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Rambling and Trembling in
Quiet Standing

Vladimir M. Zatsiorsky and Marcos Duarte

The goal of this study was to explore the rambling-trembling decomposition
in quiet standing. The center of pressure (COP) and the horizontal ground
reaction force (Fy) were registered in healthy subjects standing in an
upright bipedal posture on a force platform. The COP positions at the
instants when Fy, . = 0 were identified (instant equilibrium points, IEP) for
the anterior-posterior direction, then the COP time series, were partitioned
into its components using 2 different techniques, rambling-trembling decom-
position and gravity line decomposition. The two decomposition techniques
provided very similar results. An unexpectedly large correlation between the
trembling trajectory and the difference between COP and gravity line was
found, r = 0.91 (range, 0.83 < r < 0.98). The correlation implies that the GL
moves from an IEP to the subsequent 1EP along a smooth trajectory that can
be predicted by the spline approximation. A substantial negative cross-cor-
relation at a zero time lag was observed between the trembling and the F,,
.90 < r <—0.75. For the rambling trajectory, the coefficients of correlation
with Fp, . were low, —0.33 < r < —0.05. The data support the hypothesis that
during quiet standing the body sways for two reasons: the migration of the
reference point (rambling) and the deviation away from that point (trem-
bling).

Key Words: human balance, stabilogram, center of pressure, gravity line,
motor control

1. Introduction

There is increasing evidence in the literature that the control system for equilib-
rium includes at least two subsystems, with the first one determining a reference
position with respect to which the body equilibrium is maintained and the second
one maintaining equilibrium about the preselected reference point. Lestienne and
Gurfinkel (1988) coined these systems conservative and operative, respectively.
This hypothesis has been supported by several observations. Amblard et al.
(1985) reported that when stroboscopic lighting was used, two modes of visual
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control of balance were observed that were well separated in terms of the fre-
quency range of body sway. The first mechanism operated below 2 Hz and was
strobe-resistant; the second mechanism operated above 4 Hz and was strobe-vul-
nerable. Postural and vestibular disturbances performed with frequencies below
and above | Hz produce opposite effects on the reflex gain and the EMG activ-
ity of the m. soleus during standing (Fitzpatrick et al., 1992; cf. Jeka et al., 1998).
This finding might suggest two different kinds of postural control acting at dif-
ferent time scales (Gatev et al., 1999). Other evidence comes from investigations
in weightlessness (Clement et al., 1984; Lestienne & Gurfinkel, 1988).

During parabolic flights, standing body posture has been reported to
change while the ability to maintain balance is retained. The authors associated
the changes in body posture with the conservative control system (also called the
tonic system) and the ability to retain balance with the operative (phasic) system.
The conservative system was immediately affected in weightlessness, and the
operative system was left almost unchanged. In another study, Gurfinkel et al.
(1995) tilted slowly the supporting surface where the subjects stood at an angu-
lar velocity of 0.04°/s. During the tilting, small high-frequency oscillations of the
body were superimposed on large, slow-body movements. Hence, the usual
process of stabilization of the body continued, but the instant equilibrium was
maintained relative to a slowly changing position rather than around a fixed set
point. After application of the diffusion (random walk) analysis, Collins and De
Luca (1993, 1994, 1995) discovered persistence and antipersistence in the COP
diffusion rate over different time scales (approximately below and above 1 s,
respectively) and explained their finding by an interaction of open- and closed-
loop control mechanisms. They also suggested a model of postural control that
includes two linearly superimposed random walkers. In essence, the model rep-
resents two postural control subsystems, even though the authors did not spell
out this idea explicitly. Another explanation of persistence and antipersistence in
the COP migration was suggested by Dijkstra (1998), who developed a feedback
control model of balance. The results of his simulation confirmed the idea that
balance is maintained by two feedback control systems operating at different
time scales rather than by open- and closed-loop mechanisms. The two feedback
systems reported by Dijkstra (1998) correspond to the operative and conserva-
tive systems described above.

To quantify the contribution of the conservative and operative systems to
body sway during standing, Zatsiorsky and Duarte (1999) suggested a method of
decomposing the center of pressure (COP) displacement into two components.
The reference point migration was called rambling and the COP migration
around the reference was coined trembling. In young healthy people, rambling
amplitude was roughly three times larger than trembling amplitude, while the
frequency was four times smaller. A large negative correlation at zero time lag
between the horizontal force (F,,,) and trembling (on average r = —0.85) was
reported. Hence, the deviation of COP from the rambling trajectory was associ-
ated with a restoring force. Correlation of F,,, with rambling was much smaller
(r = —0.25). The following interpretation of the chain of events during balance
maintenance was offered (the rambling-trembling hypothesis): (1) The CNS
specifies an intended position of the body. The intended position is specified by
a reference point on the supporting surface with respect to which body equilib-
rium is instantly maintained. (2) The reference point migrates and can be con-
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sidered a moving attracting point. (3) The body sways because of two reasons:
the migration of the reference point and the deviation away from the reference
point. (4) When the deflection is not too large, the restoring force is due to the
“apparent intrinsic stiffness” of the muscles.

Recently, Winter et al. (1998) and Kuczynski (1999) performed another
decomposition of the stabilogram that is based on a pure biomechanical consid-
eration, the gravity line (GL) decomposition. (The gravity line is the vertical line
passing through the center of mass of the body.) In the GL decomposition, the
COP migration is represented as an outcome of two processes, the GL migration
and deviation of the COP from the GL trajectory, Aqqpg,. Winter et al. (1998)
used an optical method to determine the GL migration. They found a large neg-
ative correlation between Acgpg and Fy, (r =—0.91) at a time lag of 4 ms and
concluded that during quiet standing, the equilibrium is maintained due to restor-
ing elastic forces.

In this study, two decompositions were performed and compared: (1) ram-
bling-trembling decomposition and (2) GL decomposition. It was expected that
a comparison of the two decompositions would allow further exploration of the
operative and conservative systems of postural control and a test of the rambling-
trembling hypothesis.

2. Methods
2.1 Experimental Procedure

Ten healthy adult subjects (7 males and 3 females) participated in this study. The
group’s age was 28 + 5 years, the height was 179 + 9 cm, and the mass was 78
+ 14 kg. No subjects had any known history of postural or skeletal disorder, and
they provided informed consent prior to testing according to the policies estab-
lished by the Office for Regulatory Compliance of The Pennsylvania State Uni-
versity.

The subjects were asked to stand in an upright bipedal posture on a 40-80-
cm force platform (model 40808, Bertec, Worthington, OH). During testing, the
subjects stood barefoot for 30 s with their eyes open. The subjects were
instructed to stand with their feet separated at a comfortable width (about shoul-
der width) and their arms at their sides. They were asked to maintain this posi-
tion during the entire trial. Data acquisition was performed using a personal com-
puter (model P5-100, Gateway 2000, North Sioux City, IA) with a 12 bit A/D
board (model AT-MIO-64E-3, National Instruments Corporation, Dallas, TX)
controlled by a special code written using LabView software (LabView 4.1,
National Instruments Corporation, Dallas, TX). The signals of three force com-
ponents and three moment components from the force plate were acquired with
a sampling frequency of 40 Hz, the COP displacement were estimated from these
data, and all the data were recorded for future processing.

2.2 Data Processing and Analysis
Before the analyses, all data were low-pass filtered with a Butterworth filter of

fourth order and zero-lag phase with a cutoff frequency of 8 Hz, since most of
the power of the signal is below 1 Hz (see Winter (1995) for a review). A code
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was written in MATLAB software (MATLAB 5.2, The MathWorks, Natick, MA)
for the data processing and analysis.

Stabilogram Decomposition. Technically, both decompositions start
from locating the COP positions at the instants when F ;. = 0, the instant equi-
librium positions (IEP). During upright standing, when the human body is at an
IEP, the COP coincides with the GL (for the proof see King & Zatsiorsky, 1997,
Zatsiorsky & King, 1998; cf. Levin & Mizrahi, 1996) and with the equilibrium
reference point (Zatsiorsky & Duarte, 1999).

Rambling and Trembling Decomposition. The rambling and trembling
components of the COP trajectory were computed in the following way. The par-
ticular moments when F,,, changed its sign from positive (negative) to negative
(positive) were selected and then the instants at which F,, = 0 were estimated by
local linear interpolation of the F time-history data. The COP positions at these
instants (the instant equilibrium points, IEP, or zero-force points) were deter-
mined. To obtain an estimate of the rambling trajectory, the IEP discrete positions
were interpolated by cubic spline functions (de Boor, 1978). To obtain the trem-
bling trajectory, the deviation of the COP from the rambling trajectory was deter-
mined (relative COP position). The method is described in detail elsewhere (Zat-
siorsky & Duarte, 1999).

The GL and Aqppe Decomposition. A modified version of the zero-
point-to-zero-point integration method (King & Zatsiorsky, 1997; Zatsiorsky &
King, 1998) was used to compute the GL trajectory. In this method, the values of
the Fy,, are divided by the body mass of the subject and then integrated twice
on the intervals from one IEP point to the subsequent IEP. The method requires
knowledge of the two integration constants at each IEP-to-IEP interval. The inte-
gration constants were computed as follows.

Given that at two consecutive [EP instants, tlF,, = 0 and t{F, =0, the
COP positions coincide with the GL positions, the first integration constant is
x(ty) = Xcoplty)- The initial velocity can be determined by:
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where M is the body mass. Finally, the GL trajectory is found by:
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In addition to the GL trajectory, the deviation of the COP from the GL. tra-
jectory (COP — GL, Aqgpg) was computed.

2.3 Other Methods

Cross-Correlation Analysis. The COP, GL, A¢ g, rambling, and trem-
bling trajectory data were cross-correlated with the Fy (t), where Fy, (1) is a time
series of the horizontal force. The cross correlation was estimated using a maxi-
mal time lag of 1 s.
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Fourier Frequency Analysis. The Power Spectral Density (PSD) of the
signals was estimated using Welch's averaged periodogram method (MATLAB
Signal Processing Toolbox, The MathWorks, 1996) with a resolution of 0.039 Hz.

Phase Portrait Analysis. This method involves plotting a signal versus its
first time derivative and has been used for stabilographic analysis before (Riley
et al., 1995).

Routine Statistical Methods. These were employed to analyze the exper-
imental data. Because of the non-Gaussian distribution of the correlation coeffi-
cient variable, we present the group data as the median values and the total range.
With the exception of the force-field analysis explained later in the text, only the
data for the anterior-posterior direction are analyzed in this paper.

3. Results
3.1 Correlation Analysis

The results of the cross-correlation analysis were very close to the previously
reported values that were obtained on another group of subjects (Zatsiorsky &
Duarte, 1999). In particular, the maximal values of the coefficients of correlation
with the F,, were always negative and observed at zero time lag. The correlation
matrix computed at zero time lag is presented in Table 1. Two groups of correla-
tion coefficients attract attention, correlations between (a) parameters of the two
COP decompositions and (b) characteristics of the COP displacement and the
horizontal force.

A large correlation between the trembling trajectory and the difference
Acopg. was found, r =0.91 (range, 0.83 ¢ 0.98). The similarity means that over
the [EP-to-IEP intervals, the curves obtained as a piecewise spline approximation

Table 1 Correlation Matrix: Median (First Row) and Minimum and Maximum
Values (Second Row)

Variable Fy, Cop Rambling  Trembling GL AcoraL
Fror I —035%*» -0.19 ~0.B7+#* —0.22+ ~0.92%%x
—0.536-0.13 0336005 -0.90-075 -0.35<-0.05 -0.94-0.89
cop 1 0.98*** 0.30%* 0.99%* 0.3]**
0.97¢30.99  0.04<0.55 0.96¢20.99 0.11¢50.53
Rambling 1 0.13 0,99%*x* 0.18
-0.1263035 098099  0.01+>0.33
Trembling 1 0.17 0.9]*#**
-0.07¢30.38 0.83<0.98
GL I 0.17
—0.02¢50.35
Acorai. I

p <05, **p < 01; ***p < 001,



190 Zatsiorsky and Duarte

a

4 2 0 2 4
Trembling [mm]

Figure 1 — A representative example of the relationship between the parameters
(COP, rambling, and trembling) and the horizontal ground reaction force, F},,. For
the COP position, the anterior direction is to the right; for F, ... the anterior direc-
tion is up (subject BF). (a) COP versus Fy,,. (r =—0.49). The COP positions along the
Fj,or = 0 line represent the IEP migration. Note the inclined COP-F,,,. loops over
short-range intervals of time. An inclined loop signifies a negative correlation over
short-range intervals of time. The positive (F},,. > 0) and negative (Fy,,,. <0) loops are
approximately equally inclined and scattered along the COP position axis. It seems
that neither the sign of the loop nor the loop inclination depends on their location.
(b) Rambling versus Fy,,, (r =-0.24). The short-range correlation disappeared; the
loops are oriented vertically. It appears that displacement of the rambling trajectory
is not related to changes in Fy,. (¢) Trembling versus Fy, . (r = —0.89). A large nega-
tive correlation was observed. Note the “butterfly”” appearance of the curves. The
coefficient of regression was spy =—1.33 mm/N.

of the IEP trajectory (rambling) were very close to the curves computed as a
second integral of the horizontal force (GL trajectory). Also, very high coeffi-
cients of correlation between the COP. rambling, and GL trajectories were
observed (r>0.97). Because all three trajectories intercept at the IEP, this cor-
relation was expected and is trivial.
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A large negative cross-correlation between the F,, and trembling at zero
time lag was obtained, —0.75 > r >—0.90. The deviation of the COP from the ram-
bling trajectory gave rise to the force directed opposite to the deviation. Hence,
the force was analogous to a restoring force. For the difference A p, , the coef-
ficients of correlation with F, were similar to those observed for trembling,
—0.89 >r >-0.94, The data for the difference Apg, are in good agreement with
the coefficient reported by Winter et al. (1998), r = =0.91. Note that different
methods were used in these two studies to estimate the GL trajectory.

For the rambling trajectory, the coefficients of correlation with F,,, were
low, -0.03 > r >-0.33. The coefficients of correlation of the GL trajectory with
Fy were also low, -0.05 > r > -0.35.

A more detailed analysis of the scattergrams revealed that the correlation
of COP with Fy,, was chiefly observed during the short-range intervals of time
(Figure 1a). Note the inclined COP-F,, loops in Figure la. With the exception
of the extreme positions of COP, F,, did not depend on the COP location with
respect to the external system of coordinates. Large displacements of COP were
not accompanied by a rise in F . However, a rise in F,, was observed when
COP displaced slightly at any current COP location. When F,,, values were com-
pared with the rambling trajectory, the same loops were oriented vertically, and
the correlation almost disappeared (Figure 1b). The plots of the trembling trajec-
tory versus F, . exhibited a large negative correlation (Figure lc). As it was
expected, each loop started at the origin of the system of coordinates.

The amplitude and frequency characteristics are presented in Table 2 and
Figure 2. In comparison with rambling, trembling is a low-amplitude, high-fre-
quency process. The frequency of trembling is much larger than the rambling fre-
quency. Note the evident similarity between the frequency characteristics of
trembling and Aqqpg; -

4. Discussion
4.1 Similarity Between the Trembling and Acgpey
The correlation between the trembling trajectory and the difference Apqpg; Was

unexpectedly strong; the group median is 7 = 0.91. Hence, the rambling and GL
trajectories were close to each other during the inter-IEP intervals.

Table 2 Amplitude and Frequency Characteristics (Average for the Group + SD)

Characteristics Fior CopP Rambling  Trembling GL AcopgL

St. deviation
(n or mm) 0.60£0.16 462+1.00 442+1.05 0.80+021 440+1.04 073+0.19

Mean frequency

(Hz) 1.35£0.14 033+£0.06 022+0.04 091 £0.18 0.22+0.03 1.02+0.09
Median frequency
(Hz) 1.00£0.14 0254004 021 £0.03 0.74+0.18 021 £0.03 0.85+0.09

Peak frequency
(Hz) 066026 0.17+0.02 0.16+0.01 0.57+£0.19 0.16 £0.01 0.66=+0.2]
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Figure 2 — Power spectral density (PSD) of the COP, rambling, trembling, and Fj,,,
(n = 10, a-p direction). For each subject, the PSD data (in mmZ2/Hz) were normalized
with respect to the individual peak values of PSD, then the normalized data were
averaged for the group. For comparison, the rambling and trembling PSD were nor-
malized again by the mean peak of the COP PSD. The vertical lines are +1 SD. The
PSD of trembling and Fy,,, look similar. The contribution of trembling to the COP
PSD is less than 10%.

To estimate the trajectory of the reference point (i.e., the point with respect
to which the equilibrium is instantaneously maintained), we approximated the
discrete IEP trajectory by cubic splines. When using cubic splines, each segment
between the data points is connected by a third order polynomial, and the slope
of each cubic polynomial is matched at the data points. To estimate the GL tra-
jectory, we integrated twice the horizontal acceleration of the center of mass (Fy,,
divided by the body mass) on the interval from one IEP to the subsequent 1EP.

The observed similarity between trembling and the difference Acqpar
means that GL moves from an [EP to the subsequent IEP along the trajectory that
was predicted by the cubic spline approximation. Because the only distinguish-
able quality of splines is their smoothness, an analogy can be established
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between the GL migration during upright standing and body limb movements. It
has been reported that human arm movement is coordinated in such a way as to
produce the smoothest possible movement of the hand (Flash & Hogan, 1985).
However, in the arm movement studies, the smoothness was characterized by
Jerk, the third time derivative of displacement and, hence, the parameterization
was done with respect to time. In this study, the smoothness of the GL migration
in the IEP-to-1EP intervals refers only to the movement geometry, the trajectory
of GL. It seems that during the TEP-to-IEP intervals, the GL moves along a
smooth trajectory predicted by the spline approximation. It is quite possible that
the smoothness of the GL trajectory is determined by pure mechanical reasons,
in particular by the inertia of the body.
In general, the two decompositions yielded very similar results.

4.2 On the Rambling-Trembling Hypothesis

In the literature, two renditions of balance maintenance in upright posture are
most accepted. According to the first point of view, the upright posture can be
compared to (and modeled as) an inverted or compound pendulum oscillating
around a fixed reference point (Hayashi et al., 1977; Karlsson & Winter, 1995b;
Lanshammar, 1997; Winter et al., 1998). An opposing idea is that the postural
control system allows a certain amount of sloppiness in balance control; in par-
ticular, the system allows the COP to drift for some time and/or displacement
before feedback mechanisms are activated (Collins & De Luca, 1993, 1994,
1995), see also (Newell et al., 1997; Riley et al., 1997).

The rambling-trembling hypothesis combines the two theories. According
to this hypothesis, body sway during upright standing arises from both the devi-
ation from the reference position (trembling, pendular-like movement) and the
reference point migration (rambling). Movement along the rambling trajectory
does not induce substantial restoring forces, but the deviation from the rambling
trajectory does. The following evidence seems to support this interpretation:

1. The large short-range correlation with the restoring force and a low value
of correlation over the long-range intervals of time (Figures la and Ic).
The Fy directed opposite to the deflection always accompanies the deflec-
tion of the COP from the rambling trajectory.

2. The independence of the short-range correlation from the COP position on
the force platform (Figure la).

3. The lack (or a low value) of correlation between the displacement along
the rambling trajectory and the F; ;. Motion along the rambling trajectory
is not associated with a substantial rise of the restoring force (Figure 1b).

Some additional considerations, such as the phase portraits of the signals
and the postural force fields, also support the hypothesis.

Phase Portraits. The position-velocity loops for the COP and rambling do
not have a single pole: the loops migrate along the position axis (Figure 3). The
phase portrait of trembling resembles a limit cycle attractor that corresponds to
the steady fluctuation of the process around a certain position.

Postural Force Fields. In mathematics, a vector field is defined as a func-
tion that assigns a vector to each point in some region in the plane or space. To
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Figure 3 — Phase portraits of the COP, rambling and trembling. A representative
example (Subject BF, a-p direction). Note the different scales in the graphs. While
the amplitude of rambling is larger than the amplitude of trembling, the velocity of
trembling is roughly twice that of rambling. It seems that the COP amplitude is
determined mainly by the amplitude of rambling, but the COP velocity is influenced
chiefly by the trembling velocity.

study postural force fields during standing, we plotted the force vectors along
with the COP trajectory in the horizontal plane (Figure 4). The arrows depicting
the force vectors are drawn with the tails at the COP trajectory.

The vectors that originated at different parts of the COP trajectory con-
verged at dissimilar poles (compare the parts of the curve marked with numbers
| and 2). Hence over long-range intervals of time, the restoring forces do not
form a constant vector field converging to a single pole. However, the forces reg-
istered during short-range intervals of time seem to converge to one pole (parts
of the curve marked 1 and 2). This suggests that at each instant of time the restor-
ing forces form a vector field. However, the vector field is not constant but
migrates. These findings do not support the explanations of balance maintenance
as a pendular-like movement about a fixed equilibrium position or the opposing
idea that the body drifts freely over some time without corrections. If the body
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Figure 4 — Postural force field: 2-D representation of the COP trajectory with the
Fyqr vectors. Note that (a) over short-range intervals of time, consecutive force vec-
tors converge to (approximately) one pole, and over long-range intervals of time
they converge to different poles, and (b) the force vectors are directed at an angle to
the preceding COP force-to-force displacement. Oftentimes, the displacement-force
angles are almost to the right angles (subject KD).

were oscillating around a fixed center, the following would happen: (a) the IEP
would not move and, thus, the rambling trajectory would be a straight line; (b)
the restoring forces would highly correlate with the deviation from the center
(i.e., with the COP); in reality, this correlation is much lower than the correlation
with trembling; (c) the phase portraits of the COP migration (position-velocity
plots) would be circular trajectories around the center; and (d) a converging
vector force field would be found. None of these was observed.

If the COP were allowed to drift freely over some time without corrections,
the high negative correlation over short-range intervals between the F,, and
trembling would not be observed. Rather, a large negative correlation between
the Fy,,, and rambling would be expected.

The concept of the migrating reference point with respect to which balance
is maintained is similar in spirit to the concept of the virtual trajectory (Bizzi et
al., 1984; Hogan, 1984; Katayama & Kawato, 1993) developed in the framework
of the equilibrium-point hypothesis (Feldman & Levin, 1995; Latash, 1993) to
explain arm movement. However, the rambling trajectory does not specify a
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unique joint configuration. The same location of the set point for equilibrium
may correspond to different body postures.

The reason for the perpetual set-point migration (rambling) is unknown at
this time. The rambling trajectory can be due to “noise” in the central nervous
system and muscles that carries little useful information (Fitzpatrick et al., 1992;
Ishida & Imai, 1980; see also De Luca, 1997; Turvey & Carello, 1996). Or, it can
be the result of a certain searching process performed to update sensory infor-
mation instrumental to standing balance (Riccio, 1993).

Also, the high correlation between trembling and F,, may be interpreted
differently. Trembling is a high-frequency oscillation around the rambling tra-
jectory. It is not clear whether the correlation with Fy is high because the oscil-
lation is fast or because the oscillation takes place around the rambling trajec-
tory. Since trembling is a high-frequency process, the body’s acceleration and
consequently the horizontal force induced by trembling is much larger than the
force induced by rambling (cf. Gurfinkel, 1973). As a result, the coefficients of
correlation between F,, and trembling are much larger than the coefficients of
correlation between F,, and rambling. Another topic of contention is the origin
of the restoring forces in standing.

4.3 Restoring Forces in Quiet Standing

The following explanation of stable equilibrium is commonly accepted in the lit-
erature: When a body deflects from an equilibrium position, restoring forces
drive the body back to equilibrium. In a semi-symbolic way, this can be written
as: When X deviates from Y, restoring force Z is acting. The problem that we are
going to discuss is: What are X, Y, and Z in quiet standing? In other words, devi-
ation of what from what induces restoring forces?

In this study, F,,, behaved as a restoring force: The coefficients of correla-
tion at zero time lag between the horizontal force, on the one hand, and the COP,
trembling, and Apg1. on the other, were always negative. The behavior of Fy,,
resembled elastic forces that are (a) directed opposite to the deflection, (b) pro-
portional to the magnitude of the deflection, and (c) acting without time delay.
The maximal values of the coefficients were always observed at zero time lag
(Winter et al., 1998, reported for the Fy,-Acqpg,. correlation, a lag of 4 ms).
These data seem to support the idea that small deviations from an equilibrium
position during quiet standing are counterbalanced by “apparent muscle stiff-
ness” (Grillner, 1972; Gurfinkel et al., 1974; Winter et al., 1998). However, to
prove the elastic nature of F,, the force should be compared with the body (X)
deflection from an equilibrium position Y.

We started this study with the assumption that X is the gravity line and Y
is the instant equilibrium reference (i.e., the rambling trajectory). An idea that
stabilization of the GL is a basic posture control mechanism has been addressed
in the literature (Horstmann & Dietz, 1990). However, in this study we were not
able to confirm experimentally that the deviation of the GL from the rambling
trajectory is associated in quiet standing with the rise of a restoring force. (We
were not able to reject this hypothesis either.) The correlation between the dif-
ference GL — rambling and the F,,,, was on average only —0.34 (n = 10). Hence,
we were not able to prove that the rise of the horizontal force was associated with
deviation of the GL from the rambling trajectory.
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Figure 5 — Experimental parameters during the ankle sway for subject FD.

We offer two hypothetical explanations for this finding. The first explana-
tion is that during quiet standing, the rambling trajectory and the GL trajectory
were so close to each other that the employed methods were not sensitive enough
to discern the difference. To explore this rationale further we asked a subject to
perform intentional body sway either at the ankle joints (“ankle sway”™) or at the
hip joints (“hip sway”). The correlation between the difference GL — rambling
and F, increased to —0.97 during the ankle sway and to —0.89 during the hip
sway. Hence, the deviation of the gravity line from the rambling trajectory gave
rise to the restoring force. However, during the ankle sway the F,, was highly
correlated (r > —0.95) with the GL-rambling difference; and also with the COP,
GL, trembling, and the COP-GL difference. (The correlation with the rambling
was around zero.) During the ankle sway the body oscillated as a single inverted
pendulum with large amplitude around a slightly moving reference (rambling
trajectory). and all the parameters that characterize the deviation from the refer-
ence were highly correlated (multicollinear; see Figure 5). During the hip sway,
however, the multicollinearity was absent; the correlation with F, . was for the
COP, r = -0.69: for rambling, r = —0.07; for trembling, r = —0.80: for GL. r =
—0.39; and for Aggpg, r = —0.68. Although the high negative correlation
observed between the deviation of the GL from the rambling trajectory and F,,,
seems to support the rambling-trembling hypothesis, it cannot be considered a
final proof of it because of the difference in the tasks. During intentional body
sway, the deviation of the GL from the rambling trajectory as well as the restor-
ing forces were preprogrammed; however, during quiet standing, according to
the hypothesis, this deviation is a signal that triggers the restoring force.
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The second explanation is that the CNS does not use the GL displacement
as an immediate source of information and relies on other signals (e.g., the COP
position, joint configuration). After all, the CNS has no means to calculate such
an abstract parameter as a GL location. At least two candidates can replace the
GL in the control of upright posture. The first is the stretching of the ankle joint
muscles that induces restoring forces of an elastic nature. The mechanical
response is instantaneous, in contrast to built-in time delay that occurs with feed-
back response (Grillner, 1972; Gurfinkel et al., 1974; Winter et al., 1998). Theo-
retically, the displacement of GL may not correspond to ankle joint movement
due to the motion of other joints (e.g., the hip joint; Kuo et al., 1998). However,
according to experimental evidence, the anterior posterior motion of COP during
quiet standing is in phase with the angular motion at the ankle joints (Gatev et
al., 1999). Hence, this mechanism is feasible. The second explanation is that reg-
ulation of bipedal stance depends mainly on load receptors (Dietz et al., 1992).
In this scenario, the COP location and velocity, rather than the GL location,
serves as a main source of information. Gatev et al. (1999) recently found that in
quiet standing anterior posterior motion of the GL lags behind the EMG activity
of the m. lateral gastrocnemius in intervals ranging from 260 to 350 ms. They
suggested that this precursory muscle activity is due to some feedforward con-
trol. The possibility of feedforward control mechanisms of balance maintenance
cannot be excluded, especially for the rambling (cf. Fitzpatrick et al., 1996).
However, for the trembling it does not look probable.

If the COP location is an X variable in the previously described scheme,
there are two candidates for the Y variable: a fixed center or a moving reference.
The assumption about the fixed center was not confirmed in this study (see the
preceding discussion). The assumption about the moving reference leads to the
rambling-trembling hypothesis. The large negative correlation between trem-
bling and F,,, seems to support the idea that X is a relative deviation of the COP
from the rambling trajectory Y. The problem, however, is that this correlation can
be induced largely by pure mechanical factors. Changes in the ankle joint
moment are directly manifested as COP displacements and indirectly as changes
in the horizontal force (via acceleration of the center of mass due to the ankle
joint moment). For the mechanical analysis, see King and Zatsiorsky (1997) and
Zatsiorsky and King (1998). Hence, the question of what exactly induces the
restoring force during quiet standing remains unanswered.
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