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Featured Application: A platform continuously translating in the horizontal plane in an asymmetric
mode can be employed as a means for normalizing the position of the centre of feet pressure in
patients standing on it.

Abstract: Various diseases are associated with the impaired control of the medio-lateral (ML) position
of the centre of feet pressure (CoP), and several manoeuvres have been proposed for enhancing the
CoP symmetry. Here, we assessed in healthy standing subjects the feasibility and outcome of a novel
protocol entailing a reaction to a continuous asymmetric ML displacement (10 cm) of the support base.
The periodic perturbation consisted of a fast half-cycle (0.5 Hz) followed by a slow half-cycle (0.18 Hz).
One hundred successive horizontal translation cycles were delivered in sequence. Eyes were open
or closed. CoP was recorded before, after, and during the stimulation by a dynamometric platform
fixed onto the translating platform. We found that the post-stimulation CoP was displaced towards
the direction of the fast half-cycles. The displacement lasted several tens of seconds. Vision did not
affect the amplitude or duration of the post-stimulation effect. The magnitude of post-stimulation
CoP displacement was related to the perturbation-induced ML motion of CoP recorded during the
stimulation. Over the successive perturbation cycles, the time-course of this motion revealed an
adaptation phenomenon. Vision moderately reduced the adaptation rate. The findings support the
feasibility of the administration of a simple asymmetric balance perturbation protocol in clinical
settings to help patients recover the symmetry of the CoP. This protocol needs to be further validated
in older populations and in patients.

Keywords: quiet stance symmetry; asymmetric balance perturbation; periodic translation; frontal plane;
postural adaptation

1. Introduction

Numerous studies on the control of quiet stance have focused on balance and balance control in
the anterior–posterior (AP) plane [1,2], likely because of the analogy of the body profile in the sagittal
plane with an inverted pendulum that facilitates a formal treatment of AP sway [3]. Besides, a plethora
of studies examining dynamic balancing behaviour in standing have mostly considered the responses
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to AP perturbations, also because of the elegant theoretical framework of the control pattern proposed
at earlier times [4,5].

The postural control in the medio-lateral (ML) direction has received less attention. Under normal
standing condition, the weight of the body is symmetrically distributed, so that the centre of feet
pressure (CoP) remains halfway the distance between the feet [6]. This is at variance with the position
of the CoP in the sagittal plane, where it lies ahead of the ankle joint, requiring the tonic activity of
the foot, leg and axial postural muscles to avoid falling forwards [7,8]. Distinctive control modes and
muscle activities appear to regulate body sway in the frontal compared to the sagittal plane [6,9–12].
The modulation of both amplitude and frequency in the EEG trace is more pronounced during ML
compared to AP sway, implying that AP and ML sway are supervised by independent strategies and
that ML control may require greater neural resources [13,14].

The clinical relevance of the ML control of the CoP is emphasized by the need of good medio-lateral
stability during turning [15] and by the strong dependence of gait initiation on the capacity of
transferring the body along the frontal plane for launching the first step [16]. While healthy ageing
hardly challenges the postural control during quiet stance [17], there is now accumulating evidence
that aging effects on balance may be accentuated in the medio-lateral direction. Measures of lateral
stability are related to fall risk [18] and excessive movements of CoP in the ML direction predict falls in
older adults [19]. The abnormal control of the CoP may depend on asymmetries in muscle force [20],
sensation [21] or altered central control. Patients with stroke typically show an asymmetric distribution
of the body weight between the feet [22,23] and problems in voluntary shifting the body toward the
paretic extremity [24].

Several old and recent investigations have brought to light the effects of diverse sensory
manipulations on the body’s postural orientation. For example, muscle spindle activation by tendon
vibration produces body forward or backward leaning depending on the site of the application [24],
and the alternate vibration of trunk muscles produces the displacement of the CoP of standing
individuals in the frontal plane synchronous with the vibration trains [25]. Furthermore, several
manoeuvres can produce striking postural post-effects [26]. An intense voluntary isometric contraction
of a muscle or group of muscles produces a sustained involuntary contraction of the same muscles
lasting several seconds or minutes [27]. Neck unilateral vibration induces persistent directional
post-effects on the subjective straight ahead and on the self-motion perception of vestibular origin [28].
Another example of a postural post-effect occurs during the podokinetic adaptation induced by
prolonged stepping with concurrent body yaw rotation [29,30]. On a different note, a six-minute
period of treadmill walking induces a post-effect consisting in an antero–posterior tilt of the body when
standing quietly afterwards, both eyes open (EO) and eyes closed (EC) [31,32]. These cases show that
the continuous activation/stimulation of the proprioceptive system may not be necessary and can be
substituted by conditions eliciting prolonged rhythmic muscle activities. Hence, these post-effects are
not necessarily connected to a prolonged voluntary muscle tonic contraction but can also emerge when
the muscle contractions (and their sensory feedback) are repeated for a certain period. They depend
on the intensity, duration, side of the conditioning stimulation, visual conditions and muscle status.
These sensory inputs and motor activities would be centrally integrated and interpreted with respect
to a stable frame of reference [33].

Here, we leveraged the aforementioned knowledge to design a protocol able to modify the control
of CoP during stance in the frontal plane. This study tested the hypothesis that the position of the
CoP can be modified (thereby opening the possibility for patient treatment) by teaching the nervous
centres an ‘adapted’ postural condition through the implicit learning of a new equilibrium reference.
In particular, the purpose of this preliminary study was to investigate involuntary weight shifting
behaviour in the frontal plane during quiet stance as a consequence of a novel stimulation pattern
consisting in a repetitive periodic asymmetric ML translation of the support base upon which healthy
subjects stand. The possible effect of vision was assessed, in the hypothesis that the visual reference to
a stationary scene during the platform displacements [34] would rescind any proprioceptive effect
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elicited by the continuous perturbation through processes similar to those put in place during head
stabilization in space [35]. Preliminary data have been published in abstract form [36].

2. Materials and Methods

Twenty (10 males and 10 females) healthy young individuals (mean± SD: 27.9 years± 3.25, height of
171.8 cm ± 8.24, weight 67.3 kg ± 11.07) volunteered to participate in this study. All were right-handed
except three. Participants were naïve to the experimental procedures and all succeeded in performing
the trials. All gave written informed consent to participate in the experiments. This translational study
was approved by the institutional ethics committee (Ethics Committee, Istituti Clinici Scientifici Maugeri,
approval number #2399 CE) and was performed in accordance with the Declaration of Helsinki.

2.1. Task and Procedures

Participants stood with bare feet apart at pelvis width and with the arms by their side on a
force platform firmly fixed on the top of a motorized platform (Officina Lomazzi, Legnano, Italy).
The location of the feet of each participant was marked on a thin (0.5 mm) rubber sheet of the same size
as the force platform (see below), onto which it was firmly attached, to assure consistent placement
between testing trials. Both at rest and during the platform translations, the mean distance between the
parallel feet was 16.8 cm ± 3.4 (intermalleolar distance). The motorized platform moved periodically
from side to side for a 10 cm distance in the horizontal plane. The profile of the continuous translation
cycles was asymmetric, each cycle being made of a half cycle with a fast phase (0.5 Hz) followed by a half
cycle with a slow return phase (0.18 Hz). The profile was switched from fast right to fast left in different
trials. A trial consisted in one hundred continuous perturbation cycles (henceforth, the stimulation).
All trials always started with the fast half-cycle and ended with the slow half-cycle. These translations
produced a perturbation of the standing body in the frontal plane and a medio-lateral displacement of
CoP from right to left and vice versa. There were no still periods between the cycles but the stimulation
was preceded and followed by two extended periods of quiet stance. Each trial lasted 14 min and was
composed by a quiet-stance period (3 min), the stimulation (5 min) and another stance period (6 min).
The first 2 min of the trial were considered a familiarization period and not analysed.

Participants performed one trial in each of these five different conditions: (1) eyes closed (EC)
during the entire trial, with the fast platform translation phase toward the right (i.e., fast right, FR–EC):
the platform made a fast half-cycle to the right side of the participant, followed by a slow half-cycle to
the left side; (2) EC, with the fast phase towards the left (fast left, FL–EC), followed by a slow half-cycle
to the right; (3) eyes open (EO) with the fast phase to the right side (FR–EO); (4) EO with the fast
phase to the left side (FL–EO); and (5) like 3, but subjects kept their eyes closed during the 6 min
post-stimulation period of quiet stance (FR–EO/EC). At the very end of the first trial, participants were
invited to slowly tilt their body to the right and to the left as much as possible, without moving their
feet, and keep those positions for 1–2 s. When vision was allowed, participants were invited not to
focus on one particular point of the patterned laboratory wall (at 8 m distance) and were allowed to
freely explore the scene in front of them, without moving the head. Thus, no precise visual task was
required [37]. The control stimulation was a symmetric translation sequence (10 cm, 0.5 Hz) performed
with EC, again preceded and followed by quiet stance periods.

The various trials with different vision conditions and asymmetry profiles were randomized across
participants and conditions and separated by one or more days. During all trials, participants wore
earphones with music to screen the noise produced by the moving platform. They were instructed to
stand in a relaxed mode but not to move their feet during the trial. They were aware of the onset of the
acquisition and were warned of the onset of the platform perturbation sequence in order to minimize
any startle reaction [38]. Nausea and other unpleasant feelings were never reported by any participant
either during or after the recording sessions. Some subjects (5/20) spontaneously reported a mild sense
of heaviness of the thigh muscles of the side toward which the platform translation moved slowly.
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2.2. Data Acquisition and Treatment

The position of the CoP was recorded for the entire duration of the trials by the force platform
(Kistler 9286BA, Winterthur, Switzerland) at a sampling frequency of 140 Hz, and was expressed in
platform coordinates. No artefacts were produced on the force-platform output by the translations of
the motorized platform. The force-platform data were stored in a PC for offline analysis. For each
participant and condition, the mean ML and AP CoP positions were calculated on a time window of
1 min duration, just before the onset of platform motion (these mean CoP values were the reference
for further analysis) and at the end of the last platform translation cycle. For the same time windows,
the standard deviation (SD) of the ML and AP CoP traces over time were also calculated and accepted
as an index of the CoP sway around its mean position. The pre-/post-stimulation difference in the SD of
the ML CoP trace in the quiet stance periods (visual conditions collapsed) was plotted against the extent
of the pre-/post-stimulation ML CoP displacement. This distribution was studied by a linear regression
model and the coefficient of determination (R2) was calculated to assess the goodness of the fit.

The mean ML position of the CoP was also calculated cycle by cycle, for each of the successive
perturbation cycles, during both the fast and the slow phases of the translations using a software
developed in LabVIEW (National Instruments, Austin, TX, USA). These mean positions, averaged across
all subjects, changed over time featuring an exponential trend from the early to the late trials. The data
were therefore fitted with an exponential model (y = A + Be−t/τ) for each participant and for each
condition by means of the iterative conjugate gradient method of the Excel® Solver Utility [39].
A, B and τ (tau) parameters were computed by using the minimum sum squared algorithm. Tau is
the time-constant of the exponential function expressed in cycles, where the duration of an entire
translation cycle is 3.8 s (the fast phase lasted 1 s and the slow phase lasted 2.8 s). A is the value at
steady state of the function (asymptote), and A + B the value of the intercept with the ordinate at the
first cycle [40]. The difference between the asymptotic value of the ML CoP position during the fast
and the slow phases of the translation cycles was calculated and plotted against the ML CoP position
post-stimulation. This relationship was studied by a linear regression model (asymmetric translation
profile and visual conditions collapsed) and the coefficient of determination (R2) was calculated.

The duration of the post-effect produced by the stimulation on the ML CoP position was estimated
for each participant according to the following procedure. Each successive sample of the CoP position
acquired in the post-stimulation epoch was compared by the one-sample Student’s t-test to the mean
position of the CoP computed during 1 min pre-stimulation. The time-period during which the t-value
of the above comparison bypassed the critical t-value corresponding to a probability of α = 0.05
and remained above that value for at least 500 ms was taken as the duration of the post-effect [41].
The relationship between the amplitude of the ML CoP position post-stimulation and the duration of
the post-effect was studied by a linear regression model and the R2 was calculated.

2.3. Statistical Analysis

The following analyses were conducted: (1) the mean displacement of the ML and AP CoP
positions post- with respect to pre-stimulation and the mean asymptotic value of the ML CoP position
during the fast and during the slow phases of the perturbation cycles were compared to zero (the case in
which the post-stimulation CoP position is equal to the pre-stimulation CoP position) by means of the
Student’s t-test; (2) a 2 × 2 repeated-measure ANOVA (factors: FL and FR conditions; visual conditions
EO and EC) was used to compare the mean ML and AP CoP positions post-stimulation; (3) the
duration of the post-effects of the ML CoP position were compared between the conditions using a
2 × 2 repeated-measure ANOVA (factors: FL and FR condition; visual conditions EO and EC); (4) two
separate 2 × 2 × 2 repeated measure ANOVAs (factors: FL and FR conditions; visual conditions;
pre- and post-stimulation periods) were used to compare the SD of the ML and AP CoP traces; (5) a
2 × 2 × 2 repeated-measure ANOVA (FL and FR condition; visual conditions; fast and slow phase of
perturbation cycles) was used to compare the asymptotic values of the ML CoP position of the fast and
the slow phase of the perturbation cycles and the time-constants obtained under the four stimulation
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conditions. For all ANOVAs, the post hoc test analysis was done with the Fisher’s LSD test and the
differences were considered statistically significant at p < 0.05. Where the differences were significant,
the Cohen’s d effect sizes highlighted the strength of the difference (with d = 0.2, 0.5, 0.8 considered as a
small, medium and large effect size, respectively), and the power of the test (π) [42] was also reported.
The software package used for the analysis was Statistica (StatSoft, Tulsa, OK, USA).

3. Results

3.1. The CoP Position Pre- and Post-Stimulation

The CoP was recorded by the force platform firmly mounted onto the motorized platform
translating in the frontal plane with two asymmetric cycle profiles (fast left, FL or fast right, FR).
The mean ML position of the CoP during the initial quiet stance period was close to zero in platform
coordinates (i.e., the centre of the force platform rested halfway between the feet) (mean± SD:−0.028 cm
± 0.76). The CoP position of a representative participant during the entire trial epoch (standing quietly
EC, platform stimulation EC, standing quietly EC) is shown in Figure 1A. Here, the fast half-cycle of
the perturbation was directed toward the participant’s right side (FR–EC). The panel B shows two trial
segments with a large medio-lateral peak-to-peak CoP displacement during the fast phase followed
by a less ample and slower shift during the slow phase. The corresponding profiles of the platform
translations are shown in panel C, where the fast half-cycles are directed upwards (to the right side of
the body). In all the cycles, the fast right translation produced a clear rapid displacement of the CoP to
the opposite left side. This was followed by a displacement to the right during the subsequent slow
half cycle. The red area in panel B indicates the medio-lateral shift to the right direction (upward in the
Figure) of the ML CoP post-stimulation with respect to its pre-stimulation mean position (dotted red
line). The opposite perturbation profile (FL, not shown) produced a very similar but opposite CoP
displacement pattern.
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Figure 1. Medio-lateral (ML) centre of feet pressure (CoP) position in a representative participant during
the fast right (FR) stimulation under the eyes closed condition (EC) (A,B) and platform translation
trace (C). During the fast half-cycle to the right side, the CoP showed a large and fast ML displacement
followed by a less ample and slower displacement during the slower half-cycle. In the central panel,
the red area indicates the medio-lateral shift of the CoP post-stimulation, while the dotted red line
indicates the pre-stimulation ML CoP position. Here and in the following Figures, right is upward.
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Across all participants, the ML CoP position during the quiet-stance period following the end of the
stimulation sequence was normally different from the pre-stimulation position, constituting a post-effect
of the continuous asymmetric platform translation cycles. The difference was significant, as assessed by
the comparison of the mean difference between these positions to zero by means of the Student’s t test,
both under the EC and EO condition, for both profiles of the asymmetric platform translation (p < 0.05,
d > 0.85 and π > 0.83 for the four conditions). The post-stimulation displacement (mean ± SD: FL–EC
−0.81 cm ± 0.89, FL–EO −0.49 cm ± 0.66, FR–EC 0.55 cm ± 0.9, FR–EO 0.57 cm ± 0.77) depended on the
profile of the asymmetric platform translation cycles. On average, the CoP was displaced in the same
direction as the fast phase of the cycles, i.e., to the left when the fast phase of the cycle was directed
to the left (FL) and vice versa (FR). The bar graph in Figure 2A shows the mean displacement of the
ML CoP, with respect to the pre-stimulation positions, during the post-effects in the four conditions
(FL–EC, FL–EO; FR–EC, FR–EO). The opposite displacement after the stimulation with the reverse
profile is obvious. These displacements were of moderate amplitude: for comparison, the mean absolute
displacement of the CoP during the maximal voluntary body tilts to the right and to the left on the
still platform was 9.85 cm ± 2.06 (right) and 10.45 cm ± 1.47 (left), respectively (right vs. left: paired
t-test, p = 0.19). ANOVA showed that the main effect of the translation profile asymmetry (FR vs. FL)
on the ML CoP post-stimulation position was significant (F(1,19) = 26.5, p < 0.001, d = 2.35, π = 0.99).
A difference between the vision conditions was observable but did not reach significance (EO vs. EC,
F(1,19) = 1.87, p = 0.19). There was no interaction between the profile asymmetry (i.e., fast half-cycle to
the left, FL, or to the right, FR) and vision (F(1,19) = 1.27, p = 0.27).
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Figure 2. Mean post-stimulation ML (A) and anterior–posterior (AP) (B) CoP position. The bars with
the blue outline refer to the fast left (FL) condition, the bars with the red outline to the fast right (FR)
condition. Grey filling refers to EC, white filling to eyes open (EO). (A) At the end of the FL stimulation
period, the mean ML CoP position moved to the left (negative values in the ordinate) with respect to
its pre-stimulation position. At the end of the FR stimulation, the CoP position moved to the right
(positive values in the ordinate). (B) The post-stimulation CoP position in the sagittal plane (AP) was
not different from the pre-stimulation position.

3.2. Antero–Posterior Position of the CoP

The CoP in the sagittal plane showed minor changes with respect to its pre-stimulation position
(mean± SD pre-stimulation: FL–EC =−1.22 cm± 1.66; FL–EO =−1.72 cm± 1.9; FR–EC = −1.46 cm ± 2.02;
FR–EO = −1.0 cm ± 2.16). The difference in the post-stimulation positions (mean ± SD:
FL–EC = −1.01 cm ± 1.6; FL–EO = −1.58 cm ± 1.9; FR–EC = −1.13 cm ± 2.0; FR–EO = −1.22 cm ± 2.19)
compared to the initial positions (see Figure 2B) were not significant (t-test, p > 0.13 for all four comparisons).
There was no main effect of cycle profiles (F(1,19) = 1.11, p = 0.3), no difference between the visual
conditions (main effect, F(1,19) = 1.46, p = 0.24) and no interaction between the cycle profiles and visual
conditions (F(1,19) = 2.35, p = 0.14).
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3.3. Body Sway around the Mean CoP Position

The mean variances (assessed by the SD) of the CoP traces along the frontal and the sagittal
plane during the 1 min quiet-stance periods pre- and post-stimulation were calculated to evaluate the
possible effect of vision and stimulation on the body sway around its mean CoP position (Table 1).
Although the mean SDs of the CoP traces on the frontal and sagittal planes were larger with EC than
with EO (by about 4% for ML and about 13% for AP, all conditions collapsed), the main vision effect
was not significant for the ML (F(1,19) = 0.0017, p = 0.97) and just significant for the AP direction
(F(1,19) = 4.59, p = 0.045, d = 0.98, π = 0.53). The main pre-/post stimulation effect was significant,
both for the ML (F(1,19) = 11.5, p < 0.01, d = 1.54, π = 0.89) and the AP direction (F(1,19) = 13.0, p < 0.05,
d = 1.65, π = 0.93), but there were no interactions with either vision (ML: F(1,19) = 0.82, p = 0.37;
AP: F(1,19) = 3.41, p = 0.08) or stimulation profiles (ML: F(1,19) = 0.0004, p = 0.98; AP: F(1,19) = 0.24,
p = 0.63). The post-hoc test showed no pre-post differences in the AP SDs except for the FR and FL
condition under EC (p < 0.01). Instead, for the ML direction, the difference in the SDs between the pre-
and post-stimulation was always significant (post-hoc, p < 0.05 for all comparisons), likely because
the variance of the ML sway incorporated the slow changes in the CoP displacement determined by
the asymmetric stimulation. There was no main effect of translation cycle profile, either for the ML
(F(1,19) = 0.8, p = 0.38) or the AP direction (F(1,19) = 2.82, p = 0.11). Across the subjects, there was no
relationship between the pre-/post-stimulation difference of ML sway and the CoP positions, either for
the FL or FR condition (EC and EO collapsed) (regression lines, FL: y = −0.05x + 0.066, R2 = 0.036,
p = 0.24, FR: y = 0.03x + 0.045, R2 = 0.013, p = 0.48).

Table 1. Mean Sway (Standard Deviation of the CoP Sway ± SD) in the Frontal (ML) and Sagittal (AP)
Planes. P Refers to the Post-Hoc Test Results.

ML AP

Pre-Stimulation Post-Stimulation Pre-Stimulation Post-Stimulation

FL–EC 0.20 cm ± 0.13 0.37 cm ± 0.32 p < 0.01 0.39 cm ± 0.12 0.48 cm ± 0.15 p < 0.01
FL–EO 0.22 cm ± 0.15 0.30 cm ± 0.17 p < 0.05 0.37 cm ± 0.13 0.39 cm ± 0.13 p = 0.42
FR–EC 0.22 cm ± 0.12 0.33 cm ± 0.15 p < 0.01 0.42 cm ± 0.14 0.53 cm ± 0.18 p < 0.01
FR–EO 0.23 cm ± 0.15 0.31 cm ± 0.19 p < 0.05 0.39 cm ± 0.14 0.45 cm ± 0.18 p = 0.12

3.4. Closing the Eyes at the End of the Stimulation with EO did not Modify the Post-Effect on the CoP Position

All participants also performed an additional trial (condition FR–EO/EC) in which they were
instructed to close their eyes at the end of the asymmetric perturbation sequence administered with
vision (FR–EO) (this trial was not systematically repeated for the FL–EO condition). The mean ML CoP
displacement in the post-stimulation condition FR–EO/EC (mean ± SD, 0.54 cm ± 1.28) was similar to the
displacement recorded in the EO condition (0.57 cm ± 0.77) (FR–EO vs. FR–EO/EC, paired t-test, p = 0.88).

3.5. Symmetric Perturbation Cycles

When the platform translation profile was made symmetric (as driven by a sinusoidal 0.5 Hz
function, administered with EC only), there were almost no changes in the ML CoP in the post-
compared to the pre-stimulation period across all participants (mean difference, 0.04 cm ± 0.47;
paired t-test, p = 0.88).

3.6. Duration of the Post-Effect

The duration of the time-interval, during which the adapted ML CoP position post-stimulation
remained significantly different from the pre-stimulation value, was variable across participants
and visual conditions. It fluctuated in an ample range, between 9 s and 360 s with FL–EC
(mean 144.2 s ± 105.4) and between 10 s and 343 s with FL–EO (mean 118.99 s ± 89.4) (Figure 3).
When the asymmetry of the profile of the platform translation cycle was reversed (FR–EC), the duration
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of the post-effect fluctuated in a similar range, between 40 s and 314 s (mean 162.2 s ± 76.7) and between
29 s and 371 s with FR–EO (mean 182.3 s ± 85.4). ANOVA showed no significant difference in the
duration of the post-effect between the two cycle profiles (FL vs. FR, F(1,19) = 3.4, p = 0.08) or between
the visual conditions (EC vs. EO, F(1,19) = 0.1, p = 0.75).
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Figure 3. Duration of the post-stimulation effect on the ML CoP position. The bars with a blue outline
refer to the fast left (FL) condition, and the bars with a red outline to the fast right (FR) condition.
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regardless of the asymmetry of the stimulation-cycle profile or of the visual condition.

In addition, there was no significant interaction between the cycle profiles and visual conditions
(F(1,19) = 0.72, p = 0.4). Across the subjects, there was no significant relationship between the amplitude and
duration of the post-effect (FL–EC, y =−21.6x + 126.7, R2 = 0.03, p = 0.44; FL–EO, y = 19.6x + 133.7, R2 = 0.02,
p = 0.54; FR–EC, y = 12.2x + 155.5, R2 = 0.02, p = 0.54; FR–EO, y = −16.7x + 178.1, R2 = 0.03, p = 0.44).

3.7. Habituation to the Series of Perturbations

During the translation cycles, the CoP moved rapidly on the force platform over a large distance
in the direction opposite to the fast-phase motion and returned toward a more central position during
the slow phase (see Figure 1B,C). Opposite translation profiles produced very similar but reverse CoP
motions. The displacements of the CoP during the sequence of the translation cycles were not constant
(compare the first and last cycle in Figure 1) but exhibited a progressive decrease in peak-to-peak
amplitude. Therefore, the hypothesis that the CoP position post-stimulation may be specified by the
continuous postural adjustments occurring during the stimulation period was tested. The top panel (A)
of Figure 4 shows the average value across the participants of the ML CoP positions (condition FL–EC)
plotted over time, cycle-to-cycle, during the fast left (dark blue) and the slow right phases (light blue)
of the translation cycles. At the first cycle, the fast translation to the left moved the CoP to the right of
the force platform (upwards in the Figure). During the next slow phase, the CoP showed an ample
shift to the left (downwards) to counteract the large perturbation. In the successive cycles, the CoP
featured a progressive shift during the fast phases and a recovery towards the initial position during
the slow phases (points near zero in the ordinate). Toward the end of the stimulation sequence, the CoP
mean position was close to the pre-stimulation position during the slow phases and distant during
the fast phases. The exponential fits through the data points (separately for the fast and the slow
phases, and separately for all participants) allowed to identify a time constant and an asymptote,
the value of which was assumed to indicate the steady state. When the stimulation was administered
in the opposite direction (fast phase to the right, FR) a similar picture emerged (not shown in the
Figure). Owing to the opposite profile of platform translation and CoP motion condition, the trend
in the average ML CoP positions during the fast and the slow phases of the perturbation cycles was
increasing during FL (Figure 4A) but decaying during FR.
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Figure 4. Mean ML CoP positions during the fast and slow phases of the stimulation cycles (FL–EC
condition) and their asymptotic values obtained by the exponential fit (ensemble averaged group
means). (A) During the fast phase to the left (dark blue circles), the mean ML CoP position shifted
to the right side of the force platform. During the slow phase (light blue circles) it moved to the left
(arrows) with respect to the position reached during the fast phase. In the last cycles, the ML CoP
position during the slow phase was close to the pre-stimulation position. (B) Mean values of the time
constant of the exponential function fitted to the ML CoP position during the fast and during the slow
phases. The bars with the blue outline refer to FL, and the bars with the red outline to FR. Grey filling
denotes EC, and white filling EO. (C) For each subject, the mean post-stimulation ML CoP position was
plotted against the difference in the asymptotic value of the ML CoP position between the fast and
the slow phase for the FL-EC (grey filling with blue outlined circles), FL–EO (white filling with blue
outline), FR–EC (grey filling with red outline) and FR–EO (white filling with red outline). (D) The mean
values of the asymptotes of the fast and the slow phases were reported. Circles with blue outlines refer
to FL and the circles with red outlines to FR condition. Grey filling refers to EC, and white filling to EO.
The blue and red dotted lines are the mean ML post-stimulation CoP positions in the four conditions.

Across all participants, the mean time course of this adaptation (Figure 4B) had a long time constant
under all the tested conditions for both the fast and the slow phases (mean ± SD; fast phase: FL–EC,
15.3 cycles ± 10.9; FL–EO, 28.7 ± 22.5; FR–EC, 17.7 ± 14.6; FR–EO, 24.7 ± 26.4; slow phase, FL–EC,
14.3 cycles ± 12.8; FL–EO, 27.5 cycles ± 21.6; FR–EC, 14.6 cycles ± 19.6; FR–EO, 19.7 cycles ± 21.2).
Considering the duration of a complete translation cycle (3.8 s), these time constants range from about
1 to 2 min on average, and this variability explains the large SDs of the bars. ANOVA showed no
differences between the time constants of the fast and of the slow phases (main effect, F(1.19) = 1.17,
p = 0.29) and between the two translation profile conditions (FL vs. FR, main effect, F(1,19) = 0.22,
p = 0.64). However, there was a significant difference in the time constants between the visual conditions
(main effect, F(1,19) = 10.3, p < 0.01, d = 1.47, π = 0.86) due to the longer time constants with EO
compared to with EC. This effect was present for all the cycle phases and profiles and in most of the
participants (65% for FL, 55% for FR), revealing a robust effect of vision, whereby no-vision speeded
up the achievement of the plateau.
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The mean value of the ML CoP asymptotic position, calculated by the exponential fits for the fast
phase of the cycles, was always different from the initial ML CoP position (t-test, p < 0.01, d > 0.93
and π > 0.8 for all comparisons). The mean asymptote for the slow half-cycles was instead close to the
pre-stimulation position (t-test, p > 0.20 for all comparisons). ANOVA on the asymptotic values showed
a difference between cycle profiles (main effect, FR vs. FL, F(1.19) = 13.2, p < 0.01, d = 1.67, π = 0.94) and
an interaction between the cycle profiles and fast or slow phase (F(1.19) = 46.15, p < 0.0001, d = 3.11,
π = 0.99). ANOVA showed no main effect of visual conditions (F(1.19) = 0.038, p = 0.85). Figure 4D
shows that the asymptotic values of the fast phase were opposite between the FL and FR conditions
(post hoc, p < 0.0001 for all comparisons), but not different between FL and FR during the slow phase
(post hoc, p > 0.2 for all comparisons) both under EC and EO condition. The post hoc test showed a
significant difference between the asymptotic value of the fast and of the slow phase within each visual
and perturbation profile condition (post hoc, p < 0.0001 for all comparisons). Moreover, there was
an association between the ML CoP post-stimulation and the displacements of the CoP measured
between the fast and the slow phases of the translation cycles. Panel C of Figure 4 shows that, across
all participants (FR and FL conditions and EO and EC collapsed), there was a significant relationship
between the CoP position post-stimulation and the difference in the asymptotic values of the functions
fit the mean CoP positions during the fast and slow phases (regression line, y = − 0.2x − 0.09, R2 = 0.16,
p < 0.001).

As a way of summarizing these findings, Figure 4D shows the mean values of the asymptote
calculated by the exponential fit on the ML CoP position during the fast and the slow phases of the
perturbation cycles. The shift (arrows) from the position imposed by the fast half-cycle to that recorded
during the slow half-cycle brings the CoP very close to the post-stimulation position (the dotted
horizontal segments).

4. Discussion

4.1. The CoP Displacement after the Sequence of Asymmetric Perturbations

The body weight shifting capacity during the stance can be restored in patients by different
rehabilitation procedures, not directly focusing on the operation of proprioceptive processes [43,44].
Here, we tested a novel, simple and unpretentious protocol in healthy subjects; whereby asymmetric
balance perturbations were administered with the purpose of inducing a post-effect consisting of a
temporary shift in the position of the CoP during quiet stance. In keeping with our initial hypothesis,
we found that the administration of a prolonged sequence of periodic asymmetric translations of a
supporting platform in the horizontal plane changes the post-stimulation CoP position in the frontal
plane of the participants standing on it. This pre-/post- CoP displacement has a small but significant
amplitude and is consistent in direction across subjects. It takes place toward the direction of the fast
half-cycle of the platform translations. The effect is unrecognized by the participants, and is immediate,
being obvious at the very end of the sequence of perturbation cycles. The duration of the effect is
variable within a limited range across participants and on average amounts to a couple of minutes,
before the CoP recovers its initial pre-stimulation position.

Before the beginning of the sequence of translations, the mean CoP rested midway between the
feet in all the participants. Its displacement after the continuous asymmetric translations amounted to
about 4% of the distance between the heels (set equal to the distance between the anterior superior iliac
spines) and corresponded to about 7% with EC and about 5% with the EO of the maximum functional
CoP displacement produced by voluntarily leaning to the right or to the left. The post-stimulation mean
displacement entails a non-negligible difference in the distribution of weight on each foot (about 5%,
see [45,46]). Although less than 1 cm may seem negligible, one may note that such a distance during the
random sway of the CoP is an uncommon occurrence in healthy subjects [1,47], even when standing in
tandem condition [9]. Here, the mean SD of the ML CoP sway during the pre-stimulation period was
about 0.2 cm and displacements of 0.5 cm from the mean were never observed. Moreover, we noted
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that the symmetric platform translations did not produce any consistent or significant post-effects on
the average position of the CoP. These findings allow to trace the post-stimulation displacement to the
asymmetric profile of the perturbation sequence. In spite of a considerable variability across subjects,
there was a significant relationship between the amplitude of the displacement reached during the
fast and the slow phases of the translations and the amplitude of the post-stimulation displacement.
Furthermore, the ML CoP shift was not accompanied by a major increase in the ML sway around
the mean position, and there was no relationship between the pre-/post-stimulation difference in the
SD of the ML sway and the ML displacement of the mean CoP position. Hence, the post-stimulation
displacement would not be a non-specific effect of an excessive body sway.

The duration of the post-effect was relatively short. It was just longer than a couple of minutes on
the average. However, it is unexpected that the CoP can drift about 0.5–1 cm out of its normal standing
position for this stretch of time. During clinical tests it is customary to record the CoP position during
a quiet stance for 1 min or 30 s or even less (see [48,49]), assuming that no major drift occurs in this
time-interval. In some cases, the effect vanished slowly, whilst in other cases it stopped in coincidence
with a rapid redistribution of the body weight, resetting the postural attitude as often occurs during
quiet stance [50,51]. The duration of the present post-effect is similar to that observed by Lee et al. [52]
in subjects who stood on an inclined surface for 3 min. Whether the differences across subjects might
be related to their attention to spatial orientation has not been addressed in the present study.

4.2. Relationship between the CoP Motion during the Platform Perturbation Cycles and the Post-Effect

When the supporting platform translates rapidly toward one side, say to the left, the inertia
of the body produces an immediate displacement of the CoP relative to the force platform toward
the right side. During the following slow return half-cycle of the platform translation to the right,
i.e., to its initial position, the body tends to correct the rightward tilt and recover the original symmetric
orientation. After the first few cycles, the CoP moves further right during the fast half cycle. During the
slow half-cycle it shows an overshoot to the left that becomes more evident towards the end of the
stimulation sequence. This configures an adaptation behaviour whereby the mean CoP displacements
during the slow half-cycles tends to remain between the feet. At the end of the stimulation, across the
participants, the average amplitude of the CoP shift bears some association with the amplitude of the
shift of the CoP position from the fast to the slow phase of the perturbation sequence. The larger the
mean value of the CoP during the slow return phase, i.e., the difference between its mean position
during the fast and the slow half-cycle, the larger the amplitude of the post-stimulation displacement
in the direction of the fast translation.

Therefore, the strength of the post-effect seems to be related to the unwitting effort of complying
with the continuous medio-lateral translation of the support base, particularly with the recovery of the
symmetric posture of the body during the slow return phase of the translating platform. This effort can
be viewed as proportionate to the vertical distance (arrows in Figure 4) between the traces of the CoP
mean position during the fast and during the slow half-cycle. As a consequence, when the perturbation
cycles stop, the post-effect would be driven by the ‘tail’ of this motion (in search of the new vertical
reference built up as to compensate the displacement produced by the fast translation). This process
shifts the CoP position on the side of the fast cycles. This new position would be the most appropriate
for counteracting a fast displacement of the support base by minimizing the destabilizing effect of
the body inertia. This displacement toward the side of the fast platform movement understandably
occurs in anticipation of the impending fast phase, in order to more easily counteract the perturbation
delivered by the next fast cycle.

The behaviour would therefore configure a sequence of compensatory balance correcting reactions
to the fast translation phase [53–55] and of anticipatory postural adjustments (APA) during the slow
translation phases [56,57]. The balance-correcting reaction would be appropriate for halting the ML
body tilt induced by the fast platform displacement, a braking action possibly produced by the reflex
contraction of the abductor muscles of the side opposite to the fast body displacement; whereas the
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APA would attenuate the effects of the subsequent ML fast perturbation. Over time, this sequence
would be constructed and adjusted by the continuous asymmetric proprioceptive input from the
muscles stretched by the fast cycle of the platform translation, and by the effort to return to the initial
position during the slow phase and prepare the postural adjustment in anticipation of the following
fast translation. In this light, individuals would implicitly learn to anticipate any reflex response by
enhancing the anticipatory adjustment (and the post-effect would attest to this phenomenon). At the
end of the stimulation, the body would be kept in its new standing position (say to the left) by a tonic
activity of the abductor muscles of the right side.

This adaptation phenomenon would be produced by a sensory reweighting mechanism, aimed
to reduce the postural destabilization [58]. Contrary to many comparable adaptation behaviours
described in the literature, the time-course of this phenomenon is longer (see [59]). Here, the vertical
position during both the fast and the slow phase is fully recovered after about 60–80 cycles, after which
the ‘overshoot’ becomes visible, and lasts until the end of the stimulation. During the stimulation,
a crucial information would be the proprioceptive input from the muscles stretched and activated by
the medio-lateral perturbations, rather than the visual flow from the stationary scene, as attested by the
non-significant effect of vision on the post-stimulation position of the CoP. However, the time constant
is longer with vision compared to without vision, regardless of the profile of the perturbation. We have
no explanation for this consistent finding. Most likely, vision information from the fixed, structured
environment cognitively encroached with, and delayed the process of the proprioceptive control of CoP
rather than help the body reach a steady state sooner. Perhaps, vision produced continuous adjustments
in the first part of the trial. Fransson et al. [60] showed that during vestibular and proprioceptive
stimulation, the dynamics in the motion responses had higher complexity with vision, the responses
induced by the body deviations being significantly larger compared to EC condition. Anyhow, we must
point to the considerable individual variation in the adaptation time course and magnitude, testified by
the large error bars in Figure 4B. A large variety of dynamic postures had been shown earlier [61] when
subjects counteracted a fore-aft continuous perturbation, and largely variable time constants have also
been found in the adaptation to such balancing behaviour [59]. This notwithstanding, the longer time
constants EO than EC were observed in 13/20 subjects for the FL condition and in 11/20 for the FR
condition, supporting the notion of a more complex behaviour with EO.

4.3. The Effect of Vision in the Post-Stimulation Period

Contrary to our initial hypothesis, we observed no major effect of vision on the occurrence,
amplitude or duration of the post-stimulation effect on the ML position of the CoP. This consistent trend
is supported by the qualitatively and quantitatively similar post-effects present when the stimulation
was administered with both EO and EC. Incidentally, the well known decrement of ML body sway with
vision was not remarkable in the present study, probably because of the wide support base with feet
apart [62]. The ML sway about the mean CoP position post-stimulation showed a modest increment
with both EO and EC. This can be explained by the post-stimulation displacement in the position of the
CoP in the frontal plane and by its slow drift to the pre-stimulation values. The AP sway was greater
with EC than with EO and greater in the post-stimulation period, as a non-specific vision-dependent
adjustment to the termination of the perturbation cycles.

The absence of a significant effect of vision on the post-effect ML CoP displacement is supported
by the trials in which the participants were invited to close their eyes simultaneously with the cessation
of the stimulation. Clear vision of the stationary environment did not correct the displacement of
the CoP ‘adapted’ during the EO translations. This was unexpected, not least because vision during
tilts of a support base can reduce sway variability by reducing the contribution of vestibular noise
and improving the disturbance compensation [35]. Furthermore, our feet-apart condition would
have favoured a symmetric position of the CoP with EO [63], but this did not occur. The effect of
vision was not observed at the steady state of the adapted behaviour to the sequence of perturbations
either. Therefore, we would conjecture that the visual flow from the substantially stationary visual
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scene from the environment played no or a minor role in the process of adaptation to the continuous
perturbations, except for the delay in reaching the steady state, as discussed above. This shows that the
CoP displacement and the responsible process dependent on the reaction to the continuous platform
translation and on the anticipatory reaction to it, is robust to the rectifying effect of vision.

Therefore, the post-effect is not prevented by either a continuous or a post-stimulation visual
reference. In this light, the present post-effect would be related to that elicited on body AP orientation
by a period of brisk walking on a treadmill, where the post-effect tilt is present when standing both
with eyes open and eyes closed, but is larger without vision [31,64]. Another study has shown that
the effect of sensory manipulation producing a sway of the body in the frontal plane (by vestibular or
cutaneous foot stimulation or the vibration of hip abductors) is not affected by the absence of normal
visual information [65]. On the contrary, after the podokinetic stimulation, the continuing unwitting
yaw rotation with EC, after the prolonged stepping-in-place, is temporarily reduced or actually stopped
when the eyes are opened [30], to start again with the closing the eyes [66]. Standing on an inclined
surface produces a post-effect as well, whereby subjects show a post-incline leaning post-effect in
which they maintain a similar trunk to support the surface orientation as during the period of standing
upright on the inclined surface [67,68]. However, in that case, participants immediately return to
upright when they open their eyes briefly during the post-incline period. Our findings are different
from those obtained during continuous AP translations of the supporting platform, since in the latter
case, the upper body was greatly stabilized by vision but goes through large oscillations with eyes
closed or blindfolded [69–71].

On the other hand, a precision visual task (e.g., reading a text, as opposed to simply keeping the
eyes open) can rescind the stabilizing effect of the vision of the environment when participants stand
on an AP oscillating platform [72]. We can only remind that vision sensitivity to AP perturbations is
more than two times higher than ML perturbations [73], and that direction-specific, visually-guided
weight-shift training protocols in healthy elderly women on standing balance had a poorer effect
on the stabilization of ML than of AP sway [74]. The lack of vision effect at the end of the present
prolonged asymmetric stimulation gives a further indirect explanation of the implicit nature of the
present post-effect and of its dependence on the proprioceptive input, since removing visual feedback
normally alters the voluntary control of sway while standing [75].

Additional information on the control of posture against a ML perturbation is wanted [54],
more so for continuous perturbations, which surely entail APA adjustments and adaptation processes,
not explicitly addressed here or in the literature, contrary to what happens for the AP perturbations [59,
76]. Most likely, the supplementary motor area [77] as well as several other brain structures [78,79]
are active during the induction period and might contribute to the expression of the post-effects by
collecting the stimulation-elicited inputs and modifying the body’s reference [33]. Still, future research
should direct attention toward the powerful effect of asymmetric proprioceptive stimulation, which has
been proven to strongly modify body orientation and self-motion perception [80,81].

4.4. Limitations

We acknowledge that the present study originates from a simple and straightforward hypothesis.
This explains, but does not exempt, the absence of kinematic and EMG recordings. This limitation
prevents framing the effect described in the context of the neuromechanical command for the control
of the medio-lateral position of the CoP, and prevents a direct support to the assumption that the
post-effect is constructed by a repetitive proprioceptive discharge from and by the activation of the
muscles responsible for the active medio-lateral tilts of the body. In addition, we did not test a different
distance between the feet, which might modify the postural responses compared to the pelvis-width
condition [82,83] or different feet orientation, known to modulate the APA preceding perturbations [56].
Furthermore, considering the potential application of this protocol for stroke patients exhibiting an
asymmetric position of the CoP during stance, information on the modulation of the post-effect by the
numerosity of the perturbation cycles or by the amplitude of the translation distance appears relevant.
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5. Conclusions and Perspectives

Upright standing requires an integration of visual, somatosensory and graviceptive inputs to
adapt to changes in sensory conditions [84]. Older persons experience changes in the force of hip
abductor–adductor muscles, leading to reduced balance performance when it comes to reacting to lateral
perturbations [20]. Patients with stroke are often complicated with sensory and motor dysfunctions [85]
and experience poor standing balance, asymmetric weight distribution and impaired weight shifting
ability [86]. Deficits in lateral weight transfer and body stability could potentially be one of the
limiting factors underlying comfortable walking speeds in these patients [87]. The present preliminary
findings show that a novel and easy proprioceptive training by a prolonged asymmetric medio-lateral
perturbation can be a tailored intervention able to specifically affect the CoP position toward the
desired direction. This protocol gives a potentially useful answer to the recent encouragement to
identify procedures for improving APAs in people with stroke as a result of targeted exercise [88].
It is important to remind that the appropriate and meaningful proprioceptive inflow is paramount
in assuring appropriate brain plasticity in central lesions [89,90]. We believe that the findings of this
study can be translated into the clinic. In particular, the repetition of this protocol can help rectify the
postural vertical and equalizing the distribution of body weight in patients. Indeed, we plan to apply
this protocol to elderlies first, in whom proprioception is impaired but can be enhanced by exercise [91],
and to post-stroke patients, and conjecture that such regular proprioceptive training can induce
the long-lasting symmetrisation of the CoP displaced by hemiparesis and poorer postural control.
The protocol can be administered without vision, leveraging the report that balance rehabilitation in
stroke patients is more effective with visual deprivation than with free vision [92].
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