2) to have 
approximately equal ranges of body motion in the forward 
and backward directions. This position was considered as 
initial steady state. After reaching the initial steady state, the 
participants performed a discrete COP shift toward one of 
the two directions: anterior (Forward condition) or posterior 
(Backward condition) and back to the initial posture.

The subjects were instructed to perform discrete whole-
body motion to a target as soon as its color changed from 
yellow to red and return to the initial position “as fast as 
possible” without losing balance. The target was projected 
on the wall as a yellow circle (shown and described as “black 
circles” in Fig. 2) 5 cm higher (Forward) or 5 cm lower 
(Backward) to the initial steady-state position. Subjects were 
instructed to keep their feet in full contact with the plat-
form at all times. Each participant performed two blocks of 
eight trials each, with three COP pulses in each trial. Within 
a block, all trials were toward the same target, forward or 
backward. In total, each participant performed 48 pulses, 24 

Fig. 2   An illustration of the experimental setup and participant’s ini-
tial position with the arms across the chest. The black circle on the 
horizontal line displayed on the screen showed the initial COP posi-
tion at the steady state. The other two black circles showed the tar-
gets for COP shifts forward (Target-F) and backward (Target-B). 
The electrode placement on the right side of the body is shown with 
black rectangles except for the rectus abdominis (RA); thoracic erec-
tor spinae (EST); tensor fasciae latae (TFL) and lumbar erector spinae 
(ESL). The other electrodes were positioned at TA tibialis anterior, 
SOL soleus, GM gastrocnemius medialis, GL gastrocnemius lateralis, 
BF biceps femoris, ST semitendinosus, RF rectus femoris, VL vastus 
lateralis, and VM vastus medialis



1365Experimental Brain Research (2019) 237:1361–1374	

1 3

for each direction of COP shift. The order of the two blocks 
of trials was randomized across participants.

Prior to each block, subjects performed five trials (15 
pulses) to get familiar with the procedure. Rest intervals of 
30 s between trials and 5 min between blocks were given. 
Additional rest periods were provided if requested. None of 
the subjects reported fatigue. The whole experimental ses-
sion lasted for about 50 min.

Data analysis

All signals were processed off-line using a customized Mat-
lab R2016a program (Mathworks Inc, MA, USA). Prior to 
computing time-varying COPAP coordinates (Winter et al. 
1996), data from the force platform were filtered with a 
10-Hz low-pass, fourth-order, zero-lag Butterworth filter.

For each trial of the continuous voluntary body sway task, 
to avoid edge effects and incomplete cycles at the beginning 
and end of each trial, only the data within {3 s; 30 s} time 
interval were accepted. The time interval between two con-
secutive anterior-most COPAP coordinates was defined as a 
sway cycle. On average, each subject performed 15 cycles 
within each trial.

Raw EMG data were shifted 50 ms backward with respect 
to the force platform data to compensate for the electro-
mechanical delay (Corcos et al. 1992), band-pass filtered 
(20–350 Hz) with a fourth-order, zero-lag Butterworth filter, 
and then fully rectified. For each subject, filtered EMG of 
each muscle was corrected for the background activity by 
removing the baseline muscle activity during the QS trial 
(EMGQS) defined as the average value within the time inter-
val {13 s; 17 s}. Further, EMGs were normalized by the 
peak value (EMGPEAK) for each muscle across control tri-
als and continuous voluntary body sway task (Klous et al. 
2011):

Defining muscle modes

Groups of muscles with parallel scaling of activation lev-
els were defined as muscle modes (M-modes). This proce-
dure reduced the 13-dimensional muscle activation space 
to a three-dimensional M-modes space. For this purpose, 
EMGNORM signals from the continuous voluntary body sway 
task were integrated over 50-ms time windows (∫EMGNORM). 
For each subject, the ∫EMGNORM data from the continuous 
voluntary body sway task were concatenated to create a 
matrix with 13 columns representing 13 muscles and the 
number of rows corresponding to the number of samples 
across the sway cycles analyzed. Principal component 
analysis (PCA) with Varimax rotation and factor extraction 

EMGNORM =
EMG − EMGQS

EMGPEAK

was applied to the correlation matrix of ∫EMGNORM data 
(Krishnamoorthy et al. 2003a, b; Danna dos Santos et al. 
2007). For each subject, the first three principal components 
(PCs) were selected based on the Kaiser criterion (Kaiser 
1960), and each PC had to contain at least one muscle 
with a significantly high loading (with the absolute mag-
nitude over 0.5; Hair et al. 1995). This procedure produced 
an orthogonal set of eigenvectors in the muscle activation 
space, which were multiplied by the rectified EMG data in 
each time sample of the discrete COP shift trials to define 
the M-mode magnitudes. For each COP shift, t0 was defined 
as the instant of time when the COP shift reached 1% of its 
peak velocity after moving from the initial position. Regard-
less of movement direction, t0 was close to the maximum 
counter-movement of the discrete COP shift (see Fig. 3 in 
Results). The amplitude of the COP shift and its peak rate 
were calculated in two phases: during the counter-movement 
and during the instructed COP shift.

The M-modes were used as the elemental variables for 
further variance and motor equivalence analysis the discrete 
COP shift task. The M-mode data for the first two M-modes 
were used to compute the reciprocal and co-activation indi-
ces, R-index and C-index, respectively (Slijper and Latash 
2000, 2004). For this analysis, the M-modes were integrated 
over a 1-s interval starting 1500 ms before the onset of the 
COP shift (t0). One of the first M-modes united significantly 
loaded dorsal muscles, whereas the other M-mode united 
significantly loaded ventral muscles (see Results). The 
R-index and C-index were defined as:

if the first two integrated M-modes had the same sign.
The values of R- and C-index were normalized by the 

maximum value obtained across trials and conditions for 
each subject separately.

Defining the Jacobian matrix

Linear relations between small changes in the magnitude 
of M-modes (ΔM) and the COPAP shifts (ΔCOPAP) were 
assumed (Danna-dos-Santos et al. 2007; Krishnamoorthy 
et al. 2003b). ΔM and ΔCOPAP data from the continuous 
voluntary body sway task were computed within 50-ms time 
windows. Both ΔM and ΔCOPAP were filtered with a 5-Hz, 
low-pass, fourth-order, zero-lag Butterworth filter (Falaki 
et al. 2014, 2016). Multiple regression analysis was per-
formed for each subject separately:

R - index = ∫ (M1 −mode)− ∫ (M2 −mode)

C − index = 0, if the two integrated

M −mode indices had different signs;

C - index = min[| ∫ (M1 −mode)|, | ∫ (M2 −mode)|] ,
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where k1 − 3 are constants. The resulting set of coefficients 
from the regression was arranged in a matrix that is the J 
matrix: J = [k1 k2 k3] for each subject.

Analysis of variance

The framework of the uncontrolled manifold (UCM) hypoth-
esis (Scholz and Schöner 1999) was used to perform two types 
of analysis, those of inter-trial variance and of motor equiva-
lence. Both analyses were performed within the space of ele-
mental variables associated in our study with M-modes. Within 
the former analysis, inter-trial variance components were 
quantified within two sub-spaces, the UCM (VUCM, variance 
preserving the COPAP coordinate) and the orthogonal to the 
UCM space (VORT, variance affecting the COPAP coordinate). 

�COPAP = k1�M1 + k2�M2 + k3�M3

The M-mode space had the dimensionality of n = 3. Since the 
hypothesis of COPAP stabilization accounted for 1 degree of 
freedom (d = 1), the UCM was two-dimensional.

For each participant, the residual mean-free vectors of 
M-modes (ΔMdemeaned) were calculated by subtracting the 
mean magnitude of the M-modes across trials ( �� ) from the 
changes in the M-mode magnitudes (ΔM):

VUCM and VORT during the steady-state phase (the time 
interval from 1500 ms to 500 ms before t0) across pulses per 
degree of freedom of the respective space were calculated as:

��demeaned = �� − ��

VUCM = �
2
UCM

=

N∑

I=1

f 2
UCM

∕(n − d)Ntrials

Fig. 3   Averaged across subjects 
COP trajectories (top pan-
els) and time profiles of the 
M1-mode and M2-mode with 
standard error shades (gray) are 
shown for the Forward (left) 
and Backward (right) condi-
tions. M-modes are in normal-
ized units
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where ƒUCM and ƒORT represent the projection of the mean-
free ∆M onto the UCM and ORT.

Analysis of motor equivalence

The motor equivalence analysis (Mattos et al. 2011, 2013) 
quantified the amount of deviation between the two steady-
state intervals (before and after each COPAP pulse) in the 
space of elemental variables (M-modes) in directions pre-
serving (motor equivalent, ME) or changing (non-motor 
equivalent, nME) COPAP. This analysis was performed 
within each trial for each COPAP pulse separately. For each 
pulse, deviations of M-modes from the initial steady state 
to the one following the COPAP shift were projected onto 
the null-space of J and on its orthogonal complement. The 
two steady-state intervals were defined as 500-ms inter-
vals ending 500 ms prior to t0 and starting 2000 ms after 
t0. These intervals were defined based on two factors: (1) to 
avoid including any anticipatory preparation to the action, 
which we expected to start not earlier than 500 ms prior to t0 
based on earlier studies (Klous et al. 2011); and (2) to give 
the subject sufficient time to return to the initial position 
(based on the pilot data, we estimated this time as 1.5 s). 
The length of this projection within the UCM was the ME 
component, whereas the length of the projection within the 
ORT space was the nME component. ME and nME indices 
were normalized per square root of the dimension of the cor-
responding space (cf. Falaki et al. 2017). Averaged across 
pulses ME and nME were computed for each subject and 
each condition.

Statistics

Statistical analysis was performed with SPSS 20 (IBM 
Corp., Armonk, NY, USA). The normality of the data dis-
tribution was checked before further statistical analysis 
with the Shapiro–Wilk test. In cases of violation of the 
normality assumption, data were log-transformed before 
parametric analysis. Data are presented in the text, tables, 
and figures as means and standard errors. The coefficients 
of determination (R2) are presented as median and inter-
quartile range (IQR) values. Two-way, repeated measures 
(RM) analysis of variance (ANOVA) with factors phase 
(counter-movement vs. COP shift toward the target) and 
Condition (Forward vs. Backward) were run for com-
parisons of the amplitude of the COP shift and the peak 
rate of COP displacements (dCOP/dt). A two-way, RM-
ANOVA with factors Condition and Mode (M1-mode vs. 
M2-mode) was run to compare the magnitude of the first 

VORT = �
2
ORT

=

N∑

I=1

f 2
ORT

∕
(
dNtrials

) two M-modes. These analyses were run to investigate 
Hypotheses 1 and 2. To test Hypothesis-3, RM-ANOVA 
with factors Condition and Index (R-index vs. C-index) 
was performed on reciprocal and coactivation indices.

Two RM-ANOVAs with factors Condition and Com-
ponent (UCM vs. ORT and ME vs. nME, depending on 
the analysis) were run to test the fourth Hypothesis. To 
test the fifth Hypothesis, Pearson correlation coefficients 
were computed to explore the relationship between the 
indices of inter-trial variance and motor equivalence. For 
all statistical analyses, we assume α = 0.05.

Results

General patterns of mechanical and EMG variables

All participants always started a voluntary quick COPAP 
shift with a small-amplitude deviation from the initial 
COP position in the opposite direction, i.e., away from 
the prescribed target. That is, forward COPAP shifts were 
initiated by COP displacements in the posterior direction 
while backward COPAP shifts were initiated by moving 
the COP forward. This counter-movement of the COP can 
be seen in Fig. 3 in the COPAP displacement time series 
averaged across all pulses and participants.

Based on the continuous voluntary body sway task, 
three M-modes were identified with the PCA with rotation 
and factor extraction on the ∫EMGNORM indices. Averaged 
across the subjects muscle loadings for each M-mode and 
the amounts of explained variance accounted by the PCs 
are presented in Table 1. The total amount of explained 
variance was, on average, 74.6 ± 1.7%. The first two 
M-modes showed consistent loading patterns of individual 
muscle activation indices, while M3-mode was much more 
variable across subjects.

The time profiles of the first two M-modes, M1-mode 
and M2-mode, during the voluntary COP pulse are also 
illustrated in Fig.  3. The M1-mode contained signifi-
cantly loaded dorsal muscles, including the ankle exten-
sors (plantar flexors), while the M2-mode contained sig-
nificantly loaded ventral muscles (including TA). For the 
forward target (left panels), the M1-mode showed a drop 
(reaching its minimum close to t0) followed by a M2-mode 
activation burst and, later, a delayed activation burst of the 
M1-mode. For the backward target (right panels), the COP 
motion started with an activation burst of the M1-mode 
followed by a delayed burst of the M2-mode and a delayed 
small second burst in the M1-mode. These patterns were 
similar across participants.
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COP trajectories

The amplitude of the initial COP shift away from the tar-
get did not differ between the two conditions (on average 
3.2 cm, see Table 2), while the COP shift toward the target 
was larger for the backward target location (Table 2). This 
was confirmed by a significant Phase × Direction interaction 
(F1,8 = 6.58; p < 0.05; ηp

2 = 0.45). The absolute peak rate of 
COP shift was significantly higher for the posterior target 

compared to the anterior target (by about 20%) without a sig-
nificant difference between these values for the initial COP 
deviation away from the target (Table 2; Phase × Direction 
interaction, F1,8 = 14.6; p < 0.01; ηp

2 = 0.67).
During the initial steady-state phase, the magnitude of 

the M1-mode was similar to that of the M2-mode prior to 
the backward COP shift, whereas the M1-mode magnitude 
was greater than that of the M2-mode for the forward COP 
shift (Fig. 4a). These findings were confirmed by the sig-
nificant Mode × Condition interaction (F1,8 = 5.35; p = 0.05; 
ηp

2 = 0.4).
To examine whether there was stronger muscle co-activa-

tion in preparation to COP shifts towards the backward target 
compared to the forward target, we compared the indices 
of reciprocal activation and co-activation between the M1-
mode and M2-mode (R-index and C-index, Fig. 4b) between 
the two conditions. ANOVA showed no significant main 
effects, but there was a significant interaction Index × Con-
dition (F1,8 = 9.11; p < 0.05; ηp

2 = 0.53). In particular, the 
R-index was significantly greater for the Forward compared 
to the Backward condition, while the C-index was larger for 
the Backward condition, although this difference was below 
the level of significance (Fig. 4b).

Table 1   Muscle loadings for the three M-modes

Averaged across-subjects values are presented ± standard error. Sig-
nificant loading factors are shown in bold and highlighted
TA tibialis anterior, SOL soleus, GM gastrocnemius medialis, GL gas-
trocnemius lateralis, BF biceps femoris, ST semitendinosus,RF rectus 
femoris, VL vastus lateralis, VM: vastus medialis, TFL tensor fasciae 
latae; ESL lumbar erector spinae, EST thoracic erector spinae, RA rec-
tus abdominis

Explained vari-
ance (%)

M1 M2 M3
37.7 ± 5.9 24.4 ± 5.3 12.6 ± 5.7

TA − 0.38 ± 0.13 0.56 ± 0.09 − 0.09 ± 0.06
SOL 0.74 ± 0.08 − 0.25 ± 0.07 0.18 ± 0.11
GM 0.80 ± 0.03 − 0.34 ± 0.04 0.13 ± 0.06
GL 0.80 ± 0.04 − 0.27 ± 0.02 0.13 ± 0.08
BF 0.72 ± 0.11 − 0.06 ± 0.12 0.14 ± 0.06
ST 0.86 ± 0.01 − 0.20 ± 0.03 0.14 ± 0.06
RF − 0.27 ± 0.05 0.77 ± 0.03 0.00 ± 0.04
VL − 0.29 ± 0.05 0.81 ± 0.02 0.01 ± 0.04
VM − 0.19 ± 0.05 0.83 ± 0.02 − 0.01 ± 0.02
TFL 0.08 ± 0.13 0.49 ± 0.14 0.06 ± 0.10
ESL 0.62 ± 0.09 − 0.20 ± 0.06 0.30 ± 0.10
EST 0.54 ± 0.10 − 0.18 ± 0.06 0.35 ± 0.12
RA 0.06 ± 0.05 0.12 ± 0.08 0.70 ± 0.14

Table 2   COP characteristics

[dCOP/dt]MAX represents the absolute value of the peak rate of COP 
shift

Forward Backward

COP amplitude (cm)
 Initial, away from the target 3.1 ± 0.2 3.3 ± 0.2
 Toward the target 9.5 ± 0.6 11.1 ± 0.8

Median (IQR)
 Initial, away from the target 3.3 (1.25) 3.4 (1.0)
 Toward the target 8.6 (3.11) 10.4 (3.6)

[dCOP/dt]MAX (cm/s)
 Initial, away from the target 19.01 ± 2.6 15.2 ± 1.5
 Toward the target 51.5 ± 4.3 69.8 ± 7.4

Median (IQR)
 Initial, away from the target 20.7 (13.8) 16.7 (6.8)
 Toward the target 49.8 (20.6) 61.4 (44.9) Fig. 4   Across-subject means and standard errors for the M-modes 

magnitude (a) and reciprocal and coactivation (respectively, R- and 
C-) indices (b) computed over the steady state for the Forward (white 
bars) and Backward (black bars) conditions
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M‑mode variance and motor equivalence analyses

We used multiple linear regression to link small changes 
in M-modes to COPAP shifts. This analysis confirmed that 

each M-mode was a significant predictor of COPAP shifts. 
The adjusted median R2 value was 0.76 (IQR = 0.71–0.80).

Analysis of the inter-trial variance in the M-mode space 
within the framework of the UCM hypothesis (see “Meth-
ods” section) showed significantly larger values of the 
M-mode variance within the UCM compared to variance 
in the orthogonal direction, VUCM > VORT (Fig. 5a). This 
difference was confirmed by a significant effect of Com-
ponent (F1,8 = 6.74; p < 0.05; ηp

2 = 0.46). There was also a 
significant Condition × Component interaction (F1,8 = 16.78; 
p < 0.01; ηp

2 = 0.68) reflecting the larger difference between 
VUCM and VORT for the Backward condition.

Analysis of motor equivalence confirmed significantly 
large ME deviations compared to nME deviations (Fig. 5b, 
F1,8 = 6.08; p < 0.05; ηp

2 = 0.43) between the two steady 
states, prior to the COP shift and after the shift. There were 
no significant differences between the Backward and For-
ward conditions.

The relationships between 
√
VUCM and ME and between √

VORTand nME were explored using Pearson correlation 
coefficients for each condition (Forward and Backward; 
Fig. 6). The correlations for both pairs of variables were 
significant for both directions of COPAP shift.

Discussion

The results confirmed most of the predictions drawn in the 
“Introduction” based on two theoretical concepts. The first 
is the theory of control of posture and movement with shifts 
in referent coordinates for effectors (reviewed in Latash 
2010; Feldman 2015); according to this theory, the control 
of whole-body movements can be adequately described with 
changes in referent body orientation (RO; see Mullick et al. 
2018). The second is the idea of synergic control of multi-
muscle systems stabilizing salient performance variables 
(reviewed in Latash et al. 2007).

As predicted by Hypothesis 1, forward body sway 
started with a drop in the M1-mode (with dorsal muscles 

Fig. 5   a The inter-trial variance components computed within the 
UCM space and orthogonal to it (ORT), normalized per dimension, 
computed over the steady state before the discrete COP shift for the 
Forward (white bars) and Backward (black bars) conditions. b The 
indices of motor equivalence (ME and nME) analysis for the Forward 
and Backward conditions (respectively, white and black bars) com-
puted between the initial steady state and final steady state. Averaged 
across subjects values are shown with standard error bars

Fig. 6   Scatter plots showing the 
relationship between 

√
V
UCM

and ME (a) and 
√
V
ORT

and nME 
(b) calculated for the same time 
intervals as in Fig. 5. The data 
for the Forward (white circles) 
and Backward (black circles) 
conditions are shown. The 
Pearson correlation coefficients 
are presented
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significantly loaded) magnitude followed by an increase in 
the M2-mode activation (reflecting, in particular, a com-
monly seen EMG burst in the tibialis anterior). In contrast, 
the backward sway started with an activation burst in the 
M1-mode and was associated with faster peak COP speed 
as predicted by Hypothesis 2. The subjects showed higher 
index of reciprocal activation (R-index) prior to the forward 
sway, whereas the co-activation index (C-index) tended to 
be higher prior to the backward sway (cf. Hypothesis 3). 
The preparation to the backward sway was associated with a 
significantly higher inter-trial variance in the M-mode space 
that had no effect on the COP coordinate (VUCM, Hypothesis 
4). Hypothesis 5 predicted correlation between 

√
VORT and 

nME and between, 
√
VUCM and ME indices. This hypothesis 

has been confirmed for both directions of postural sway.

Control of posture and movement with referent 
coordinates

At the level of control of single muscles, the idea of con-
trol with spatial referent coordinates associates parameters 
manipulated by the CNS with subthreshold depolarization 
of respective alpha-motoneuronal pools, equivalent to mag-
nitude of the stretch reflex threshold (Feldman 1986). For 
multi-muscle systems, including whole-body actions, the 
idea has been generalized assuming that the parameter modi-
fied by the CNS represents spatial RCs for the effectors. For 
example, during natural standing, the body center of mass 
typically projects in front of the ankle joints and generates 
a moment of force in a sagittal plane. This moment is coun-
teracted by an active moment of force generated by the RO 
of the body being slightly behind its actual orientation (cf. 
Mullick et al. 2018). If the person is asked to lean forward, 
as in our experiment, the difference between the RO and 
actual body orientation is expected to increase (illustrated in 
Fig. 1 in the Introduction). Assuming that the person leans 
forward primarily by moving the ankle joints (as instructed 
in our study), the ankle extensors (TS) are expected to 
show elevated activation level during quiet standing in this 
posture.

If the CNS programmed forces and/or muscle activations, 
a quick forward sway would be expected to start with a burst 
of TA activation, with or without a drop in the TS activity. 
Indeed, higher co-activation is useful for fast actions because 
it increases the apparent stiffness of the joints (Frysinger 
et al. 1984; Hirokawa et al. 1991). The idea of control with 
RO makes a different prediction. The action is initiated by 
a shift of RO forward leading to a drop in the TS activation 
level and, only after a delay, to a burst in TA. We observed 
the latter pattern in all subjects (illustrated in the M-mode 
space in Fig. 3) in support of the idea of control with RO. 
This pattern is similar to the one reported by Mullick et al. 
(2018) in their study of standing on inclined surfaces.

The asymmetry of RO with respect to the actual body 
orientation also predicts an asymmetry in EMG patterns 
associated with quick sway in the forward and backward 
directions. This was indeed observed in our study. While 
backward sway was initiated by an EMG burst in the agonist 
group (TS), as would also be expected from the schemes of 
control with muscle activation patterns (cf. Gottlieb et al. 
1989), forward sway was initiated by a drop in the back-
ground EMG, which is expected from the control with RO 
but not from EMG-control schemes.

A consistent pattern of COP shifts included a transient 
motion in the direction away from the target (see Fig. 2). 
Such patterns were described in earlier studies prior to quick 
intentional changes in the COP coordinate (Wang et al. 
2006). The early COP shift is a mechanical necessity to 
produce a moment of force rotating the body in the desired 
direction. As such, it belongs to the class of so-called early 
postural adjustments (EPAs, Krishnan et al. 2011) similar 
to those observed prior to step initiation (Breniere and Do 
1986; Crenna and Frigo 1991; see the next section).

Control of stability in preparation to action

Preparation to a quick action from steady state is associated 
with a number of anticipatory (feed-forward) phenomena. 
These include the well-known anticipatory postural adjust-
ments (APA, Belenkiy et al. 1967; Massion 1992) seen 
as changes in the background muscle activation prior to a 
quick action or a predictable perturbation. APAs are seen 
about 100 ms prior to action/perturbation initiation, they are 
associated with predictable or self-triggered perturbations 
and typically produce forces and moments of force to coun-
teract the predicted mechanical effects of the perturbation. 
Some actions require mechanical adjustments for a planned 
action to be possible in the absence of perturbations. Such 
adjustments (EPAs) are typically seen well before the afore-
mentioned APAs, e.g., starting about 0.5 s prior to action 
initiation. Although postural preparations to action (e.g., 
to stepping) are commonly addressed as APAs, we think 
that there are major differences in the function, timing, and 
control of the two groups of postural adjustments and, there-
fore, prefer to use different terms, APAs and EPAs (Krishnan 
et al. 2012). In our study, EPAs have been observed as tran-
sient COP deviations away from the target.

Some of our findings, in particular the COP shifts and 
EMG patterns, resemble those observed prior to gait initia-
tion (Breniere and Do 1986; Crenna and Frigo 1991; Wang 
et al. 2005). We would like to emphasize, however, a few 
major differences between our study and those of gait initia-
tion. First, gait initiation leads to transfer of the whole body 
in space, whereas our task required the subjects to end each 
trial in a state similar to the initial state. Using the language 
of referent body coordinates, our task required a transient 
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change in the referent body orientation only, whereas step 
initiation requires a change in the referent body coordinate 
in the external 3D space in addition to transient changes in 
referent orientation. Note that a change in the body location 
in space complicates or even makes it impossible to analyze 
motor equivalence, which was done in our study. Second, 
gait initiation requires COP shift in the medio-lateral direc-
tion to unload the stepping leg, whereas in our study only 
COP shift in the anterior-posterior direction were required. 
Third, in contrast to our study, body sway and associated 
COP shifts are not part of the task in gait initiation.

Recently, another group of anticipatory adjustments to 
action has been described (Olafsdottir et al. 2005; Shim 
et al. 2005; Klous et al. 2011; Krishnan et al. 2011; Pisci-
telli et al. 2017). These phenomena, referred to as anticipa-
tory synergy adjustments (ASAs), are not accompanied by 
consistent changes in salient performance variables. Instead, 
they represent changes in stability of those variables, which 
is typically high during steady state. In young healthy per-
sons, a drop in the stability index is seen about 300 ± 100 ms 
prior to action initiation. Its purpose is to facilitate future 
change in the salient variable by making it less stable. ASAs 
have shown high sensitivity to instruction (Olafsdottir et al. 
2005), healthy aging (Olafsdottir et al. 2007), a range of neu-
rological disorders (reviewed in Latash and Huang 2015), 
and therapy with drugs (Park et al. 2014) and with deep 
brain stimulation (Falaki et al. 2018).

Tilman and Ambike (2018) have recently described 
another example of ASAs representing a drop in the stabil-
ity index when subjects knew that a quick action might be 
needed, even when no signal for such an action arrived. In 
our experiment, we observed significantly higher relative 
amounts of variance within the UCM (VUCM, a metric of 
postural stability) when the subjects planned a quick sway 
backward compared to the quick sway forward (note the 
large VUCM compared to VORT in Fig. 5A). Since backward 
sway was associated with faster peak COP speed, this find-
ing looks controversial and conflicting with the cited results 
of Tilman and Ambike (2018). Indeed, a quicker action is 
expected to require stronger destabilization of the salient 
variable (cf. Shim et al. 2005); hence, smaller VUCM could 
be expected prior to the backward sway actions.

It is well known that the limits of stability measured by 
the COP excursion in the anterior–posterior direction are 
asymmetrical with respect to the neutral standing posture 
(with 2/3 of the range in the anterior direction, Duarte and 
Freitas 2005). As a result, individuals are expected to feel 
more confident leaning forward than backward (Rand et al. 
2012; Halfström et al. 2014). In the current study, subjects 
started with the COP moved forward by 3 cm to compensate 
for the COP range inequality (and also to ensure non-zero 
muscle activation levels, which are needed for the UCM-
based analysis). This adjustment could give them more 

confidence in moving backward, which could lead to the 
faster peak COP speed.

There is, however, another factor that might affect the 
VUCM index. In preparation to quick sway backward, the sub-
jects had a tendency of showing higher values of background 
muscle activation (Figs. 3, 4a). Since the COP was always at 
the same location, this could only result from higher mus-
cle co-activation. This strategy sounds reasonable because 
higher co-activation corresponds to higher apparent stiffness 
of the effectors, which facilitates quick movements (Corcos 
et al. 1989; Bennett et al. 1992; Milner and Cloutier 1993). 
Note also that, by definition, changes in muscle activation 
that lead to no COP displacements are within the UCM for 
COP coordinate. So, higher muscle co-activation (accom-
panied by its higher variance due to the signal-dependent 
noise, Harris and Wolpert 1998) is expected to lead to dis-
proportionally higher VUCM, which was indeed observed in 
our study (Fig. 5).

Thus, control of the stability of salient performance vari-
ables in preparation to action is a complex phenomenon 
involving several components. While ASAs seen immedi-
ately prior to action initiation are always associated with a 
drop in the stability of the salient variable (at least, we are 
unaware of exceptions from this rule), adjustments of stabil-
ity during steady states may be in different directions. The 
unexpected increase in VUCM in preparation to the backward 
sway might be due to the specificity of the task; we have to 
explore whether similar phenomena can be observed in other 
effector sets and tasks (such as multi-joint and multi-finger 
actions).

Metrics of stability in abundant systems

Stability of a variable produced by an abundant set of 
elemental variables may be seen as stabilization of a sub-
space in the high-dimensional space of elemental variables 
(cf. Akulin et al. 2018). This sub-space is orthogonal to 
the UCM for the salient variable; we have referred to this 
sub-space as ORT. Several metrics have been developed to 
explore stability within ORT and UCM. The most commonly 
used method compares inter-trial variance within UCM and 
ORT. It is based on the natural notion of trajectories con-
verging along dynamically stable directions (and leading 
to small variance) and diverging along unstable directions 
(leading to higher variance). This method has been applied 
in numerous studies including those of special populations 
with impaired motor coordination (reviewed in Latash et al. 
2007; Latash 2008; Latash and Huang 2015).

Another method has been introduced relatively recently 
(Scholz et al. 2007; Mattos et al. 2011, 2013). It is based 
on the idea that a quick action imposed on a multi-element 
system induces motion of this system primarily along unsta-
ble directions, rather than along the desired directions. For 
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example, if you try to compress quickly a spring (e.g., a 
typical spring from the pen) held between the index finger 
and the thumb, the spring will buckle and jump sideways (cf. 
Venkadesan et al. 2007). This is due to its lower stability in 
directions orthogonal to its main axis as compared to stabil-
ity along the main axis. This general idea has resulted in 
two indices of deviation of the system during quick actions, 
along the UCM (motor equivalent, ME) and along ORT 
(non-motor equivalent, nME).

The two sets of indices, {VUCM; VORT} and {ME; nME} 
are not redundant. Some studies, including the current study, 
have shown significant correlations between 

√
VUCM and ME 

as well as between 
√
VORT and nME (Falaki et al. 2017; de 

Freitas et al. 2018) expected from statistical considerations 
of folded distributions (Leone et al. 1961). These considera-
tions, however, are applicable only if the initial and final val-
ues used in the computation of ME and nME are taken from 
the same normal distribution, which does not have to be true. 
For example, a recent study of multi-finger force pulse pro-
duction (Cuadra et al. 2018) has shown strong correlations 
between 

√
VUCM and ME in the absence of such correlations 

between 
√
VORT and nME. These findings were interpreted 

as resulting from corrections introduced by the subjects in 
the ORT direction but not in the UCM direction, because the 
visual feedback showed them changes in total force affected 
only by ORT movements in the finger force space.

One of the differences between the cited studies is that 
some of them involved cyclical actions while others involved 
discrete actions. Since potential differences between these 
two classes have been emphasized recently (Hogan and Ster-
nad 2007), we used in the current study a discrete action (as 
in Cuadra et al. 2018) in otherwise similar procedure to that 
of Falaki et al. (2017). Our observations confirmed those 
made by Falaki et al. (2017) showing significant correlations 
between both pairs of variables 

√
VUCM vs. ME and 

√
VORT 

vs. nME (Fig. 6). Hence, we conclude that the cyclic–dis-
crete dichotomy was not crucial for these correlations. This 
finding may be viewed as important for clinical studies as 
analysis of motor equivalence requires relatively few tri-
als as compared to analysis of inter-trial variance (Freitas 
et al. 2019). Given that indices of motor equivalence show 
good-to-excellent reliability (de Freitas et al. 2018), they 
are attractive indices for changes in action stability in neuro-
logical patients (reviewed in Latash and Huang 2015). Note 
that analyses of both inter-trial variance and motor equiva-
lence in the muscle activation space have shown changes in 
the synergy indices in PD individuals, even in those without 
clinical signs of postural instability (Falaki et al. 2017).

Concluding comments

The results of the current study have supported our hypoth-
eses based on the concepts of the control of whole-body 

movements with changes in body RO and of the multi-mus-
cle synergies stabilizing COP shifts. Some of the obser-
vations raised new issues, which need further research to 
be clarified. One of them is the counter-intuitive higher 
magnitudes of variance in the M-mode space compatible 
with unchanged COP coordinate (VUCM) prior to the faster 
COP shift backwards. Based on a recent study (Tillman and 
Ambike 2018), we could expect an opposite effect. Another 
counter-intuitive observation is the faster COP shifts back-
wards. Indeed, humans typically feel less confident shift-
ing COP backwards across a variety of tasks (Rand et al. 
2012; Halfström et al. 2014), possibly to minimize chances 
of backward fall and due to asymmetrical effects of visual 
information. A more complete study would use two initial 
body postures with COP shifted both forward and backward 
with respect to its natural coordinate. We would also like to 
admit that some effects should be viewed as pilot because 
they did not reach the level of statistical significance, in par-
ticular the differences in the co-activation index prior to the 
voluntary sway in different directions. These effects require 
confirmation in a better powered study.
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