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Abstract: Postural control arises from the complex interplay of stability, adaptability, and
dynamic adjustments, which are disrupted post-stroke, emphasizing the importance of
examining these mechanisms during functional tasks. This study aimed to analyze the
complexity and variability of postural control in post-stroke individuals during the feedfor-
ward phase of gait initiation. A cross-sectional study analyzed 17 post-stroke individuals
and 16 matched controls. Participants had a unilateral ischemic stroke in the chronic phase
and could walk independently. Exclusions included cognitive impairments, recent surgery,
and neurological/orthopedic conditions. Kinematic and kinetic data were collected during
10 self-initiated gait trials to analyze centre of pressure (CoP) dynamics and joint angles
(−600 ms to +50 ms). A 12-camera motion capture system (Qualisys, Gothenburg, Sweden)
recorded full-body kinematics using 72 reflective markers placed on anatomical landmarks
of the lower limbs, pelvis, trunk, and upper limbs. Ground reaction forces were measured
via force plates (Bertec, Columbus, OH, USA) to compute CoP variables. Linear (displace-
ment, amplitude, and velocity) and non-linear (Lyapunov exponent—LyE and multiscale
entropy—MSE) measures were applied to assess postural control complexity and variability.
Mann–Whitney U tests were applied (p < 0.05). The stroke group showed greater CoP
displacement (p < 0.05) and reduced velocity (p = 0.021). Non-linear analysis indicated
lower LyE values and reduced complexity and adaptability in CoP position and amplitude
across scales (p < 0.05). In the sagittal plane, the stroke group had higher displacement
and amplitude in the head, trunk, pelvis, and limbs, with reduced LyE and MSE values
(p < 0.05). Frontal plane findings showed increased displacement and amplitude in the
head, trunk, and ankle, with reduced LyE and MSE (p < 0.05). In the transverse plane, exag-
gerated rotational patterns were observed with increased displacement and amplitude in
the head, trunk, pelvis, and hip, alongside reduced LyE convergence and MSE complexity
(p < 0.05). Stroke survivors exhibit increased linear variability, indicating instability, and
reduced non-linear complexity, reflecting limited adaptability. These results highlight the
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need for rehabilitation strategies that address both stability and adaptability across time
scales.

Keywords: postural control; anticipatory adjustments; stroke; motor variability; system
complexity; non-linear analysis

1. Introduction

Postural control (PC) is a complex system involving continuous and dynamic interac-
tions between the sensorimotor system and environmental stimuli [1]. It underpins two
key components: postural stability, the capacity to maintain the centre of mass (COM)
within the base of support, and postural orientation, which ensures appropriate alignment
between body segments and the environment with respect to gravity for optimal task
performance [2,3]. Together, these mechanisms form the basis of an individual’s control,
enabling the maintenance, achievement, or restoration of postural stability across various
postures, activities, and functional tasks [4,5]. This ability, which strictly relies on the
recruitment of postural adjustments, enables the selective managing of degrees of freedom
involved in voluntary movement [6] and is intrinsically linked to feedforward mecha-
nisms. These mechanisms play a pivotal role in preparing the body for movement and
ensuring stability [7,8]. Early postural adjustments (EPAs), which occur between 600 to
−450 ms before self-initiated movements, activate postural muscles to stabilize the body
irrespective of disturbance direction [9,10]. Closer to movement onset, anticipatory postural
adjustments (APAs), occurring within −150 ms to +50 ms, generate forces to counteract
destabilizing effects to ensure movement safety and efficiency [9,11]. In addition to their
functional importance, these mechanisms exhibit complexity and variability, highlighting
the adaptability of the sensorimotor system to maintain postural stability and responding
to environmental challenges [12,13].

Dysfunction in these feedforward mechanisms has well-documented repercussions
on PC, particularly in conditions such as stroke [14–17]. PC dysfunction is among the
most common consequences of stroke [17–19], significantly impairing functional tasks
like gait or sit-to-stand [20,21]. This, in turn, compromises independence, reduces activity
levels, and increases the risk of falls [18,22,23]. Addressing these challenges is crucial for
effective rehabilitation, emphasizing the need for precise assessment tools that can capture
the complexities of PC dynamics.

Traditional available approaches to understanding PC biomechanical parameters
often emphasize linear measures [22,24–27]. While valuable, these measures fail to ac-
count the temporal dynamics, complexity, and adaptability required for real-life functional
tasks [28,29]. This limitation arises from the reliance of conventional methods on averaging
the CoP over time, overlooking its dynamic properties, which could provide more detailed
insights into post-stroke postural stability control [30,31]. From a non-linear perspective, a
system’s dynamic variability is seen as a marker of adaptability, contrasting with linear
approaches that often interpret variability as error (26). Analyzing the complexity and
variability of these adjustments offers a deeper understanding of the complexity, stability,
and adaptability of this dynamic system [32,33]. Therefore, it is crucial to understanding
how the body dynamically stabilizes itself across different temporal scales, particularly
in the context of functional tasks [30]. These approaches enable researchers to investigate
how biological systems maintain stability across multiple temporal scales, uncovering the
intricate mechanisms underlying PC [34]. One of the key challenges in studying PC is effec-
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tively linking its various components [3]. Addressing this complexity requires approaches
capable of capturing the non-linear and stochastic behaviours of the PC system [19,20,35].

Despite their potential, non-linear analyses remain underutilized in the study of PC in
functional tasks, particularly in individuals with post-stroke impairments. A recent scoping
review revealed that, to date, research has predominantly focused on upper limb (UL)
tasks, focused on isolated components of task execution, such as muscular strength, muscle
activity, or range of motion [36]. To the best of our knowledge, only a few studies have
investigated PC post-stroke using non-linear methods [22,37,38]. However, a significant
gap remains in the literature regarding the application of non-linear measures to functional
postural tasks, such as gait initiation (GI). GI is considered an optimal task subphase for
detecting PC dysfunction [15,39,40] and for studying how the central nervous system
(CNS) employs stable and efficient strategies to manage the inherent instability of bipedal
posture [41,42]. For post-stroke individuals, the feedforward phase of GI is particularly
challenging, often leading to compensatory strategies that compromise movement stability
and efficiency [17]. Despite its importance, most research has predominantly focused on
APAs, with limited attention paid to earlier adjustments, such as EPAs, which are equally
crucial for preparing the body for movement [41].

Furthermore, studies frequently prioritize CoP dynamics [22,37,38] while overlooking
joint angle variability, which provides valuable insights into segmental coordination and
adaptive strategies [43,44]. Given the complexity of PC, combining linear and non-linear
analyses provides complementary insights: CoP dynamics reflect the overall stability,
while joint angle variability reveals the neuromuscular mechanisms underlying segmental
coordination and postural adjustments [45,46]. This integrated approach is crucial for
post-stroke populations, where stability and adaptability are often disrupted [17].

While previous research has primarily relied on linear analyses to assess PC, this
study aims to advance the field by integrating both linear and non-linear approaches to
examine postural complexity and variability during the feedforward phase of GI (−600 ms
to +50 ms). By analyzing CoP dynamics alongside joint amplitude variations, this research
provides a more comprehensive understanding of how post-stroke individuals adapt their
postural strategies. These findings contribute to a deeper insight into PC dysfunctions
and may support the development of rehabilitation interventions aimed at enhancing both
stability and movement efficiency.

2. Materials and Methods

2.1. Study Design and Ethics

This cross-sectional observational study investigated PC in post-stroke individuals
during the feedforward phase of GI (−600 ms to +50 ms). Seventeen post-stroke individuals
and sixteen healthy controls participated in a single experimental session, performing ten
self-initiated gait trials. A 12-camera motion capture system (Qualisys, Gothenburg, Swe-
den) recorded full-body kinematics using 72 reflective markers placed on key anatomical
landmarks. Ground reaction forces were measured via force plates (Bertec, Columbus,
OH, USA) to compute CoP variables. Linear (displacement, amplitude, and velocity)
and non-linear (LyE and MSE) analyses were performed to assess postural complexity
and variability.

The study was approved by the Ethics Committee of the Polytechnic Institute of Porto
(CE0054D, approved on 24 November 2023). All participants provided written informed
consent in accordance with the Declaration of Helsinki.
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2.2. Participants

Participants consisted of volunteers recruited through convenience sampling, with
the collaboration of the Portugal AVC association for the stroke group (participants with
a history of stroke) and the healthy group (participants with no history of stroke or self-
reported disabilities) being recruited by direct invitation through a network of personal
acquaintances. The healthy group served as a reference for typical movement performance.

Seventeen Caucasian adults (4 females and 13 males) with a history of a single unilat-
eral ischaemic stroke, impacting either the right (n = 6) or left (n = 11) hemisphere, leading
to motor control impairment in the contralesional hemi-body were included in this study.
Complementarily, a comparison group of sixteen Caucasian healthy participants (four
females and twelve males), were recruited. The demographic characteristics of both groups
are depicted in Table 1.

Table 1. Participants’ characteristics (sociodemographic and clinical).

Stroke Group (n = 17)
Healthy Group

(n = 16)

Age (years) 56.76 (12.219) 56.00 (12.247)

Weight (Kg) 78.32 (11.802) 79.48 (11.264)

Body Mass (m) 1.71 (0.084) 1.72 (0.085)

BMI M (kg/m2) 26.60 (3.229) 26.90 (2.673)

Post-stroke time (years); M(SD) 5.14 (4.125) NA

Stroke Location; (n; %)
Undetermined 8 (47.01) NA
Lenticulocapsular 6 (35.29) NA
Corona-radiata 1 (5.9) NA
Frontotemporal 2 (11.8) NA

Risk Factors; (n; %)
None 6 (35.3) NA
Diabetes 3 (17.6) NA
Hypertension 2 (11.8) NA
Clinical Obesity 4 (23.5) NA
Smoking 4 (23.5) NA
Alcohol Consumption 2 (11.8) NA
Hyperlipidemia 3 (17.6) NA

Ability to walk independently at stroke onset 8 (47.06) NA

Thrombolysis/reperfusion therapy 7 (41.18) NA

Mini-BESTest M(SD) 15. 71 (2.932) NA

TUG; M(SD) 14.90 (3.635) NA

FMA-LE; M(SD) 18.29 (2.616) NA
Participants sociodemographic and clinical characteristics expressed as mean (standard deviation). M: mean; SD:
standard deviation; NIHSS: National Institutes of Health Stroke Scale; Mini-BESTest: Balance Evaluation Systems
Test; TUG: Timed Up and Go; FMA-LE: Fugl–Meyer assessment of sensorimotor recovery after stroke—lower
extremity; NA: not applicable.

The recruitment of participants for the healthy group was performed following a
sample match regarding the stroke group in terms of age, gender, body mass index (BMI),
and levels of physical activity. Exclusion criteria included not being born at term (i.e.,
before 37 weeks of gestation), due to the potential impact on postural control [47]; an
altered mental state that interfered with communication and cooperation (Mini-Mental
State Examination (MMSE) score < 24) [48,49]; the presence of pain or any orthopedic,
neurological (e.g., stroke, Parkinson’s disease, sensory disturbances, etc.), or systemic
conditions that could impair task performance; surgery within the past six months; the
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presence of implants or prostheses; uncontrolled cardiac conditions, thrombophlebitis, and
the use of medication that affects motor function [50,51]; or participating in moderate (i.e.,
vigorous activity of at least 20 min per day) to high-intensity physical activity (i.e., vigorous
intensity accumulating at least 1500 MET-minutes/week) at least 3 days of the week [52].

Participants were included in the “stroke group” if they met the following criteria: a
diagnosis of first-ever ischemic stroke in the chronic phase [50,53], affecting the middle
cerebral artery territory, as confirmed by Computerized Axial Tomography [50]. Partic-
ipants were also required to be able to independently perform sit-to-stand movements
from a standard chair and to walk at least 10 m, with supervision, if necessary, but without
physical assistance [50]. Participants were excluded if they met any of the exclusion criteria
for the healthy group or if their stroke involved the brainstem or cerebellum [54].

2.3. Instruments

2.3.1. Sample Selection and Characterization

A questionnaire, developed in accordance with the consensus-based core recommen-
dations from the Stroke Recovery and Rehabilitation Roundtable [55], was applied to assess
the inclusion and exclusion criteria, as well as the sociodemographic and clinical profiles
of the participants. Body mass (kg) and height (m) were measured using a seca® 760
scale (seca—Medical Scales and Measuring Systems®, Birmingham, UK), with a precision
of 0.1 kg, and a seca® 222 stadiometer (seca—Medical Scales and Measuring Systems®,
Birmingham, UK), with a 1 mm accuracy.

The MMSE scale, adapted for the Portuguese population [48], was used to assess the
cognitive level of the participants in the study [48,49]. A cognitive deficit is identified
when the score is ≤15 for individuals who are illiterate, ≤22 for those with 1 to 11 years of
education, and ≤27 for individuals with more than 11 years of education [48,49].

The physical activity level was assessed using the short form of the International
Physical Activity Questionnaire (IPAQ-SF) for the Portuguese population [56], a widely
employed self-report instrument designed to evaluate physical activity over the previous
seven days [57]. To interpret the obtained results, the Guidelines for Data Processing and
Analysis of the International Physical Activity Questionnaire (IPAQ)—Short Form were
followed (IPAQ, 2005) [52].

The Fugl-Meyer assessment of sensorimotor recovery after stroke—lower extremity
(FMA-LE), adapted and validated for the Portuguese population [58], was used to evaluate
sensorimotor impairment in the stroke group [55]. Individuals scoring below 34 are
generally considered to have sensorimotor impairment of the lower limb [59], while a score
below 21 indicates more severe motor impairment, accompanied by significant limitations
in mobility and functional abilities [60].

Postural control was clinically assessed using the European Portuguese Mini-
BESTest [61], a reliable and valid tool proposed to measure dynamic postural stability
consisting of fourteen items, divided into four sections: anticipatory postural adjustments,
reactive postural control, sensory orientation, and dynamic gait, with a total score of
28 points, representing optimal balance performance [62].

2.3.2. Kinematic and Kinetic Data

Whole-body kinematic data were synchronously collected using the Qualisys Motion
Capture System (Qualisys AB, Gothenburg, Sweden), and a set of 72 reflective markers
were placed bilaterally in anatomical references (identified by manual palpation) based
on a biomechanical model adapted based on Cappozzo et al. [63], IOR (lower limbs), and
the conventional gait model (upper limbs) (see Table S1 in the Supplementary Materi-
als) [64]. The camera system included twelve optoelectronic cameras (eight Oqus500 and
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four MiqusM3) for motion capture, operating at a sampling rate of 100 Hz, and one Miqus
video camera for synchronous video recording at 25 Hz. Ground reaction forces were
simultaneously and synchronously recorded with 60 × 40 cm force platforms (Bertec,
Columbus, OH, USA), operating at 100 Hz [15]. Based on the findings of Koltermann
et al. [65], a sampling frequency of 100 Hz is sufficient for capturing PC variables, including
CoP dynamics. The force platforms were installed in tandem in the direction of gait and
embedded in the ground. Both kinematic and kinetic data were recorded using Qualisys
Track Manager version 2021.2 (Qualisys AB, Gothenburg, Sweden) [50,54].

2.4. Procedures

The data collection was conducted in a controlled environment, with each task being
performed by a single researcher to minimize inter-rater variability. Prior to data collection,
anthropometric measurements, including body mass and height, were taken for each
participant. Based on these measurements, the body mass index (BMI), expressed in kg/m2,
was calculated using the standard formula (BMI = body mass/height2).

To ensure accuracy and precision in measurements, a single investigator was respon-
sible for the preparation and meticulous placement of the markers [66]. Additionally, a
pilot study was conducted to familiarize participants with the experimental protocol and
to refine the experimental setup, enhancing data robustness and alignment with the latest
technological advancements [67].

Data collection started with the participant standing in an upright position on top of
the first force platform, assuming a comfortable posture with their arms resting at their
sides and feet in their natural stance position, while looking forward at an eye-level point
two metres away [54]. This initial stance position was marked on the top of the force
platform to ensure consistency across trials [68]. Gait initiation was performed upon hear-
ing the voice command “Please, you may walk.”, after which the participant walked at
a self-selected speed. Data recording began 30 s before the voice command onset and
continued until the participant reached the end of the calibrated walkway, which allowed
for approximately 3–5 steps [69]. Each participant was free to choose which foot to use for
the first step, with the swing leg being self-selected by the participant [70]. There was a
one-minute rest between each trial, and 10 trials were performed [69]. A physiotherapist
stood nearby to ensure safety in case the participant required physical assistance during
the trial. If participants hesitated due to a misunderstanding of the instructions or required
physical assistance from the physiotherapist, the trial was repeated [71]. Prior to data
collection, participants were given the opportunity to complete several practice trials to
warm up and familiarize themselves with the experimental setup and procedures [50,54].
All participants used standardized footwear (flat shoes with rubber soles and laces), ap-
propriately sized [54,72]. No assistive devices or orthotics were used by the participants
during data collection [54].

2.4.1. Data Processing

Marker trajectories were labelled using Qualisys Track Manager (version 2021.2, Qual-
isys AB, Sweden). Trajectory deviations or interruptions were interpolated using the
software’s built-in polynomial algorithms. All marker trajectories were then low-pass-
filtered with a 6 Hz bidirectional filter. Similarly, the force platform’s CoP data were filtered
using a 10 Hz low-pass bidirectional filter [67,71]. The filtered marker trajectories were
imported into Visual3D Professional (version 6.01.36, C-Motion, Germantown, MD, USA),
where a six degrees-of-freedom biomechanical model was constructed based on the marker
set and manufacturer recommendations (Figure 1) [73].
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To identify GI onset (T0) and the surrounding time window (A: −600 ms to B: +50 ms),
the CoP velocity was calculated as the first derivative of the CoP position [15]. A threshold
was defined as the mean plus three standard deviations of the first 10 s of the recording.
The T0 event was identified when this threshold was crossed in the AP (Y-axis) or ML
direction (X-axis), provided the crossing persisted for at least 250 ms [74]. Visual inspection
was performed to validate and correct the automatic detection of T0. Events A and B were
defined relative to T0, with event A occurring 600 ms before T0 and event B being marked
50 ms after T0. To account for the signal shift introduced by the derivative calculation
and threshold placement, the event was adjusted backward by 3 frames [15,74]. Figure 2
illustrates the CoP velocity in both the AP and ML directions, highlighting the selected
events and their temporal alignment with the signals.

−

−

Figure 1. Three-dimensional representation of the full-body biomechanical model constructed in
Visual3D software (Version version 6.01.36). The global coordinate system is depicted, along with the
tandem force platforms and the ground reaction force vector during stance position.

−

 

−

Figure 2. CoP velocity in the ML and AP direction. The red dashed lines represent the selected events:
event A (−600 ms), T0 (black solid line), and event B (+50 ms). These time points define the analysis
window used for extracting joint angles and CoP variables.
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The linear kinetic variables were characterized by measures of magnitude and varia-
tion in displacements, including total displacement (TDISP), mean displacement (MDISP),
position (POS), amplitude (AMP), and mean velocity of the CoP (MVEL) in the mediolateral
(ML-CoP) and anteroposterior (AP-CoP) directions. The non-linear kinetic variables were
characterized by position (POS) and displacement (DISP).

For the kinematic analysis, joint angles of the LL, UL, and axial skeleton were calcu-
lated based on the angles formed between the distal and proximal segments. The extracted
linear variables included joint position (POS), total displacement (TDISP), mean displace-
ment (MDISP), and amplitude (AMPL). The non-linear variables were position (POS) and
displacement (DISP). Joint moments were normalized to the subject’s body mass [17]. The
kinematic variables analyzed encompassed the angles of the head, shoulder, elbow, wrist,
upper trunk, lower trunk, pelvis, hip, knee, and ankle across the sagittal (X), frontal (Y),
and transverse (Z) planes. Joint angle values were interpreted according to the following
conventions: positive values (+) correspond to specific movements such as extension, ad-
duction, or internal rotation, while negative values (−) indicate opposing movements like
flexion, abduction, or external rotation. Detailed descriptions for each joint and axis are
provided in the Supplementary Materials (Table S2). The outcomes were used to describe
the feedforward phase of GI for the swing limb (lower and upper limbs on the same side as
the first step) and the stance limb (lower and upper limbs on the contralateral side of the
first step).

In addition to linear analyses, two non-linear measures were calculated for the CoP
POS, DISP, and VEL and for the joints POS and MDISP to evaluate the behavioural charac-
teristics of the feedforward phase of GI. The largest Lyapunov exponent (LyE) was used to
assess the stability of movement trajectories, capturing their divergence or convergence
over time [35]. The multiscale entropy (MSE) quantified the complexity of the system,
reflecting its adaptability and variability. Both measures were computed using custom
scripts developed in MATLAB (version R2020b, The MathWorks, Inc, Natick, MA, USA.).

Multiscale entropy (MSE) is a validated method for analyzing the complexity of
time series data across multiple scales, effectively distinguishing complex dynamics in
physiological signals [75,76]. MSE used “sample entropy” to estimate the regularity in
different time scales, based on the approximate entropy, to assess the complexity degree [77].

The Complexity Index (CI) served as the primary dependent variable to examine
the differences between stroke and healthy groups. The CI was evaluated for the COP
parameters (POS, DISP, and MVEL) and the angular variables (POS and MDISP) across the
AP, ML, and X, Y, and Z directions, respectively. The analysis followed the methodologies
described by Costa et al. [76] and Goldberger et al. [78]. Initially, the sample entropy
(SE) [79] was computed (Equation (1)):

SE(m, r, N) = −In
Um + 1(r)

Um(r)
(1)

where SE is the sample entropy value, m is the number of samples being compared (m = 2),
r is the similarity threshold (0.2 × of standard deviation signal), N is the number of samples
(66 points), and U indicates the probability of the samples falling within r.

The original time series was processed using a coarse-graining procedure (Equation (2)),
enabling the evaluation of complexity across two-time scales:

yτm
j =

(

1
τm

) jτ

∑
i=(j−1)τm+1

x1,1 ≤ j ≤
N

τm
(2)



Appl. Sci. 2025, 15, 4762 9 of 41

where yj
τm represents the new time series, which is generated by averaging non-

overlapping data points from the original time series based on the scale factor (τm). This
coarse-graining process facilitates the calculation of sample entropy (SE) across all time
scales, ranging from 1 to τm.

The Complexity Index (CI) is derived through the numerical integration of individual
SE values across all calculated time scales, as outlined in Equation (3):

C1 = ∑
N

j=1 SE(i) (3)

where SE represents the complexity value calculated at each individual time scale (i).
The LyE algorithm, as initially proposed by Wolf et al. [80]: can be expressed through

a single equation. In this formulation, L represents the distance between points, t denotes
the time lag, and M refers to the total count of replacement steps [79]:

λ(i) =
1
M ∑

Kmax

K=Kmin

(

1
K.t

ln
Li+K

Li

)

(4)

The LyE exponent is a key measure used to evaluate the chaotic behaviour of postural
sway, determining how movement trajectories diverge or converge over time [35]. Positive
values indicate the divergence of trajectories, reflecting greater instability and chaotic
dynamics [81]. Conversely, negative values exhibit convergent trajectories, suggesting
more robust postural control [82]. This measure highlights the adaptive complexity of the
PC system, balancing between stability and chaos in response to varying task demands [35].
To calculate the LyE, the phase space was reconstructed following the method described
by Broomhead [83,84]. This process involved generating multiple delayed copies of the
time series, defined by a time lag (τ), to enable state space reconstruction for non-linear
parameter estimation. In this study, a time lag of τ = 1 and an embedding dimension of m =
2 were chosen, considering prior methodological insights and the relatively simple nature
of the system being examined [85]. The algorithm measures the divergence or convergence
of trajectories within the reconstructed phase space, offering a quantitative assessment of
the system’s sensitivity to initial conditions [86].

2.4.2. Statistical Analysis

Data analysis was performed using IBM SPSS Statistics version 29.0 (IBM Corporation,
Armonk, NY, USA), with the significance level set at 0.05. The normality of continuous
variables was assessed using the Shapiro–Wilk test. Descriptive statistics were used to
summarize the data means and the standard deviations were reported for quantitative
variables, while the absolute and relative frequencies were presented for qualitative data.
For variables where the assumption of normality was not met, the median and interquartile
ranges (25th and 75th percentiles) were calculated [87]. To compare the groups (stroke
vs. healthy) on quantitative variables, either the t-test for independent samples or the
Mann–Whitney U test was applied, depending on the results of the Shapiro–Wilk test.
For kinematic and kinetic variables, the mean across the 10 repetitions performed by each
participant was considered for linear analysis.

3. Results

The characteristics of the participants are summarized in Table 1. No statistically
significant differences (p > 0.05) were found between stroke and healthy groups in terms of
age, weight, height, and BMI.
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3.1. Kinetic Analysis

The performance of CoP behaviour during the feedforward period of GI, analyzed through
both linear and non-linear methods, is presented in Figure 1 and Tables 2 and 3, respectively.

Table 2. Median (MED), 25th (P25), and 75th (P75) percentiles of position (POS), mean displacement
(DISP), and mean velocity (MVEL) values of linear outcome of CoP.

MED (P25; P75)
p Value #

Healthy Stroke

ML-CoP

POS (m) −0.1985 (−0.2057; −0.1916) −0.2075 (−0.2211; −0.1865) 0.331

MDISP (m) 0.0026 (0.0023; 0.0030) 0.0039 (0.0029; 0.0057) 0.004

AMP (m) 0.0001 (0.0001; 0.0001) 0.0001 (0.0000; 0.0001) 0.368

MVEL (m/s) 0.0001 (−0.0024; 0.0023) 0.0002 (−0.0018; 0.0027) 1.000

AP-CoP

POS (m) 0.2268 (0.1847; 0.2824) 0.2037 (0.1527; 0.2546) 0.171

MDISP (m) 0.0047 (0.0040; 0.0062) 0.0049 (0.0039; 0.0070) 0.666

AMP (m) 0.0001 (0.0001; 0.0001) 0.0001 (0.0001; 0.0001) 0.449

MVEL (m/s) −0.004 (−0.0072; −0.0015) −0.001 (−0.003; 0.000) 0.021

# Mann–Whitney test; significant differences in bold.

Table 3. Median (MED), 25th (P25), and 75th (P75) percentiles of position (POS), mean displacement
(MDISP), and mean velocity (MVEL) values of non-linear outcomes of CoP.

MED (P25; P75)
p Value #

Healthy Stroke

ML-CoP POS

LyE −7.515 (−9.336; −3.164) −2.881 (−4.699; −2.057) 0.012

MSE S1 0.337 (0.314; 0.404) 0.281 (0.230; 0.308) 0.002

MSE S2 0.666 (0.609; 0.845) 0.562 (0.402; 0.666) 0.016

CI 1.001 (0.920; 1.276) 0.843 (0.618; 0.966) 0.004

AP-CoP POS

LyE −4.817 (−8.132; −2.378) −5.537 (−8.247; −3.972) 0.494

MSE S1 0.294 (0.234; 0.344) 0.279 (0.199; 0.319) 0.368

MSE S2 0.612 (0.442; 0.655) 0.538 (0.381; 0.639) 0.449

CI 0.921 (0.676; 1.001) 0.817 (0.576; 0.961) 0.428

ML-CoP DISP

LyE 23.984 (21.299; 25.079) 21.147 (14.126; 26.359) 0.280

MSE S1 1.046 (0.946; 1.114) 0.883 (0.376; 1.077) 0.052

MSE S2 1.590 (1.462; 1.710) 1.444 (0.643; 1.730) 0.098

CI 2.595 (2.356; 2.703) 2.266 (1.022; 2.708) 0.098

AP-CoP DISP

LyE 17.589 (13.544; 22.936) 10.254 (7.230; 19.680) 0.140

MSE S1 1.019 (0.898; 1.278) 1.027 (0.397; 1.204) 0.564

MSE S2 1.498 (1.333; 1.659) 1.502 (0.640; 1.612) 0.428

CI 2.470 (2.181; 2.743) 2.434 (1.055; 2.858) 0.564

ML-CoP MVEL

LyE 32.384 (31.123; 33.495) 30.329 (21.765; 31.937) 0.031

MSE S1 0.738 (0.680; 0.788) 0.729 (0.645; 0.812) 0.692

MSE S2 1.526 (1.332; 1.615) 1.354 (1.187; 1.539) 0.090

CI 2.214 (1.943; 2.365) 1.991 (1.879; 2.278) 0.183

AP-CoP MVEL

LyE 28.690 (24.158; 30.212) 22.618 (18.712; 24.454) 0.002

MSE S1 0.751 (0.637; 0.912) 0.830 (0.733; 0.925) 0.349

MSE S2 1.426 (1.220; 1.568) 1.549 (1.413; 1.659) 0.090

CI 2.191 (1.848; 2.423) 2.340 (2.149; 2.497) 0.130

# Mann–Whitney test; significant differences in bold. LyE: Largest Lyapunov exponent; MSE: multiscale en-
tropy; S1: scale 1; S2: scale 2; CI: Complexity Index. The non-linear measures are dimensionless and reported
without units.
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3.1.1. Linear Analysis

The CoP TDISP (Figure 3) showed differences between groups, with the stroke group
presenting higher values compared to the healthy group. In the stroke group, the AP and
ML-CoP direction had a median [IQR] of 0.008 [0.005–0.01]. In contrast, the healthy group
presented lower ML-CoP values, with a median [IQR] of 0.004 [0.004–0.005], and slightly
different AP-CoP values, [IQR] at 0.008 [0.006–0.008]. These differences were statistically
significant in the ML-CoP direction (p = 0.001)
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Figure 3. COP total displacement trajectories in the mediolateral (X-axis) and anteroposterior (Y-axis)
directions for the healthy and stroke groups. Each coloured line represents the mean trajectory of an
individual across ten trials, illustrating the variability in CoP displacement during the feedforward
phase (−600 ms to +50 ms) of GI.

Further analysis (Table 2) indicated significant differences in CoP dynamics between
the two groups. The stroke group demonstrated a significantly higher ML-CoP MDISP
(p = 0.004) and a reduction in AP-CoP MVEL (p = 0.021). No significant differences were
observed in the remaining CoP linear parameters (p > 0.05).

3.1.2. Non-Linear Analysis

The stroke group demonstrated a notable reduction in stability, evidenced by sig-
nificantly lower convergent LyE values (p = 0.012) in the ML-CoP POS. Additionally, a
significant reduction in divergence was observed in LyE CoP MVEL values in both the ML
(p = 0.031) and AP (p = 0.002) directions for the stroke group. No significant differences
were observed in the remaining CoP non-linear parameters (p > 0.05), although, in the
stroke group, divergence reduction tendencies in ML-CoP and AP-CoP DISP were observed
(Table 3).

Furthermore, complexity and adaptability were observed in all variables, as indicated
by lower MSE values, significantly in both ML-COP POS (S1: p = 0.002; S2: p = 0.016; CI:
p = 0.004) and AMP POS (S1: p = 0.002; S2: p = 0.004; CI: p = 0.002) (Table 3).

3.2. Kinematic Analysis

3.2.1. Linear Analysis

The behaviour of joints during the feedforward phase of GI is illustrated in Figures 4–6,
which present the results of the linear analysis (detailed information is available in Tables
S3–S5 in the Supplementary Materials). The findings indicate that individuals post-stroke
exhibited greater joint displacement, both in terms of TDISP and dynamic measures, such
as MDISP and AMPL.
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Figure 4. Median, 25th, and 75th percentiles of position (º), total displacement (º), mean displacement
(º), and amplitude (º) values of linear outcome of head, trunk, and pelvis joints. EXT, extension; FLE,
flexion; RT, right tilt; LT, left tilt; LR, left rotation: RR, right rotation; RV, retroversion; AV, anteversion;
AD, adduction; ABD, abduction; * p-value < 0.05: Mann–Whitney test.

Head, Pelvis, and Trunk Joints

In the sagittal plane, the stroke group exhibited a tendency toward head FLE, while
the healthy group showed a preference for EXT; however, these POS differences were not
consistently significant (p > 0.05). For the head, significantly greater values were observed
for TDISPL (p = 0.019), MDISP (p = 0.019), and AMPL (p = 0.009). Similarly, for the trunk,
TDISPL (p = 0.004), MDISP (p = 0.004), and AMPL (p = 0.002) were significantly higher. The
pelvis also showed significantly elevated values for TDISPL (p = 0.017), MDISP (p = 0.014),
and AMPL (p = 0.009) in the stroke group (Figure 4).

For the head, TDISPL (p = 0.006), MDISP (p = 0.005), and AMPL (p = 0.006) were
significantly greater. Similarly, for the trunk, TDISPL (p = 0.016), MDISP (p = 0.016), and
AMPL (p = 0.012) were also significantly higher in the stroke group (Figure 3).

In the transverse plane, the stroke group showed exaggerated rotational patterns, with
significantly higher TDISPL values for the head (p = 0.009), trunk (p = 0.037), and pelvis
(p = 0.011). MDISP and AMPL were also significantly greater for the head (p = 0.009 and
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p = 0.004), trunk (MDISP: p = 0.040; AMPL: p = 0.008), and pelvis (MDISP: p = 0.009; AMPL:
p = 0.002) (Figure 4).

 

Figure 5. Median, 25th, and 75th percentiles of position (º), total displacement (º), mean displacement
(º), and amplitude (º) values of linear outcome of lower limb joints. FLE, flexion; EXT, extension; AD,
adduction; ABD, abduction; IR, internal rotation; ER, external rotation; DF, dorsiflexion; PF, plantar
flexion; IN, inversion; EV, eversion; * p-value < 0.05: Mann–Whitney test.

Lower Limb Joints

In the sagittal plane, the stroke group demonstrated a tendency towards increased
hip FLE in both swing and stance phases and decreased swing ankle DF; however, these
POS differences were not statistically significant (p > 0.05). For the hip, significantly higher
values were noted in the swing limb for MDISP (p = 0.019) and AMPL (p = 0.044). For
the knee, AMPL was significantly elevated in the stance limb (p = 0.021). For the ankle,
significantly greater values were observed in the swing limb for TDISPL (p = 0.034), MDISP
(p = 0.037), and AMPL (p = 0.028) (Figure 5).
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In the frontal plane, the stroke group exhibited significantly greater TDISPL, MDISP
and AMPL for the ankle in both the swing limb (p = 0.009; p = 0.026; p = 0.006, respectively)
and stance limb (p = 0.007; p = 0.002; p = 0.002, respectively) (Figure 4).

In the transverse plane, significantly greater values were found in the stroke group for
swing hip TDISPL, MDISP, and AMPL (p = 0.011, p = 0.011, and p = 0.014, respectively),
as well as for stance hip TDISPL (p = 0.031) and AMPL (p = 0.026). Similarly, significant
increases were observed for knee swing MDISP (p = 0.017) and AMPL (p = 0.037) and for
knee stance TDISPL (p = 0.028) and AMPL (p = 0.036) (Figure 5).

 

tt
ff

Figure 6. Median, 25th, and 75th percentiles of position (º), total displacement (º), mean displacement
(º), and amplitude (º) values of linear outcome of upper limb joints. FLE, flexion; EXT, extension;
AD, adduction; ABD, abduction; IR, internal rotation; ER, external rotation; UD, ulnar deviation; RD,
radial deviation; * p-value < 0.05: Mann–Whitney test.
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Upper Limb Joints

In the sagittal plane, in the stroke group, the shoulder TDISPL was significantly
greater in both the swing (p = 0.026) and stance limbs (p = 0.019). MDISP was significantly
increased in the swing limb (p = 0.013), and AMPL was significantly higher in the swing
limb (p = 0.004) and stance limb (p = 0.003). For the elbow, AMPL was significantly elevated
in the stance limb (p = 0.031). For the wrist, significant increases were observed in MDISP
(p = 0.016) and AMPL (p = 0.008), both in the swing limb (Figure 6).

In the frontal plane, in the stroke group, significant increases in elbow MDISP were
noted in the swing limb (p = 0.031), while AMPL was significantly higher in both the swing
limb (p = 0.004) and stance limb (p = 0.026). For the wrist, MDISP was significantly elevated
in the swing limb (p = 0.040) and AMPL was significantly increased in the swing limb
(p = 0.021) (Figure 6).

In the transverse plane, the stroke group exhibited significant differences across joints.
For the shoulder, POS was significantly altered in the swing limb (p = 0.019). At the elbow,
MDISP increased in the swing limb (p = 0.019), while AMPL was elevated in both the swing
(p = 0.026) and stance limbs (p = 0.028). For the wrist, POS differed in the swing (p = 0.009)
and stance limbs (p < 0.001), alongside higher TDISPL (p = 0.021), MDISP (p = 0.021), and
AMPL (p = 0.044) in the swing limb (Figure 6).

3.2.2. Non-Linear Analysis

The non-linear analysis of joint behaviour during the feedforward phase of GI revealed
significant differences between the stroke and healthy groups. The stroke group consistently
exhibited reduced convergence or greater divergence in movement trajectories, as indicated
by less negative or more positive LyE, respectively (detailed information is available in
Tables S6 to S10 in the Supplementary Materials). This was accompanied by a marked loss
of complexity, reflected in decreased MSE.

Head, Pelvis, and Trunk Joints

In the sagittal plane, the stroke group exhibited less negative and convergent LyE val-
ues. For the head, significant differences were observed in POS (p = 0.004). MSE measures
demonstrated significant reductions across all dimensions for both POS (S1: p = 0.002; S2:
p = 0.009; CI: p = 0.006) and DISP (S1: p = 0.009; S2: p = 0.034; CI: p = 0.021) (Figure 7).

In the frontal plane, the stroke group exhibited less negative LyE values, reflecting
reduced convergence. For the head, significant differences were observed in POS (p = 0.006)
and the MSE measures demonstrated significant reductions across all dimensions for POS
(S1: p = 0.023; S2: p = 0.021; CI: p = 0.013) and DISP (S1: p < 0.001; S2: p = 0.007; CI: p = 0.006).
For the trunk, MSE reductions were significant for POS (S1: p = 0.007; S2: p = 0.002; CI:
p = 0.003). For the pelvis, LyE values were significantly less negative for POS (p = 0.011),
while those for MDISPL were less positive, indicating reduced divergence; however, these
differences were not statistically significant (p > 0.05) (Figure 7).

In the transverse plane, LyE values in the stroke group exhibited a tendency toward
less negative values, indicating reduced convergence, with significantly less negative values
for pelvis POS (p < 0.001). For the head, MSE measures showed significant reductions
for POS (S1: p = 0.009; S2: p < 0.001; CI: p = 0.005) and DISP (S1: p = 0.002; S2: p = 0.006;
CI: p = 0.005). For the trunk, MSE reductions were significant for POS (S1: p = 0.021; CI:
p = 0.040), while reductions in DISP were not statistically significant (p > 0.05). For the
pelvis, MSE reductions were significant for POS (S1: p = 0.002; S2: p = 0.019; CI: p = 0.004)
and DISP (S1: p = 0.021; S2: p = 0.044) (Figure 6).
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Figure 7. Non-linear analysis of position and mean displacement of head, pelvis, and trunk joints. H:
healthy; S: stroke; LyE, largest Lyapunov exponent; S1: Multiscale Entropy Scale 1; S2: Multiscale
Entropy Scale 2; CI, Multiscale Entropy Complexity Index; EXT, extension; FLE, flexion; RT, right tilt;
LT, left tilt; LR, left rotation: RR, right rotation; RV, retroversion; AV, anteversion; * p-value < 0.05:
Mann–Whitney test.
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Lower Limb Joints

In the sagittal plane, the stroke group exhibited less convergence in LyE values. For
the hip, significantly less negative POS values were observed in both the swing (p = 0.021)
and stance (p = 0.006) limbs and the MSE measures showed significant reductions for POS
in the swing limb (S2: p = 0.026; CI: p = 0.040). For the knee, DISP LyE values showed
contrasting patterns: the healthy group exhibited positive values, indicating divergence,
while the stroke group displayed negative values in the swing limb, reflecting convergence.
However, these differences were not statistically significant (p > 0.05). MSE measures for
the knee showed a significant reduction for POS in the swing limb (CI: p = 0.026). For
the ankle, the stroke group exhibited significantly less negative LyE values for POS in the
stance limb (p = 0.016) (Figures 8 and 9).

In the frontal plane, the stroke group exhibited less convergence in POS LyE values
across all joints, though these differences were not statistically significant (p > 0.05). For the
hip, MSE measures were significantly lower in the stroke group, with reductions observed
for POS (S1: p = 0.023; S2: p = 0.009; CI: p = 0.040) and DISP (S1: p = 0.034; S2: p = 0.040; CI:
p = 0.034) in the swing limb. For the knee, LyE values for DISP in the healthy group were
positive in both limbs, indicating divergence, while the stroke group exhibited negative
LyE values in the swing limb, reflecting convergence, and positive values in the stance
limb, though these differences were not statistically significant (p > 0.05). For the ankle,
the healthy group demonstrated divergence in DISP with positive LyE values in both
limbs, while the stroke group exhibited convergence with negative LyE values, which were
significant for both limbs (p = 0.021 and p = 0.002, respectively). MSE measures for the ankle
were significantly reduced in the stroke group, with reductions observed for POS in the
swing limb (S2: p = 0.001; CI: p < 0.001) and stance limb (S1: p = 0.008; CI: p < 0.001), as well
as for MDISP in the swing limb (S1: p = 0.012; S2: p = 0.021; CI: p = 0.011) (Figures 8 and 9).

In the transverse plane, the stroke group showed reduced convergence in POS for LyE
values. For the hip, significant differences were observed in the swing limb (p = 0.006),
while for DISP, LyE values were predominantly negative (convergence) in the stroke group,
except in the stance limb, where they remained positive. MSE measures for the hip showed
significant reductions in POS (CI: p = 0.040) and DISP (CI: p = 0.034) in the swing limb. For
the knee, LyE values for DISP were positive (divergence) in the healthy group but were
predominantly negative (convergence) in the stroke group, with significant differences
observed in the stance limb (p = 0.009). For the ankle, POS LyE values showed significant
differences in both swing (p = 0.013) and stance (p < 0.001) limbs. For DISP, LyE values were
predominantly negative in the stroke group, with significant differences in the stance limb
(p = 0.031). MSE measures for the ankle showed significant reductions in the stroke group,
with decreased POS values in the stance limb (S1: p = 0.016; S2: p < 0.001; CI: p < 0.001) and
DISP values also being significantly reduced in the stance limb (S1: p = 0.023; CI: p = 0.040)
(Figures 8 and 9).

Upper Limb Joints

In the sagittal plane, the stroke group exhibited significantly reduced convergence
for DISP in the shoulder (p = 0.011), along with MSE reductions in the swing limb (S1:
p = 0.002; S2: p = 0.003; CI: p = 0.002). For the elbow, DISP also showed a significant
reduction in convergence in the swing limb (p = 0.034). For the wrist, DISP LyE values were
positive (indicating divergence) in the stance limb for both groups, whereas in the swing
limb, LyE values were divergent in the stroke group and convergent in the healthy group,
with a significant difference (p = 0.012). Additionally, MSE measures showed significant
reductions for POS in the wrist swing limb (CI: p = 0.014) (Figures 10 and 11).
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Figure 8. Non-linear analysis of position and mean displacement of swing lower limb joints. H:
healthy; S: stroke; LyE, largest Lyapunov exponent; S1: Multiscale Entropy Scale 1; S2: Multiscale En-
tropy Scale 2; CI, Multiscale Entropy Complexity Index; EXT, extension; FLE, flexion; AD, adduction;
ABD, abduction; IR, internal rotation: ER, external rotation; DF, dorsiflexion; PF, plantar flexion; IN,
inversion; EV, version; * p-value < 0.05: Mann–Whitney test.
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Figure 9. Non-linear analysis of position and mean displacement of stance lower limb joints. H:
healthy; S: stroke; LyE, largest Lyapunov exponent; S1: Multiscale Entropy Scale 1; S2: Multiscale En-
tropy Scale 2; CI, Multiscale Entropy Complexity Index; EXT, extension; FLE, flexion; AD, adduction;
ABD, abduction; IR, internal rotation: ER, external rotation; DF, dorsiflexion; PF, plantar flexion; IN,
inversion; EV, version; * p-value < 0.05: Mann–Whitney test.
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Figure 10. Non-linear analysis of position and mean displacement of swing upper limb joints. H:
healthy; S: stroke; LyE, largest Lyapunov exponent; S1: Multiscale Entropy Scale 1; S2: Multiscale
Entropy Scale 2; CI, Multiscale Entropy Complexity Index; EXT, extension; FLE, flexion; AD, adduc-
tion; ABD, abduction; IR, internal rotation: ER, external rotation; UD: ulnar deviation; RD: radial
deviation; * p-value < 0.05: Mann–Whitney test.
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Figure 11. Non-linear analysis of position and mean displacement of stance upper limb joints. H:
healthy; S: stroke; LyE, largest Lyapunov exponent; S1: Multiscale Entropy Scale 1; S2: Multiscale
Entropy Scale 2; CI, Multiscale Entropy Complexity Index; EXT, extension; FLE, flexion; AD, adduc-
tion; ABD, abduction; IR, internal rotation: ER, external rotation; UD: ulnar deviation; RD: radial
deviation; * p-value < 0.05: Mann–Whitney test.
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In the frontal plane, the stroke group exhibited more negative (convergent) LyE
values for shoulder DISP in both limbs, whereas the healthy group demonstrated positive
(divergent) LyE values for the swing limb and negative (convergent) values for the stance
limb, with significant differences observed for the stance limb (p = 0.017). MSE measures
for the shoulder showed significant reductions for POS in both the swing (S2: p < 0.001;
CI: p < 0.001) and stance limbs (S2: p = 0.016; CI: p = 0.028). For the elbow, MSE measures
revealed significant reductions for POS in the swing limb (CI: p = 0.026). For the wrist,
POS LyE values were significantly less negative in the stance limb for the stroke group
(p = 0.005). Regarding DISP, LyE values in the stroke group were positive (divergent) in the
swing limb and negative (convergent) in the healthy group, though these differences were
not statistically significant (p > 0.05) (Figures 10 and 11).

In the transverse plane, the stroke group showed reduced convergence in POS and
MDISP for the shoulder, with less negative LyE values and significant differences in POS
LyE for both limbs (p < 0.001; p = 0.011). For the elbow, reduced convergence was observed
in POS and MDISP in both limbs, with significantly less negative LyE values for POS in the
swing limb (p = 0.034). MSE measures also showed significant reductions in POS for the
swing limb (S1: p = 0.017; S2: p = 0.026; CI: p = 0.019). For the wrist, reduced convergence
was observed in POS, and DISP LyE values were less divergent (positive) in both limbs,
though no significant differences were reported (p > 0.05) (Figures 10 and 11).

4. Discussion

This study explored the complexity and variability of PC in post-stroke individuals
during the feedforward phase of GI integrating both linear and non-linear analyses. The
findings revealed significant differences between stroke and healthy groups. Specifically,
the stroke group exhibited increased DISP and reduced velocity VEL in CoP dynamics,
alongside greater joint displacement in all planes of movement, particularly in the sagittal
and transverse planes. These linear findings suggest compensatory mechanisms driven by
impaired APAs, as stroke survivors seem to depend on an increased magnitude of variation
to maintain the stability [88]. However, the reduced adaptability and complexity observed
in non-linear measures highlight constrained and less efficient motor control strategies [6].
Together, these results offer a comprehensive characterization of PC dysfunction after stroke
and provide critical insights for designing targeted rehabilitation interventions to enhance
both stability and adaptability in dynamic motor control.

4.1. CoP Dynamics

PC integrates sensory systems, the CNS, and the musculoskeletal system to support
both postural maintenance and movement execution, ensuring stable posture and correct
segmental orientation during tasks like GI [89,90]. Despite some metrics not reaching
statistical significance, the increased magnitude of variation and reduced stability and
complexity observed in CoP measures suggest critical dysfunctions. Figure 12 highlights
the CoP parameters that showed statistically significant differences between the stroke and
healthy groups, emphasizing key impairments in postural control.

The linear analysis revealed significant increases for the stroke group in ML TDISPL
and MDISP, paired with decreased AP-MVEL. These findings suggest greater postural
instability, particularly in the ML direction, during preparatory phases of movement,
essential during GI [50,91,92]. Higher ML variation aligns with previous findings showing
that stroke survivors have difficulty stabilizing the COM in the ML direction—a key factor
in fall prevention [50,71,93,94]. This may result from multiple stroke-related impairments,
such as altered muscle activation, asymmetric lower limb weight distribution, exaggerated
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trunk APAs, dysregulated CoP/COM control [16], greater visual dependence, and deficits
in the integration of visual, vestibular, and somatosensory information [93,95].
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Figure 12. Statistically significant results of linear and non-linear CoP analysis between healthy and
stroke groups. Symbols indicate the type of significance: *: significant linear differences; *: significant
non-linear LyE differences; *: significant non-linear MSE differences.

Complementing the linear findings, the non-linear analysis revealed a reduction in
entropy and LyE measures in the stroke group. These reductions reflect the diminished
system complexity and adaptability, which are critical for responding to both predictable
and unpredictable environmental demands [6,28]. In particular, the marked reduction in
ML-CoP POS LyE in the stroke group highlight a disrupted interplay between motor stabil-
ity and flexibility during dynamic perturbations [38]. This often leads to the emergence of
more rigid motor patterns, resulting in more consistent and repetitive sway behaviours,
especially in the ML direction [96].

These findings are consistent with the previous literature reporting increased regu-
larity in the temporal structure of CoP variability among stroke survivors, particularly in
the ML direction [38,97]. Such regularity has been interpreted as a compensatory mecha-
nism in which the PC system adopts less flexible motor strategies to cope with reduced
adaptability [6,98,99]. These rigid strategies may explain the impaired CoP dynamics
observed during the feedforward phase of GI, where reduced adaptability limits the ability
to adjust, explore, and adopt alternative, more efficient motor strategies to meet the task de-
mands [100]. Decreased MSE values further supported this interpretation, indicating lower
complexity and adaptability in PC system. This aligns with the study by Roerdink et al. [97],
who reported reduced complexity in stroke survivors early in recovery. Altogether, the find-
ings suggest that stroke-related motor system dysfunction impairs the capacity to respond
to perturbations during the preparatory phase of gait initiation—supporting the hypothesis
that reduced complexity correlates with diminished adaptability [35,99]. This interplay
between instability and compensatory is a well-documented hallmark of post-stroke motor
dysfunction [101].

The observed reduction in AP-CoP MVEL in the stroke group suggests slower feed-
forward control, likely reflecting motor impairments and reduced APA efficiency [91].
This is consistent with evidence that stroke survivors exhibit diminished APA velocity
due to neural reorganization dysfunction [50,91,92]. This trade-off between stability and
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movement efficacy has been documented, as reduced AP momentum can compromise
functional mobility [102]. Stroke survivors may prioritize safety over efficiency, adopting
suboptimal strategies that prolong task execution [103].

The divergence between DISP and VEL likely reflects maladaptive compensatory
mechanisms [6,104]. These patterns suggest attempts to counter systemic instability
through less efficient and less variable motor strategies—hallmarks of impaired antic-
ipatory control [71]. Notably, MSE reductions at smaller scales (S1) suggest impaired
fine-tuned adjustments in postural dynamics [35]. These findings are consistent with
Mehdizadeh et al. [38], who observed similar entropy reductions in static postural tasks,
linked to reduced neuromuscular flexibility.

The decline in neuromotor system complexity may reflect a constrained number of
degrees of freedom, limiting exploratory strategies and worsening the instability, consistent
with Bernstein’s theoretical framework [105]. This rigidity hinders the ability to respond
to small perturbations during the feedforward phase of GI, a critical period for postural
stability during postural transitions [15,91]. In turn, reductions observed at larger scales
(S2) suggest broader dysfunctions in the integration and coordination of adjustments over
longer time frames, pointing to difficulty maintaining PC throughout the preparatory
window [93].

Finally, although some measures —such as AP-CoP LyE—did not achieve statistical
significance, the trends observed still indicate subtle dysfunction. Taken together, the
significant and trending results suggest that the stroke group faces notable challenges in
both stabilizing and adapting CoP during the preparatory phase of GI.

The integration of linear and non-linear results presents a coherent picture of PC
dysfunction. Increased linear variability (e.g., CoP DISP) is accompanied by reduced com-
plexity, revealing a dual limitation: decreased movement variability and diminished control
flexibility [38,106]. This suggests that the PC system operates within a restricted dynamic
range, reducing its ability to maintain postural stability and adapt to task demands [94].
Such constraints not only hinder responses to perturbations but also reduce the system’s
ability to explore alternative, potentially more efficient motor strategies, increasing the risk
of falls and decreasing functional independence [100,107].

4.2. Joint Dynamics

Linear and non-linear findings indicate distinct compensatory mechanisms and im-
paired dynamic stability during GI. Similarly to CoP results, the stroke group exhibited
increased variation but reduced adaptability and complexity, pointing to less efficient, more
constrained motor control strategies compared to healthy individuals. This interplay be-
tween elevated linear measures (e.g., TDISPL, AMPL) and diminished non-linear indicators
(e.g., LyE, MSE) offers a more nuanced understanding of post-stroke motor strategies.

Sagittal Plane

In the sagittal plane (Figure 13), although POS differences in the head, trunk, and
pelvis were not statistically significant, the observed patterns suggest subtle compen-
satory mechanisms, often undetectable by static measures [108]. These findings likely
reflect heterogeneity within the stroke group, influenced by individual differences in mo-
tor impairment severity, stroke chronicity, and long-term compensatory habits [109,110].
Significant increases in TDISPL, MDISP, and AMPL across all segments—particularly the
trunk and pelvis—highlight that compensations in stroke survivors are more pronounced
in movement magnitude and variability rather than static positioning [111].
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Figure 13. Significant results of linear and non-linear joint analysis in the sagittal plane between
healthy and stroke groups. EXT: extension; FLE: flexion; RV: retroversion; DF: dorsiflexion; SwL:
swing limb; StL: stance limb; *: significant linear differences; *: significant LyE differences; *: signifi-
cant MSE differences.

The stroke group demonstrated a tendency toward head FLE, contrasting with the
EXT preference observed in healthy individuals. While not statistically significant, this
pattern suggests a common post-stroke strategy to address impaired PC and maintain
gaze stabilization [112,113]. Head FLE shifts the COM anteriorly, disrupting biomechanical
alignment and increasing reliance on trunk and pelvic compensations to maintain stabil-
ity [114]. This anterior displacement imposes greater demands on trunk stabilization and
may compromise the activation of the trunk extensors, which are essential for APAs during
GI [41,115]. Forward head posture has also been linked to reduced proprioceptive input,
which further limits adaptability in postural adjustments [116,117].

Compensatory mechanisms in the stroke group were reflected in significantly higher
TDISPL values across all segments (head, trunk, and pelvis), reflecting greater movement
amplitudes as an adaptative response to postural instability due to impaired APAs [91].
However, the increased magnitude of variation, particularly in MDISP and AMPL for the
trunk and pelvis, reflects the reliance on exaggerated FLE-EXT movements to stabilize
the body, which can reduce efficiency by shifting the COM further from optimal biome-
chanical alignment [88]. Excessive anterior pelvic tilt, a commonly reported compensatory
mechanism in stroke survivors, may partially counterbalance deficits in proximal trunk
control and hip extensors [118]. However, this strategy is energetically inefficient and
further compromises stability by shifting the COM anteriorly [119]. These findings align
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with previous research linking compensatory trunk displacements to inefficient and poorly
coordinated motor actions during GI [8,120,121].

Non-linear measures showed less negative and more convergent LyE values in head
and pelvis POS, indicating relative segmental stability [35]. However, significant MSE
reductions across S1, S2, and CI suggest that this comes at the expense of adaptability. These
reductions highlight compromised rapid, fine-grained adjustments and adaptability across
multiple temporal scales [122,123], suggesting a rigid strategy for head stabilization during
weight shifts. This rigidity increases the reliance on the trunk and pelvis for compensatory
adjustments, reflecting diminished neuromuscular flexibility—a common characteristic of
post-stroke compensatory behaviours [38]. Despite greater movement magnitudes in the
trunk and pelvis (e.g., MDISP and AMPL), unchanged LyE values indicate no improvement
in temporal organization or adaptability [6,13]. This disparity highlights the value of
integrating linear and non-linear metrics to uncover maladaptive strategies that static
measures alone might overlook [124,125].

The LL findings further support these interpretations. Hip FLE in the swing limb
emerged as a prominent compensatory strategy to achieve foot clearance in response to
reduced dorsiflexor strength or impaired motor control [126,127]. While the overactivation
of the hip flexors ensures temporary clearance, it delays weight transfer, reducing efficiency
during GI [128,129]. Elevated MDISP and AMPL at the hip and ankle reflect exaggerated
movements intended to mitigate instability, though potentially at the cost of movement
efficiency [130,131].

Non-linear measures further illustrate impaired dynamic control. Reduced LyE con-
vergence in hip and ankle POS suggests diminished adaptability during weight shifts [132].
In the knee, LyE variability—with convergence in the swing limb and divergence in the
stance limb—suggests proximal–distal imbalances in control strategies [41]. MSE reduc-
tions across all joints indicate a reliance on constrained motor strategies, with significant
reductions in hip POS MSE during the swing phase (S2 and CI) emphasizing its critical role
in weight transfer and propulsion [133]. Similarly, reduced knee movement complexity
reflects limited adaptability to perturbations during the stance transition phase [134]. These
findings align with those who identified reduced adaptability as a hallmark of post-stroke
neuromotor impairments [99,135]

For the ULs, reduced LyE convergence across all joints suggests subtle postural insta-
bility not captured by static measures [136]. Increased TDISPL in the shoulder during both
the swing and stance phases highlights its compensatory role in redistributing the COM to
maintain postural stability [137]. Increased MDISP and AMPL in the swing shoulder and
wrist reflect coordination between proximal and distal segments [138]. However, divergent
LyE values for wrist DISP and reduced MSE in shoulder DISP point to poor synchroniza-
tion and limited adaptability, suggesting inflexible, stereotyped motor responses [139,140].
Further reductions in wrist POS (CI) and shoulder DISP (S1, S2, and CI) underscore the
exaggerated yet inefficient nature of these compensations. The shoulder often acts as a
stabilizer to counter trunk and LL instabilities, while the wrist attempts to compensate for
fine motor deficits [141,142]. These results align with prior research associating UL motor
rigidity with impaired anticipatory PC and compromised dynamic stability (139, 140).

Frontal Plane

In the frontal plane (Figure 14), the stroke group showed subtle compensatory re-
sponses, with increased tilt tendencies of the head, trunk, and pelvis, despite non-significant
POS differences. Elevated TDISPL, MDISP, and AMPL in the head and trunk reflect exag-
gerated lateral shifts intended to redistribute the COM and stabilize posture. This aligns
with previous findings associating excessive lateral trunk tilt with impaired hip abductor
strength on the stance limb, which hinders weight transfer and increases dynamic instabil-
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ity [143]. The trunk plays a dual role—both stabilizing and actively contributing to postural
adjustments—particularly when PC thresholds are exceeded [114,144].
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Figure 14. Significant results of linear and non-linear joints analysis in frontal plane between healthy
and stroke groups. LT: left tilt; ABD: abduction; AD: adduction; UD: ulnar deviation; IV: inversion;
EV: eversion; SwL: swing limb; StL: stance limb; *: significant linear differences; *: significant LyE
differences; *: significant MSE differences.

Non-linear results offer a clearer understanding of the compensatory mechanisms
observed. Reduced LyE values for head and pelvis POS indicate impaired stabilization and
limited adaptability during lateral weight transfers. In the pelvis, the trend towards less
divergent LyE in MDISP further suggests a reliance on rigid, biomechanically constrained
strategies [30]. Significant MSE reductions in head POS and DISP and trunk DISP across S1,
S2, and CI reflect the poor adaptability and limited fine-tuned control in ML tasks [145,146].
For the trunk, reduced POS MSE across all time scales further reinforces its limited ability
for precise lateral adjustments, often resulting in exaggerated movements [147].

In the LLs, increased TDISPL, MDISP, and AMPL at the ankle suggest compensatory re-
liance on distal segments to offset proximal instability. Reduced LyE convergence at the an-
kle highlights impaired dynamic control. At the knee, contrasting LyE patterns—convergent
during swing and divergent during stance—suggest shifting strategies between proximal
stabilization and distal compensation depending on individual impairments [41,70]. MSE
reductions in hip POS and DISP during swing (S1, S2, and CI) and in ankle POS (S2 and CI)
further indicate reduced adaptability and compromised lateral stability [77].

Regarding the ULs, increased MDISP and AMPL in the elbow and wrist in the swing
limb reflect compensatory adjustments across both proximal and distal segments. These
amplified movements likely aim to stabilize the COM and address postural instability
during lateral shifts. Greater reliance on distal segments, particularly the wrist, underscores
proximal control and overall postural stability [88,138,148]. Non-linear measure results
support this interpretation: reduced LyE convergence for wrist POS in stance reflects poor
distal control, while divergent LyE in wrist DISP during swing indicates weak coordination
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between proximal and distal segments. These findings align with evidence that trunk com-
pensatory movements often offset deficits in UL motor dysfunction [149]. MSE reductions
in shoulder (S2 and CI) and elbow (CI) POS further point to limited adaptability across
temporal scales [150], reinforcing the interdependence of proximal and distal UL control,
with the shoulder acting as a stabilizer to compensate for impaired postural control [151].

Transverse Plane

In the transverse plane (Figure 15), the exaggerated rotational patterns observed in
the stroke group—as reflected by increased TDISPL, MDISP, and AMPL—likely repre-
sent compensatory strategies to stabilize the COM during dynamic tasks [142]. However,
these rotations may compromise segmental coordination and exacerbate instability during
weight transfers [152,153]. Similar findings have linked excessive rotational movements
to impaired intersegmental control and reduced neuromuscular adaptability in stroke
survivors [41,154]. Increased pelvic rotation, combined with greater head and trunk move-
ments, disrupts the smooth transfer of forces required for ML stability [155,156]. Although
these adjustments may temporarily enhance CoP stability, they also compromise biome-
chanical alignment, increase energy cost, and hinder optimal LL orientation and forward
progression during GI [92].
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Figure 15. Significant results of linear and non-linear joints analysis in transverse plane between
healthy and stroke groups. LR: left rotation; RR: right rotation; ER: external rotation; IR: internal
rotation; SwL: swing limb; StL: stance limb; *: significant linear differences; *: significant LyE
differences; *: significant MSE differences.

Non-linear results revealed additional deficits in dynamic stability. Less negative
LyE values for pelvis POS indicate impaired stabilization during lateral weight transfers,
while trends in pelvis MDISP point to rigid control strategies with limited adaptability.
Significant MSE reductions across S1, S2, and CI for head, trunk, and pelvis POS and DISP
reflect constrained adaptability and reliance on stereotyped motor responses to maintain
stability during perturbations. These limitations in force distribution between the trunk
and lower limbs during dynamic transitions further contribute to postural instability.
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In the LLs, exaggerated rotational displacements at the hip and knee, evidenced
by increased TDISPL, MDISP, and AMPL, reflect compensatory strategies to counteract
reduced trunk and pelvic control. These findings are consistent with Yiou et al. [41],
who reported reliance on rotational adjustments in stroke survivors to compensate for
proximal instability during GI. Non-linear measures further reveal deficits in dynamic
control [36,135], with reduced LyE convergence for hip, knee, and ankle POS and DISP,
particularly in the swing hip and in both ankles. At the knee, LyE variability—converging
during the swing and diverging in stance—suggests heterogeneous strategies that balance
proximal stabilization and distal compensation [157]. MSE findings reinforce the following
observations: significant reductions in swing hip POS and DISP at CI indicate limited
adaptability during rotational weight shifts. Similarly, decreased ankle POS MSE across
S1, S2, and CI highlights its limited capacity to ensure stability during stance and to adapt
during swing [158].

Significant POS differences in the shoulder (swing limb) and wrist (both limbs) high-
light the active role of both proximal and distal UL segments in managing postural insta-
bility. Increased MDISP and AMPL in the swing elbow and wrist reflect compensatory
adjustments to redistribute the COM. However, these amplified movements also point
to coordination inefficiencies, likely related to impaired trunk integration [159,160]. Non-
linear findings reinforce these deficits, with reduced LyE convergence in POS and DISP
across the shoulder, elbow, and wrist and with divergent LyE values for the swing and
stance—indicative of poor segmental coordination and distal control [6]. MSE reduc-
tions in swing elbow POS across S1, S2, and CI further reflect constrained adaptability,
limiting synchronization with other segments and reducing responsiveness to rotational
demands [161].

These results reinforce the interdependence of the head, trunk, pelvis, and limb
segments, underscoring the systemic nature of post-stroke impairments. Neuromotor
deficits disrupt the natural biomechanical interplay, leading to asymmetry and exaggerated
compensatory movements [162]. Together, these findings underline the value of combining
linear and non-linear analyses to capture the cascading impact of such strategies on stability
and motor control, offering critical insights for developing targeted, effective rehabilitation
approaches [6].

4.3. Multidimensional Postural Control: Neurobiomechanical Integration of Findings

Persistent post-stroke PC dysfunction can be partially attributed to disruptions in both
structural and functional brain pathways. These disruptions often result in an imbalance
between the dorsolateral and ventromedial systems [163], leading to impaired voluntary
movement—especially on the contralesional side—and bilateral PC deficits, with greater im-
pact on the ipsilesional side [164,165]. In this study, all participants had lesions in the MCA
territory, the most affected region following stroke [166]. Such lesions may compromise
neuronal flow between motor area six (including the premotor cortex and supplementary
motor area) and the reticular formation, particularly affecting the corticoreticular (CRS) and
corticospinal (CSS) systems [4]. This disruption impairs the neuronal networks responsible
for the interaction between CoP control and joint amplitude regulation [90,167], as reflected
in our findings.

Clinical assessments, including the Mini-BESTest and FMA-LE, revealed significant
impairments in both anticipatory and reactive PC, as well in LL motor function. These
findings are consistent with biomechanical evidence of altered CoP dynamics and joint
amplitudes during GI. Although no formal correlation analysis was conducted, the ob-
served association between lower clinical scores and impaired biomechanical performance
highlights the interdependence of neural, motor, and postural systems [2,168].
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The CRS system provides both structural and functional connections between the
cerebral cortex and the spinal cord. It plays a key role in CoP control by generating APAs
essential for stabilizing the COM before movement [169]. Dysfunction in the CRS appears
to compromise CoP stability, particularly in the ML direction, as evidenced by an increased
CoP magnitude of variation, lower LyE, and reduced MSE. These patterns reflect limited
neuromuscular flexibility and a reliance on rigid compensatory strategies [99].

Similarly, the CSS, which also originates in motor area six, is essential for accurate
movement execution, particularly in distal segments [170,171]. The shared cortical origin
of the CRS and CSS helps explain the close relationship between posture and movement
control [172,173]. Damage to these pathways leads to irregular joint amplitudes, exag-
gerated FLE-EXT movements in the sagittal plane, and increased rotational patterns in
the transverse plane, further highlighting impaired segmental coordination [174]. As a
result, individuals rely more on proximal joints to compensate, producing inefficient and
exaggerated movement patterns during GI [175].

Although the VSS is primarily associated with brainstem function, lesions in MCA
can indirectly affect its role in PC by disrupting cortical regions such as the premotor
cortex, SMA, and posterior parietal cortex [90]. These areas are responsible for integrating
the vestibular, somatosensory, and visual inputs essential for postural stability [89]. The
interplay between the CRS, CSS, and VSS is critical for modulating both reflexive and APAs.
Disruptions in these pathways destabilize the COM and impair segmental coordination [90].
During dynamic tasks such as GI, compensatory reliance on the VSS often exposes its limita-
tions, exacerbating postural instability. This is further aggravated by anterior displacement
of the head’s COM—frequently observed in stroke survivors—which alters biomechanical
alignment and increases reliance on compensatory flexor muscle activity [89,174].

Ultimately, the shared neural circuitry of posture and movement highlights the close
interdependence between CoP dynamics and joint amplitude control [169,176]. Motor area
six, encompassing the SMA and premotor cortex, functions as a central hub for coordinating
both postural adjustments and voluntary movements [90]. Dysfunction in these region
delays APAs and disrupts multi-joint coordination, leading to an increased dependence
on reactive adjustments and reduced movement efficiency [174]. These impairments
manifest as a greater CoP and joint magnitude of variation, reduced postural stability, and
diminished complexity across all planes of movement.

4.4. Clinical Relevance

From a clinical perspective, the primary focus of rehabilitation should be on improving
PC and enhancing the motor system’s adaptability to dynamic demands [44]. Deficits in
stability and adaptability, commonly observed in stroke survivors, highlight the need
for targeted interventions addressing lateral stability during transitions such as GI and
intersegmental coordination during complex tasks [17]. The inability to effectively adjust
to dynamic postural demands often results in compensatory motor strategies that, while
stabilizing in the short term, limit flexibility and increase the risk of falls and functional
limitations [20].

Rehabilitation based on linear approaches, traditionally aimed to reduce instability
or variability, play a key role in addressing immediate biomechanical impairments. These
methods, which focus on minimizing CoP displacement, improving joint ROM, or in-
creasing muscle strength, are effective for stabilizing the postural system [4,18,177,178].
However, their limitations become apparent when dealing with dynamic, real-world de-
mands, as they may inadvertently reinforce rigid motor patterns [6,104,179].

In contrast, the intervention based on a non-linear approach emphasizes adaptability
and flexibility, which are essential for functional recovery [13]. These methods capture the
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dynamic organization of PC by promoting variability within functional limits, addressing
the constrained dynamic range and impaired neuromuscular coordination commonly ob-
served in stroke survivors. Rooted in dynamic systems theory, this approach considers
movement and PC as emergent properties arising from interactions between the individual,
task, and environment [6,44]. By targeting the interdependence of sensory, motor, and
cognitive subsystems, these interventions focus on system-wide complexity and adapt-
ability rather than isolated deficits [44]. It fosters long-term resilience, enabling the motor
system to effectively respond to dynamic and unpredictable environments, instead of
merely optimizing performance under static or controlled conditions [6,180].

By integrating linear and non-linear approaches, clinicians can create a comprehensive
framework for intervention. Linear strategies are essential for addressing immediate
biomechanical impairments, while non-linear methods target the adaptability and flexibility
required for functional recovery. Together, these complementary approaches provide
a robust foundation for improving both stability and adaptability in stroke survivors,
supporting long-term functional outcomes [44].

4.5. Limitations and Future Directions

This study has specific limitations that should be considered when interpreting the
findings. First, the small convenience sample may limit the generalizability of findings to
the broader stroke population. Second, the cross-sectional design prevents causal inferences
regarding the relationship between observed differences and PC impairments. Longitudinal
studies are needed to examine the progression of these impairments and the effects of
targeted rehabilitation interventions.

The MSE analysis, while methodologically robust, was limited to two scales due
to constraints in data length (66 samples per trial at 100 Hz). This approach allowed
a reliable estimation of entropy while maintaining data integrity, but may have missed
broader multiscale dynamics. Future studies with higher sampling rates and longer time
series should explore higher scales to provide a more comprehensive analysis of system
complexity over longer time intervals.

Although both linear and non-linear measures were used, the absence of neurophysi-
ological data (e.g., muscle activation or cortical activity) limits the understanding of the
mechanisms underlying motor control strategies. This study focused on biomechanical com-
plexity and variability, and while this provides crucial insights, future research integrating
neurophysiological data (e.g., electromyography and electroencephalography) could offer a
more holistic perspective on postural control dysfunctions and neuromuscular adaptations.

Additionally, although clinical assessments such as the Mini-BESTest were included for
participant characterization, correlation analyses between clinical measures and biomechan-
ical data were not performed due to the relatively small sample size. Future research should
explore these relationships to strengthen the translational impact of biomechanical findings.

Future directions include conducting longitudinal studies to assess the progression of
impairments and the effectiveness of interventions, expanding analyses to other functional
tasks (e.g., sit-to-stand), and exploring dynamic conditions such as dual tasks or unpre-
dictable environments. Multivariate analyses could further clarify how kinematic variables
influence CoP variability, while correlating clinical assessments with biomechanical mea-
sures could enhance translational applications. Additionally, principal component analysis
(PCA) could be useful for simplifying complex datasets and identifying compensatory
mechanisms in post-stroke individuals.
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5. Conclusions

This study analyzed the complexity and variability of postural control in post-stroke in-
dividuals during the feedforward phase of gait initiation, integrating linear and non-linear
measures of CoP dynamics and joint amplitude variations. Stroke survivors demonstrated
increased CoP displacement, reduced velocity, reflecting instability, and diminished adapt-
ability, as highlighted by the reduced complexity in non-linear measures. Augmented
joint amplitudes across all planes, particularly sagittal and transverse, revealed inefficient
compensatory mechanisms that disrupt coordination.

These findings underscore the dual challenges faced by stroke survivors: instability
and reduced adaptability, driven by impaired motor control strategies. Targeted rehabil-
itation interventions should address these deficits, enhancing stability, adaptability, and
overall movement efficiency to improve functional independence and reduce fall risk.
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Abbreviations

The following abbreviations are used in this manuscript:

ABD Abduction
AD Adduction
AMP Amplitude
AP Anteroposterior
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APAs Anticipatory postural adjustments
AV Anteversion
AVC Cerebrovascular accident
BMI Body mass index
CCL Contralesional left
C FuzzyEn Cross fuzzy entropy
CI Complexity Index
CIFI2D Centre for Research, Training, Innovation, and Intervention in Sport
CIR Centre for Rehabilitation Research
CLR Contralesional right
CNS Central nervous system
COM Centre of mass
CoP Centre of pressure
CRS Corticoreticular systems
CSS Corticospinal systems
DISP Displacement
DF Dorsiflexion
EPAs Early postural adjustments
ER External rotation
EV Eversion
EXT Extension
FLE Flexion
FMA-LE Fugl-Meyer assessment of sensorimotor recovery after stroke—lower extremity
GI Gait initiation
H2M Health and Human Movement Unit
IPAQ-SF International Physical Activity Questionnaire—short form
IPSN Instituto Politécnico de Saúde do Norte
IR Internal rotation
ITC Item total correlation
IV Inversion
LABIOMEP Porto Biomechanics Laboratory
LE_FM Fugl–Meyer assessment—lower extremity
LL Lower limb
LR Left rotation
LT Left tilt
LyE Largest Lyapunov exponent
M Mean
m Metres
MCA Middle cerebral artery
MDISP Mean displacement
ML Mediolateral
MMSE Mini mental state examination
MSE Multiscale entropy
MVC Maximal voluntary contraction
MVEL Mean velocity
NIHSS National Institutes of Health Stroke Scale
PC Postural control
PCA Principal component analysis
PF Plantar flexion
POS Position
RD Radial deviation
ROM Range of motion
RR Right rotation
RT Right tilt
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RV Retroversion
SampEn Sample entropy
S Scale
SD Standard deviation
SEM Standard error of measurement
SMA Supplementary motor area
SPSS Statistical Package for Social Science
StL Stance limb
SwL Swing limb
TDISP Total displacement
TUG Timed Up and Go
UD Ulnar deviation
UL Upper limb
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125. Hadamus, A.; Błażkiewicz, M.; Kowalska, A.J.; Wydra, K.T.; Grabowicz, M.; Łukowicz, M.; Białoszewski, D.; Marczyński, W.
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