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Older adults and individuals

with Parkinson’s disease control
posture along suborthogonal
directions that deviate

from the traditional
anteroposterior and mediolateral
directions

Madhur Mangalam®*, Damian G. Kelty-Stephen?, Ivan Seleznov?, Anton Popov*>,
Aaron D. Likens?, Ken Kiyono®® & Nick Stergiou®.”:8

A rich and complex temporal structure of variability in postural sway characterizes healthy and
adaptable postural control. However, neurodegenerative disorders such as Parkinson’s disease,
which often manifest as tremors, rigidity, and bradykinesia, disrupt this healthy variability. This study
examined postural sway in young and older adults, including individuals with Parkinson’s disease,
under different upright standing conditions to investigate the potential connection between the
temporal structure of variability in postural sway and Parkinsonism. A novel and innovative method
called oriented fractal scaling component analysis was employed. This method involves decomposing
the two-dimensional center of pressure (CoP) planar trajectories to pinpoint the directions associated
with minimal and maximal temporal correlations in postural sway. As a result, it facilitates a
comprehensive assessment of the directional characteristics within the temporal structure of sway
variability. The results demonstrated that healthy young adults control posture along two orthogonal
directions closely aligned with the traditional anatomical anteroposterior (AP) and mediolateral

(ML) axes. In contrast, older adults and individuals with Parkinson’s disease controlled posture along
suborthogonal directions that significantly deviate from the AP and ML axes. These findings suggest
that the altered temporal structure of sway variability is evident in individuals with Parkinson’s disease
and underlies postural deficits, surpassing what can be explained solely by the natural aging process.

Parkinson’s disease is a progressive neurodegenerative condition of the dopaminergic pathways that manifest as
resting tremors, rigidity, and bradykinesia' . Individuals with Parkinson’s disease also commonly experience
issues with posture, specifically with orientation (i.e., maintaining proper alignment with gravity) and
stabilization or maintaining a balance against external forces®~. The difficulties in orientating relative to gravity
may be caused by rigidity, which often starts in the limbs but can also affect the trunk and neck. The problems
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with stabilization, primarily due to tremors typically emerging later in the disease progression and bradykinesia,
can result in postural instability even during simple upright standing®. Although individuals with Parkinson’s
disease tend to lean forward while standing upright, they are highly susceptible to falling backward even under
minimally destabilizing conditions—a phenomenon referred to as “retropulsion”!®!!. Retropulsion occurs partly
due to axial rigidity and poor trunk coordination, which impair patients’ stability when faced with backward
force. Individuals with Parkinson’s disease demonstrate a narrower margin of stability when sustaining an upright
standing position compared to age-matched healthy adults; this measurement stands out as a widely accepted
and objective gauge of dynamic stability’% This diminished stability is evident irrespective of whether the person
assumes a narrow or wide stance'”. This postural instability also hampers their ability to transition between
different postures'*'>. Due to this postural instability, individuals with Parkinson’s disease face an increased risk
of falls and injuries, significantly impeding their mobility, independence, and quality of life'"!%'7.

Mounting evidence underscores the intricate nature of Parkinson’s disease pathophysiology, surpassing the
confines of the dopaminergic system. Non-dopaminergic systems, specifically neurotransmitter pathways like
cholinergic'®%’, noradrenergic?"*?, and serotoninergic*~?, are increasingly acknowledged for their pivotal
role in disrupting postural control mechanisms. Viewing Parkinson’s disease through the lens of accelerated
aging®®? introduces a nuanced perspective. It is essential to note, however, that although aging is typically
linked to neuronal loss, particularly in regions like the substantia nigra*®**, the mechanisms and expression
patterns of neuronal decline in Parkinson’s disease (primarily characterized by synucleinopathy®*-*?) diverge
significantly from those observed in normal aging. Nevertheless, the impact of aging on these neuronal pathways
may still play a role in exacerbating postural deficits among individuals grappling with Parkinson’s disease.
Consequently, recognizing these non-dopaminergic contributions adds layers of intricacy to our comprehension
of the pathophysiological landscape of postural control impairment in Parkinson’s disease, setting the stage for
exhaustive investigations and targeted therapeutic interventions.

In the present study, we employ the theoretical footing of the optimal movement variability hypothesis,
which has proposed that a healthy and adaptable postural control system is characterized by a complex but
organized temporal structure in postural sway variability®*~*>. However, as individuals age or experience
neurological diseases, their postural systems become compromised. In such cases, postural sway may exhibit
either consistent variations over time, leading to stiff and highly predictable behavior, or dissimilar and random
variations, resulting in erratic and unfocused behavior***%. Conversely, a healthy and highly adaptable postural
system displays optimal postural sway variability. Growing evidence suggests that individuals with Parkinson’s
disease exhibit a highly predictable temporal structure of postural sway compared to healthy controls, indicating
reduced flexibility**~*!. Notably, it is well-established that individuals with Parkinson’s disease cannot respond to
destabilizing forces along the AP axis; their stance width influences this capacity'>*2. Furthermore, individuals
who experience freezing of gait demonstrate adequate postural control and sensory integration abilities when
maintaining a stable posture. However, they exhibit impaired postural control along the AP axis when they
voluntarily shift their weight*’. Conversely, during sit-to-stand transitions and obstacle crossing, they display
increased postural instability along the ML axis****. While previous research has primarily focused on quantifying
the magnitude of postural sway and assessing it individually along the AP and ML axes, these findings suggest
that the direction in which reduced flexibility in stabilizing posture manifests in individuals with Parkinson’s
disease is task-specific. Therefore, a deeper exploration of postural sway that examines its temporal structure
of variability along the actual directions involved in postural control can provide a better understanding of the
sources of these postural deficits**-,

Traditionally, analyzing human postural sway involves studying the 2D planar trajectory of the postural
center of pressure (CoP), which typically exhibits characteristics of fractional Brownian motion (fBm)3"%2.
In this context, fBm is a statistical model that characterizes the CoP trajectory, with its sample-to-sample
fluctuations adhering to fractional Gaussian noise (fGn). The strength of these temporal correlations in CoP
fluctuations is quantified using a fractal scaling exponent called the Hurst exponent, fGn>*~°. A substantial body
of empirical evidence solidly establishes the significant role of the variability of fractal scaling in diverse postural
adaptations*®-°. This perspective gains theoretical validation as well. It is acknowledged that the intermittent
controller skillfully choreographs unique sway patterns via a cyclical process®. This process emerges from the
intricate dance between deliberate, slow movements tracing the stable manifold of an upright equilibrium
resembling a saddle and the spiraling motions that take us away from this central point. Remarkably, by artfully
blending these two unstable regimes, a remarkable degree of dynamic stability can be attained*®. Crucially, this
mode of postural control hinges on the asymmetric distribution of fractal scaling, quantifying the strength of
these temporal correlations between these two directions. For instance, postural sway exhibits larger fractal
scaling along the AP axis and smaller scaling exponent along the ML axis®>*”>%, implying more active (feedback
based) and passive (feedforward based) control strategies along the AP and ML axes, respectively. Thus, postural
control appears to strategically allocate its temporal variability across the AP and ML axes, mirroring its approach
to simpler, time-insensitive variability>’.

In this traditional model of analyzing human postural sway, the CoP planar trajectory is projected onto
orthogonal directions along the AP and ML axes to facilitate this analysis. This projection assumes that postural
control primarily occurs along these two anatomical axes, drawing inspiration from the inverted pendulum
model. According to this model, the body rotates around one or more “hinges” aligned in the AP axis®-%2. This
conception of postural control faces a formidable challenge, as sway proves to be more flexible and fluid than
our initial expectations suggested®®. While the AP and ML axes are vital measurements derived from the force
plate, relying solely on stability parameters along the AP and ML axes may erroneously create the impression
that those orientations universally apply to every individual®*®. To maintain postural balance, continuous and
comprehensive integration of motor control in multiple directions is essential®%%. While previous studies have
employed multi-directional protocols to investigate postural control in healthy adults®®*°-”* and individuals with
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Parkinson’s disease!>’%, the interpretation of these data has predominantly adhered to the anatomical AP and ML

axes. For example, the sway directional index, employed to quantify postural sway’s directional characteristics,
calculates the path length ratio along either the AP or ML axis to the total path length®*”°. An experimental
approach delves into postural sway along the AP and ML axes in response to surface translations occurring at
oblique angles to these axes'. This conventional approach arises from practical considerations driven by the
output provided by force platforms, adherence to anatomical conventions, and the simplification inherent in
inverted pendulum models. However, this prevalent methodological choice warrants critical consideration as
it may oversimplify the intricate nature of postural control dynamics, potentially limiting our comprehensive
understanding of the underlying mechanisms involved.

We propose that the spatial distribution of sway variability could serve as a valuable lens to discern dispari-
ties in postural control, particularly when distinguishing individuals with Parkinson’s disease from older adults.
We can break free from strict rules like AP vs. ML axis and right angles to better understand postural control.
Instead, we can look at the angles and directions between the smallest and largest fractal scaling patterns.
This helps us tell the difference between strong and not-so-strong postural control. This innovative approach
employs oriented fractal scaling component analysis (OFSCA)—a novel analytical technique—that decomposes
two-dimensional trajectories into the directions corresponding to the most active and passive control’®. This
individualized portrayal of postural control was then applied to a comprehensive analysis of two publicly avail-
able postural sway datasets featuring three distinct groups: healthy young adults, older adults, and individuals
with Parkinson’s disease, both with and without Levodopa medication’”’%. The participants’ balance was assessed
across four conditions of upright standing, including motionless standing for 30 s on a stable surface with both
eyes open and closed and on an unstable surface under similar vision conditions. Our primary objective was to
investigate the impact of Parkinson’s disease on the directional characteristics of posture sway. We hypothesized
that individuals with Parkinson’s disease would exhibit altered directional postural sway characteristics compared
to healthy young adults. Considering Parkinson’s disease as a form of accelerated aging®®?’, we also anticipated
similar but less severe changes in the directional characteristics of postural sway in older adults. Building on the
principles of optimal movement variability, our secondary hypothesis focused on the critical role of an optimal
spatiotemporal structure of postural sway in maintaining postural stability. Consequently, we expected that
changes in the temporal structure of variability in postural sway would predict alterations in the directional
characteristics of postural sway within those populations.

Results

The OFSCA method”® was employed to investigate the autocorrelation properties of 2D CoP planar trajectories
in 32 Parkinson’s patients (M = SD age: 66 £ 10 years; 8 women) in both off-medication and on-medication
conditions, 22 healthy older adults (67 £ 8 years; 11 women), and 27 healthy younger adults (28 & 5 years; 12
women) in four different postural conditions: standing on a rigid surface with eyes open, standing on a rigid
surface with eyes closed, standing on an unstable surface with eyes open, and standing on an unstable surface
with eyes closed.

An overview of the oriented fractal scaling component analysis (OFSCA)

The OFSCA method assesses the angle-dependent scaling properties within trajectories through a sophisticated
technique known as higher-order detrended moving average (DMA) analysis, specifically DDMA. While we
offer an in-depth exposition of the OFSCA method within our “Methods” section, complete with an illustrative
simulation employing a 2D fractional Brownian motion trajectory, allow us to provide a concise overview of this
analysis. Within the domain of 2D planar postural CoP trajectories, our prevailing model is built upon two pivotal
assumptions. Initially, we assert that a 2D CoP planar trajectory can be exhaustively characterized by two distinct
sample paths of fractional Brownian motion (fBm). By the same token, fluctuations in a 2D CoP planar trajectory
can be exhaustively characterized by two distinct sample paths of fractional Gaussian noise (fGn). Subsequently,
we posit that these two components exist in perpetual orthogonality, implying that the scaling characteristics of
each angular component remain steadfast and immune to rotational transformations. It is noteworthy, however,
that this presumption of isotropy may be a more infrequent occurrence rather than a ubiquitous phenomenon, as
the natural, planar postural sway trajectories may not consistently demonstrate isotropic behavior. In essence, this
signifies that the fluctuations exhibit a spatial distribution of temporal correlations, and the directions showcasing
the most robust temporal correlations delineate the axes along which posture control exerts its influence. This is
vividly illustrated by the trajectories €] and €; at angles 0; and 0, respectively, relative to the horizontal reference
direction in Fig. 1a.

To unveil the intrinsic patterns within the original trajectories €; and €, from the observed 2D planar trajec-
tory (in this case, represented by the f{Gn), the OFSCA procedure initiates by a transformation of the observed 2D
trajectory. It extends this trajectory into a comprehensive set encompassing all angles within the range 0 < 6 < m,
vividly depicted in Fig. 1b. Following this transformation, the DDMA analysis comes into play, measuring the
strength of temporal correlations embedded within these expanded trajectories along each angle. Within this
context, the directions associated with the maximal and minimal strengths of temporal correlations, conveniently
labeled as H; and H, within Fig. 1c, are then isolated. Detecting the original components requires identifying
the directions corresponding to these scaling exponents’ maximum and minimum values, denoted as 6,4 and
Omin. Remarkably, these values are consistently orthogonal to the original orientations of the components, as
demonstrated in Fig. 1d. Ultimately, the orientations of H; and H; are used to reconstruct the actual 2D planar
trajectory comprising of €; and €, and the corresponding directions, as depicted in Fig. le.
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Figure 1. Principle illustration of the orientation detection of angle-dependent temporally correlated
components {61 [i]} and {ez[i]} in the (x(l), x(z)) plane. The premise of the OFSCA is that the observed 2D
planar CoP trajectory displays spatially distributed temporal correlations. The directions with the largest
temporal correlations define the axes of influence for posture control, exemplified by trajectories €; and € at
angles 0; and 0, relative to the horizontal reference direction (a). To unveil the inherent patterns within the
initial trajectories €; and €, derived from the observed 2D planar trajectory—represented in this instance as
fractional Gaussian noise, {Gn—the OFSCA procedure commences with a transformation of the observed

2D trajectory. (b). This transformation expands the trajectory to encompass a comprehensive set spanning all
angles within 0 < 6 < 7. Subsequently, the DDMA analysis is employed to gauge the strength of temporal
correlations in these extended trajectories across each angle (c). The directions associated with the maximum
and minimum strengths of temporal correlations H; and H; are obtained within this framework. Identifying the
original components entails pinpointing the directions corresponding to these scaling exponents’ maximum and
minimum values, designated as 6,4, and 0, respectively. Notably, these values consistently run orthogonal to
the original orientations of the components (d). Ultimately, the orientations of H; and H; are used to reconstruct
the actual 2D planar trajectory comprising €1 and €, (e).

Directional variability in postural control across age and Parkinson’s disease
The plots depicted in Figs. 2, 3, 4, and 5 represent the orientation decomposition of the CoP trajectory of a healthy
young adult, older adult, individuals with Parkinson’s disease off medication, and individuals with Parkinson’s
disease on medication, maintaining an upright balance on an unstable surface with eyes closed. This particular
postural condition was deliberately chosen as it presented the most challenging task, expected to result in the
most pronounced anisotropy in postural sway. In other words, the selected posture was expected to lead to the
most noticeable directional differences in the individual’s swaying pattern. We evaluated the angle dependence
of F® (5) for the original CoP trajectory (Figs. 2a, 3a, 4a, 5a) over the range of 0 < 6 < 7 in increments of /179
rad, specifically indicating the spatial distribution of temporal correlations (Figs. 2b,c, 3b,c, 4b,c, 5b,c). We set
the scaling range 1.2 < log;, 5 < 2.5 (from 0.16 to 3.2 s) and estimated the slopes of linear regressions (Figs. 2d,
3d, 4d, 5d) to find two representative orientations.

In the healthy adult maintaining balance on an unstable surface with eyes closed, the minimum and maximum

slopes were observed at émin = 88°and émux = 9°, respectively (Fig. 2d). This yielded estimated orientations of
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Figure 2. Orientation decomposition of the CoP trajectory of a representative younger adult maintaining
an upright balance on an unstable surface with eyes closed. (a) CoP along the anatomical AP and ML axes.

(b) 6-dependent heterogeneity in CoP fluctuations, indicated by the angle dependence of log(lf)) FO3)vs.
log,, S, where 5 ~ 5/1.93 in the second order DDMA. (c) 6-dependence of the local slopes of log%) FO3)vs.

log,, 5, indicating the spatial distribution of temporal correlations. (d) 6-dependence of the slope in the range
of1.2 < log;, S < 2.5. (e) Reconstructed CoP along the original directions of postural control, €, [i], é,[i]. (f)
Fluctuation functions of CoP along the original directions of postural control, é; with 6; = 178° and €, with
6, = 96°.

0, = 178°and 6, = 96°. The scaling behaviors of the reconstructed original components €;[i] and é;[i] exhibited
a nontrivial difference (Fig. 2d-f). A crossover point around log,, 5§ = 1.2 was observed in both components €1
and €2 (Fig. 2f). In the scaling range 1.2 < § < 2.5, the scaling exponent H = 1.05 for the orientation €; suggests
high levels of complexity and predictability in postural sway. The extracted CoP component possesses the 1/f
pink noise characteristics, reflecting the complexity and hierarchical organization of the underlying control
mechanisms. Likewise, the H = 0.81 for the orientation €, indicates less predictable postural sway. Finally, the
€, orientation was close to the ML axis, and the €; orientation was close to the AP axis, suggestive of healthy
planar control of posture.

In the older adult maintaining balance on an unstable surface with eyes closed, the minimum and maximum
slopes were observed at émm = 108°and émax = 8°, respectively (Fig. 3d). This yielded estimated orientations of
él = 14°and éz = 98°. The scaling behaviors of the reconstructed original components €;[i]and é,[i] exhibited
a noteworthy difference (Fig. 3d-f). In the scaling range 1.2 <5 < 2.5, the scaling exponent H = 1.25 for the
orientation €; suggests intact control along the major direction of control. In contrast, the scaling exponent
H = 0.86 for the orientation é; indicates a loss of temporal correlations along the minor direction of control.
The €, and €, orientations deviated significantly from the AP and ML axes, with a suborthogonal orientation
relative to each other, suggestive of altered postural control in this older adult. In short, this older adult showed
anisotropy in postural control compared to the healthy young adult discussed above.

In the individual with Parkinson’s disease off medication maintaining balance on an unstable surface with eyes
closed, the minimum and maximum slopes were observed at ém,-,, = 134°and émax = 25° respectively (Fig. 4d).
This yielded estimated orientations of 6; = 44° and 6, = 115°. In the scaling range 1.2 < § < 2.5, the scaling
behaviors of the reconstructed original components €;[i]and é;[i] exhibited a nontrivial difference (Fig. 4e,f). The
estimated minimum and maximum slopes of 0.61 and 0.87 indicate a considerable loss of temporal correlations
due to the loss of coordinated control activity along both directions. The €; orientation was suborthogonal to the
€, orientation and deviated considerably from the ML axis. In short, this individual with Parkinson’s disease also
showed anisotropy in postural control and a greater loss of temporal correlations in postural sway.

In the same individual with Parkinson’s disease on medication, the minimum and maximum slopes were
observed at émm = 142° and émax = 23°, respectively (Fig. 5d). This yielded estimated orientations of 9 = 52°
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Figure 3. Orientation decomposition of the CoP trajectory of a representative healthy older adult maintaining
an upright balance on an unstable surface with closed eyes. (a) CoP along the anatomical AP and ML axes.

(b) 6-dependent heterogeneity in CoP fluctuations, indicated by the angle dependence of log(lf)) FO3)vs.
log,, S, where 5 ~ 5/1.93 in the second order DDMA. (c) 6-dependence of the local slopes of log%) FO3)vs.

log,, 5, indicating the spatial distribution of temporal correlations. (d) 6-dependence of the slope in the range
of1.2 < log;, S < 2.5. (e) Reconstructed CoP along the original directions of postural control, € [i], é,[i]. (f)
Fluctuation functions of CoP along the original directions of postural control, €; with 6; = 14° and &, with
6, = 98°.

and 6, = 113°. The scaling behaviors of the reconstructed original components €; [i] and é,[i] exhibit a nontrivial
difference (Fig. 5e,f). The estimated minimum and maximum slopes of 0.51 and 0.78 indicate a considerable loss
of temporal correlations along both directions. Again, the €; orientation was suborthogonal to the €, orientation
and deviated considerably from the ML axis. In short, this individual with Parkinson’s disease also showed ani-
sotropy in postural control and a greater loss of temporal correlations in postural sway. The Levodopa treatment
achieved no gains in postural control in this individual with Parkinson’s disease.

Older adults and individuals with Parkinson’s control posture along suborthogonal directions
that deviate from the traditional anteroposterior and mediolateral directions

The linear mixed-effect model (described in Statistical Analysis) returned coefficients for each covariate
indicating the average change in A0 associated with group membership in class variable values or a unit
increase in the B corresponding continuous variable. Each coeflicient had a corresponding standard error SE
indicating the variation around the associated average change in A9; we report the estimated coefficients from
the linear mixed-effect model in what follows in the form “B =+ SE” and noting, in parentheses, the corresponding
t-statistic, which is equal to B/SE as well as the p-value estimate according to Satterthwaite’s method. At the
group level (Table 1, Fig. 6), the eyes closed condition reduced Af by 3.762 £ 1.650° (t = —2.280, p = 0.023),
and the unstable postural condition reduced A9 by 6.449 4 1.698° (t = —3.779, p = 1.512 x 10™*). Compared
to healthy young adults, older adults showed a reduction in A6 by 6.308 £ 3.025° (t = —2.085, p = 0.038), and
individuals with Parkinson’s disease showed thrice the magnitude of reduction in A6 than did older adults, that
is, by 20.776 £+ 2.756° (t = —7.537,p = 1.180 X 10~12). This threefold excess of A6 in the Parkinson’s disease
group above and beyond the healthy older adult group indicates that individuals with Parkinson’s disease exhibit
altered suborthogonal axes of postural control beyond that predictable from healthy aging. To stress this point,
we note that the increase in A6 with Parkinson’s is almost five standard errors greater than for the healthy older
adults. Levodopa medication did not help restore healthy postural control in individuals with Parkinson’s disease
who went to show comparable distortion of postural control compared to healthy young adults: 18.652 4 2.773°
(t = —6.727,p = 1.390 x 107'9). Interestingly, the observed divergence in outcomes based on diagnosis might
have been substantial enough to overshadow the impact of task sensitivity. Notably, closing eyes did not yield
any discernible effects for any participants, and individuals with Parkinson’s disease exhibited no response to
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Figure 4. Orientation decomposition of the CoP trajectory of a representative individual with Parkinson’s
disease off medication maintaining an upright balance on an unstable surface with eyes closed. (a) CoP along
the anatomical AP and ML axes. (b) 6-dependent heterogeneity in CoP fluctuations, indicated by the angle
dependence of log%) F® (5)vs. logy, 5, where 5 ~ 5/1.93 in the second order DDMA. (c) #-dependence of

0)

the local slopes of logio F© (5) vs. logy, 5, indicating the spatial distribution of temporal correlations. (d) 6

-dependence of the slope in the range of 1.2 < log;, 5§ < 2.5. (e) Reconstructed CoP along the original directions
of postural control, €;[i], é2[i]. (f) Fluctuation functions of CoP along the original directions of postural control,

¢, with §; = 44° and &, with §, = 115°.

experimental destabilization, exemplified by standing on foam blocks. However, it is noteworthy that older
adults without a diagnosis displayed a significant reduction in A8 of —5.092 £ 2.465° (t = —2.066, p = 0.040),
surpassing the magnitude observed in younger adults but still aligning with the same directional trend. This
moderate reduction in older adults, in contrast to the absence of such an effect in individuals with Parkinson’s
disease, may suggest a strategic adaptation in postural control. Specifically, the substantial decrease in A9
under stable conditions could be deemed maladaptive for maintaining stability. Paradoxically, this pronounced
reduction in baseline values might create a narrower scope for adaptive, smaller decreases in A among healthy
older adults.

Notably, across all participant groups—healthy young and older adults and individuals with Parkinson’s disease
on and off medication, the reduction in Af depended on the strength of temporal correlations along the two direc-
tions (H; and H, respectively). An increase in H, was associated with an increase in A8 (t = 2.702, p = 0.007). In
contrast, an increase in Hj was associated with a reduction in A (t = —3.997,p = 6.780 x 1079). Importantly,
we found no interaction effects of H, and H; with aging and Parkinsonism, further confirming that the change
in the temporal structure of postural variability moderated the observed changes in Af. Regardless of aging or
Parkinsonism, the inherent spatial variability in temporal correlations within postural control suggests potential
implications for the spatial arrangement of suborthogonal axes in the postural control system. In summary, the
loss of temporal structure in postural variability shaped the supposedly suborthogonal directional characteristics
of postural control in older adults and individuals with Parkinson’s disease.

Discussion

This study aimed to understand the directional characteristics of postural instability in individuals with
Parkinson’s disease. We questioned the assumption that measuring postural control in the AP and ML axes
provides sufficient information on the directional aspects of the subject’s stability. Presenting these values can
create the impression that the directions are relevant to the subject’s instability, even though they provide no
insight into the specific direction of instability. To address this issue, we studied the directional characteristics
of the postural CoP using the OFSCA method’®. The OFSCA technique allowed us to dissect the two distinct
components of 2D CoP planar trajectories distinguished by their varying temporal correlations while pinpointing
the characteristic directions associated with each. The OFSCA first projected a 2D CoP planar trajectory across
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Figure 5. Orientation decomposition of the CoP trajectory of a representative individual with Parkinson’s
disease on medication maintaining an upright balance on an unstable surface with eyes closed. (a) CoP along
the anatomical AP and ML axes. (b) 6-dependent heterogeneity in CoP fluctuations, indicated by the angle
dependence of logﬁ%) F® (5)vs. logy, 5, where 5 ~ 5/1.93 in the second order DDMA. (c) f-dependence of
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the local slopes of logio F© (5) vs. logy, 5, indicating the spatial distribution of temporal correlations. (d) 6

-dependence of the slope in the range of 1.2 < log;, 5§ < 2.5. (e) Reconstructed CoP along the original directions
of postural control, €;[i], €2[i]. (f) Fluctuation functions of CoP along the original directions of postural control,

A

¢, with §; = 52°and & with §, = 113°.

Factor B+SE t P

(Intercept) 88.292 4 3.762 23472 | < 2.000 x 10716
GroupOA —6.308 & 3.025 —2.085 | 0.038
GroupPN —20.776 £2.756 | —7.537 |1.180 x 1012
GroupPM —18.652+£2.773 | —6.727 |1.390 x 1010
EyesClosed —3.762+£1.650 | —2.280 |0.023
Unstable —6.449 1 1.698 —3.799 |1.520 x 107*
H; —13.601 £ 3.403 | —3.997 |6.780 x 10>
H, 10.579 £+ 3.916 2.702 0.007
GroupOA:EyesClosed | 0.154 + 2.462 0.063 0.950
GroupPN:EyesClosed | —1.3324£2.240 | —0.595 | 0.552
GroupPM:Eyesclosed —2.137+£2.243 | —0.953 | 0.341
GroupOA:Unstable —5.092 +2.465 | —2.066 |0.040
GroupPN:Unstable 2.219 4 2.240 0.991 0.322
GroupPM:Unstable 1.015 £ 2.243 0.452 0.651

Table 1. Outcomes of the LME examining the influence of group and postural conditions on A#. Fitted
model: A ~ Group x (EyesClosed + Unstable) + H; + H, + (1|Participant). OA older adults, PN/PM
individuals with Parkinson’s disease, off Levodopa/on Levodopa.

various angles, subsequently estimating the scaling exponents inherent in the resulting time series and detecting
the original components involved, identifying that these scaling exponents’ maximum and minimum values
are invariably orthogonal to the components’ original orientations. We found that healthy young adults control

Scientific Reports |

(2024) 14:4117 | https://doi.org/10.1038/s41598-024-54583-y nature portfolio



www.nature.com/scientificreports/

©
S

I

R

-
ot
1
|

A0 [
f=23
(=]

30

15

Young adults Older adults Parkinson’s off-med Parkinson’s on-med
(n = 27) (n =22) (n = 32) (n = 32)

Figure 6. The relative orientation of the major and minor axes of postural control, A0 = él ~ éz, for each
group and postural condition. Horizontal bars indicate group mean, and white circles indicate group median.
SEC stable, eyes closed, UEO unstable, eyes open, UEC unstable, eyes closed.

posture along two orthogonal directions, closely aligned with the traditional anatomical AP and ML axes. In
contrast, older adults and individuals with Parkinson’s disease control posture along suborthogonal directions
that significantly deviate from the AP and ML axes. Moreover, changes in the temporal structure of variability
in postural sway predict changes in the directional characteristics of the temporal structure of variability. These
results indicate a close relationship between Parkinsonism and changed temporal structure of variability in
postural sway, which may explain postural abnormalities beyond what can be accounted for by age alone.

Relaxing commitment to orthogonal AP- and ML-directionality reveals novel information
about postural control in individuals with Parkinson’s disease

The present work uncovers Parkinson’s disease-related differences in postural control that emerge when we move
away from strict adherence to orthogonal AP- and ML-directionality. Previous studies on postural asymmetry
in Parkinson’s disease have primarily examined the theoretical significance of AP and ML axes, often assuming
orthogonality implicitly’®-!. For instance, one hypothesis posits that increased ML activity observed in indi-
viduals with Parkinson’s disease reflects their effort to compensate for impaired movements along the AP axis,
maintaining stability during quiet standing®!. Alternatively, it has been suggested that individuals with Parkinson’s
disease experience more pronounced impairments in lateral postural stability due to the basal ganglia’s pivotal
role in trunk coordination. While lateral stability predominantly depends on hip and trunk control, AP stability
primarily involves ankle control”#’. Our present findings introduce nuances to this understanding of postural
deficits in Parkinson’s disease, unveiling a distinct alteration in the directional characteristics of postural con-
trol. Specifically, the spatial distribution of fractal scaling exponents indicates that individuals with Parkinson’s
disease display suborthogonal postural control, deviating from the orthogonal postural control observed in
healthy young adults. This highlights distinctive postural control dynamics in Parkinson’s disease and suggests
amplification of age-related changes in control mechanisms, supporting the idea of Parkinson’s disease being
akin to accelerated aging®?-34. Notably, no significant effects were observed when closing the eyes or standing
on an unstable surface in relation to these directions, implying that these directional characteristics are more
influenced by an individual’s inherent model of postural control rather than specific task constraints, at least
regarding these two manipulations.

While most postural instability associated with Parkinson’s disease is evident during dynamic activities such
as walking, turning, or rising from a chair®*-%, our current investigation uniquely focuses on analyzing direc-
tional distortion in postural control exclusively during quiet standing. The ability to maintain postural control
in a standing position is foundational to the skill of walking. Without a stable standing posture, the fundamental
prerequisite for effective walking is compromised, highlighting the integral relationship between static postural
control and the subsequent dynamic act of walking. That being said, acknowledging the delimited scope of this
research, which concentrates solely on static postural conditions, is imperative. Furthermore, the employed
OFSCA method is not presently tailored to address the intricacies of directional control within more dynamic
tasks. Despite these inherent limitations, our primary objective is to refine and broaden this methodology to
encompass a more comprehensive array of dynamic tasks. Anticipating its enhancement, we envisage the OFSCA
method’s increased applicability for the meticulous examination of postural control in dynamic settings, not
only among individuals with Parkinson’s disease but also within the broader spectrum of movement disorders
affecting postural control.

The study’s most intriguing and significant contribution lies in examining temporal correlations as moderators
of suborthogonal postural control in older adults and individuals with Parkinson’s disease. Parkinson’s disease is
characterized by three primary symptoms: resting tremors, rigidity, and bradykinesia (slow movement)"**, all
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of which are linked to variability. Surprisingly, despite some exceptions, research has paid limited attention to
the temporal structure of this variability and its potential implications for specific deficits. The optimal move-
ment variability hypothesis, which posits that a healthy and adaptable system should exhibit a predictable and
intricate temporal structure in postural sway**-*°, offers valuable insights. It is reasonable to speculate that the
weakening of these temporal correlations contributes to the suboptimal postural control observed in individuals
with Parkinson’s disease. Indeed, our findings strongly suggest that the mechanisms for detecting and controlling
postural instability may diverge between individuals with Parkinson’s disease and their healthy counterparts.
This divergence becomes evident when examining the direction displaying the most pronounced temporal cor-
relations, which implies a diminished feedback mechanism for returning to the equilibrium point of posture.
Notably, individuals with Parkinson’s disease exhibit weaker temporal correlations in this direction than normal
controls, aligning with a more rigid control mechanism prevailing in Parkinson’s disease. In what follows, we
discuss the possible physiological basis of this rigidity.

Exploring the vestibular basis of suborthogonal postural control in aging and Parkinson’s
disease

The findings immediately raise a fundamental question: what underlies the sensorimotor deficits responsible
for suborthogonal postural control in older adults and individuals with Parkinson’s disease? We contend that
this suborthogonality may signify compensatory behavior or serve as a coping strategy for vestibulopathy—a
condition commonly associated with natural aging and Parkinson’s disease, and our assertion gains support from
the finding that closing eyes did not affect the directional control of posture. Early investigations into vestibular
function in Parkinson’s disease consistently revealed deficits in the vestibular contributions to postural control.
These studies encompassed examinations of the vestibular-ocular reflexes (VORs), which play a crucial role in
maintaining stability during actions involving continuous head and eye movements®-°!. Neurophysiological
research delving into posture and cervical vestibular-evoked myogenic potentials (c(VEMPs), a measure of elec-
tromagnetic potentials generated by neck muscles in response to sound stimulation, further corroborated these
findings®*~*°. Moreover, individuals with Parkinson’s disease also show abnormal visual perception of the vertical
in the upright position and less accurate perception of forward tilt when standing on a motion platform!%-1%,
further corroborating the presence of compromised vestibular function in individuals with Parkinson’s disease.
Furthermore, additional multimodal studies further support those findings and indicate that individuals with
Parkinson’s disease may encounter deficits in the integration of sensory information in the central nervous
system, including vestibular functioning'®*-11°.

Neurophysiological findings strongly suggest that the neuropathological impact of Parkinson’s disease extends
into the central vestibular system'!!. This extension is likely to compromise certain vestibular reflexes and influ-
ence autonomic, limbic system, and cortical pathways responsible for conveying vestibular information''>-!7.
Substantial evidence supports the presence of Parkinsonian neuropathological alterations within the vestibular
nucleus complex. Those alterations include the presence of Lewy bodies''é, reduced levels of nonphosphorylated
neurofilament, and an increase in lipofuscin''’. Also, there are indications of reduced cholinergic input to the
thalamus'", which is particularly intriguing in light of the observed decline in connectivity with the peduncu-
lopontine tegmental nucleus in Parkinson’s disease!!%. Notably, the pedunculopontine tegmental nucleus plays
a pivotal role as a primary source of cholinergic input. This nucleus houses vestibular-responsive neurons'® and
undergoes significant changes in the number of acetylcholine-containing neurons following bilateral vestibular
loss'™.

Postural instability stemming from compromised vestibular function in individuals diagnosed with Parkin-
son’s disease is a significant concern. This impairment results in distorted postural control, potentially influenc-
ing their directional stability and amplifying their vulnerability to falls'®!!. Notably, age-related degeneration of
vestibular function is a well-documented phenomenon in the context of healthy aging'**'?!. Additionally, older
adults who experience multiple non-syncopal falls often exhibit peripheral vestibular dysfunction, emphasizing
the relevance of this sensory system in maintaining balance and preventing falls among the elderly population'?.
Fractal properties in sensorimotor behavior serve as critical indicators of both impaired functional capacity and
the internal mechanisms that enable individuals to sustain performance despite external constraints'?*~>>. When
vestibular function is compromised, it can lead to a reduction in postural adaptability, characterized not only by
a decrease in fractal scaling but also by diminished suborthogonal control of posture in various directions'>-1%°,
This multifaceted impact underscores the intricate relationship between vestibular function, postural control,
and stability maintenance, with important implications for Parkinson’s disease and the aging population.

Postural deficits in aging and Parkinson’s disease: a unified understanding

Aging stands as the foremost peril in the realm of Parkinson’s disease®>!%, elevating the odds of its manifestation
in an individual'” and ensuring that those who grapple with Parkinson’s disease in their later years, face
intensified motor impairment, levodopa responsiveness, gait and postural deficits, and the looming specter
of dementia'®®. Remarkably, a tapestry of similarities weaves Parkinson’s disease and the natural aging process
together (reviewed by Rodriguez et al.?®). The discernible pattern of selective brain cell loss®* and accumulation
of a-synuclein protein'®’ characterizes aging and Parkinson’s disease alike. Furthermore, the very transformations
that define normal aging are implicated in the genesis of Parkinson’s disease, including heightened protein
aggregation'®’, augmented oxidative stress'*!, dwindling mitochondrial function'®?, proteasome dysfunction'®,
and impaired autophagy'*. Considering the parallels between the normal aging process and Parkinson’s disease,
a compelling argument emerges, proposing that Parkinson’s disease could be an inherent byproduct of the
aging process itself?. Our work reinforces this notion. We have uncovered that older adults and those grappling
with Parkinson’s disease exhibit posture control along non-traditional, suborthogonal axes, distinct from the
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conventional anteroposterior and mediolateral directions. Significantly, individuals with Parkinson’s disease
showcased a similar deficit, albeit to a more pronounced degree. The Parkinson’s disease group displays a threefold
surplus of A@ compared to the healthy older adult group, revealing distinct alterations in suborthogonal axes of
postural control beyond what can be attributed to normal aging. Emphasizing this distinction, it is noteworthy
that the rise in A6 among individuals with Parkinson’s is nearly five times the standard errors observed in
the healthy older adult group. One salient parameter intimately linked to falls in the elderly population is the
heightened variability in step width!**. Furthermore, this age-associated alteration in step width variability is
notably contingent upon the direction of motion. Notably, the anteroposterior dimension exhibits a significantly
greater degree of variability than the mediolateral dimension, a phenomenon also discernible within the context
of ambulation'**!*”. In light of our current findings, in conjunction with these observations, it becomes evident
that a common underlying factor may contribute to both postural instability and falls during walking in older
adults and individuals afflicted with Parkinson’s disease. This shared observation not only underscores the
potential for interventions aimed at retarding the aging process as a protective measure for neural health and
postural control in the management of Parkinson’s disease but also hints at the possibility that rehabilitation
strategies designed to ameliorate posture in older adults and individuals with Parkinson’s disease may have
overlapping foundations.

Moving beyond temporal variability: spatial (multi)fractality in postural control

This work points to future directions in elaborating multifractal characterization of postural control from a
temporal domain into a spatial domain. Crucially, most multifractal treatments of postural control rely on
recognizing that fractal scaling of postural control is not constant but fluctuates across time. The fBm-type
designation of postural sway reflects only an approximate description of the general tendency to show temporal
correlations beyond additive white Gaussian noise (awGn)'*. The body of empirical literature examining fractal
scaling in postural control has, on the contrary, revealed that fractal scaling could vary across time, yielding
“multiple” fractal-scaling patterns, that is, a diversity of fractal-scaling patterns so systematic as to warrant the
generalization to so-called “multifractal” formalisms. The variation of fractal scaling across time has long been
an important indicator of health estimable from postural fluctuations'?**14°, Nevertheless, now we see that it is
not just the variation across time of fractal scaling but also the variation of this temporal correlation across space
that could unlock new insights from measurable postural sway. Indeed, the initial attempts to examine postural
fluctuations solely along one or another orthogonal direction were just a first step—each of which is simply one
dimension at a time and never the entirety of the full-bodied postural system moving its center of pressure. With
the development of the OFSCA tool, we can generalize the multifractal framework to the two-dimensional plane
of CoP fluctuations. Indeed, previous research has already investigated fractal scaling as an expression of the two-
dimensional dispersion through a best-fitting ellipse of CoP positions (e.g.,'*!"'**). However, these prior methods
have been, in effect, statements about a spatial histogram of CoP positions frozen over time. The limitation of
such histogram-based methods is that CoP reflects a concerted flow of postural control mechanisms that shift
and migrate through the two dimensions from one equilibrium point to another*®. Multifractal generalization
of those spatial-histogram methods can, at minimum, estimate different fractal dimensions for different-sized
events, and such multifractal histogram treatments can reveal necessary signatures of time-evolving movement
coordination across two-dimensional support surfaces'**. The present work suggests there is yet further to learn
from imbuing these spatial methods with information about temporal correlation and its directionality. The
multifractal modeling of human movement variability may soon catch up with the multidimensional scope of
multifractal modeling in other empirical domains'*>.

Directional dependency of CoP trajectory in Parkinson’s disease

In summary, comprehending postural control in Parkinson’s disease demands a nuanced, multidimensional
approach considering individualized patient deficits and treatment responses. The therapeutic impact of levodopa
on posture can vary significantly among individuals, with some experiencing remarkable improvements while
others witness more modest or limited benefits. As the efficacy of levodopa diminishes over time due to disease
progression and motor complications, leading to a decreasing therapeutic response, continuous monitoring and
adaptive treatment strategies become imperative. Our investigation revealed notable limitations in levodopa’s
effects on planar posture control, a recognized notion in scientific literature!*¢-1*°. These findings underscore the
need for a personalized investigative approach that leverages temporal correlations and other factors to unravel
the complexities of postural coordination and address levodopa therapy’s limitations. Ongoing research and
exploration of novel interventions are paramount for optimizing the management of posture-related symptoms
in Parkinson’s disease, a goal our study actively contributes to. Postural instability is a pivotal feature of Parkin-
son’s disease, often culminating in falls, injuries, and substantial morbidity. Unfortunately, our understanding
of the root causes of this postural dyscontrol remains incomplete. While previous studies in individuals with
Parkinson’s disease primarily focused on measuring motor responses to external perturbations'>!4¢150-152 they
often present challenges and yield conflicting results due to individual variation. Our approach offers a more
effective avenue, allowing us to detect the original directions of postural instability resulting from dysfunction
in the neuromuscular mechanisms that sustain an upright posture. Significantly, we demonstrated its ability to
provide valuable insights into postural dyscontrol associated with Parkinson’s disease within 30 s of stabilography.
The consistent outcomes across various contexts, laboratories, and clinics, irrespective of changes in visual input
or postural difficulty, underscore our analysis’s high degree of reliability.
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Methods

Each patient gave informed written consent with full knowledge of the details. The ethics committee of the
Federal University of ABC, Brazil, approved the research, which followed the guidelines stated in the Declaration
of Helsinki. All data were fully anonymized before we accessed them.

Participants

We applied the oriented fractal scaling component analysis (OFSCA) to the postural CoP trajectory of 32 Par-
kinson’s patients (M = SD age: 66 £ 10 years; 8 women) in both on-medication and off-medication conditions,
22 healthy older adults (67 & 8 years; 11 women), and 27 healthy younger adults (28 =+ 5 years; 12 women) as
they maintained a stable upright stance in different task conditions. Data for individuals with Parkinson’s disease
were obtained from a publicly available gait dataset’” (https://doi.org/10.6084/m9.figshare.13530587), and data
for healthy younger and older adults were obtained from another publicly available dataset” (https://doi.org/
10.6084/m9.figshare.4525082).

Before the experimental sessions, patients were required to maintain a stable dose of L-DOPA medication for
at least one month. Two experimental sessions were conducted with individuals with Parkinson’s disease, one in
the medication’s ON condition and the other in the medication’s OFF condition. Patients were required to take
their dopaminergic medication 1 h before the session to ensure dosage stabilization and, in turn, to qualify as
being in the ON condition. Conversely, during the OFF condition, participants were required to abstain from
using any medication for Parkinson’s disease for at least 12 h. The order in which the “ON” and “OFF” sessions
were conducted was randomized among the patients. The experimental sessions began at the same start time
for all patients. These procedures were implemented to ensure that the data collected was reliable and accurately
reflected the effects of L-DOPA medication on individuals with Parkinson’s disease.

Experimental procedure

Balance in healthy adults and individuals with Parkinson’s disease was assessed by having them stand still for 30
s in four different conditions: standing on a rigid surface with eyes open, standing on a rigid surface with eyes
closed, standing on an unstable surface with eyes open, and standing on an unstable surface with eyes closed.
Each condition was repeated three times, and the order of the conditions was randomized for each individual.
For the rigid surface conditions, under the foot, a 40 x 60 cm force platform (OPT400600-1000; AMTI, Water-
town, MA, USA). A 6-cm high foam block (Balance Pad; Airex AG, Sins, Switzerland) was placed on the force
platform for unstable surface conditions. In all conditions, the individual stood barefoot, kept his/her arm at
his/her sides, and looked at a 5 cm round black target on a wall 3 meters ahead at his/her eye level. For trials
where the eyes were closed, instruction was given to first look at the target with his/her eyes open, find a stable
and comfortable posture, and then close his/her eyes; the data acquisition began a few seconds later. During all
trials, the individual’s feet were positioned at a 20-degree angle with their heels 10 cm apart by standing on lines
marked on the force platforms and foam blocks. The trials were conducted in a room measuring11.5 x 9.3 m with
white walls and sufficient lighting. The ground reaction force (GRF) data were collected at a sampling frequency
of 100 Hz using the Cortex software version 7.0 (Motion Analysis, Santa Rosa, CA, USA).

Data acquisition and processing

In the original studies””’®, Several steps were taken to process the data from the force platform. First, a fourth-
order zero-lag low-pass Butterworth filter with a frequency of 10 Hz was applied to the force platform data to
reduce noise. Next, CoP was calculated using the standard formula. The coordinate systems of the force platform
were transformed into the laboratory coordinate system using transformation matrices in the Cortex software
to integrate the CoP and GRF data. This transformation allowed for the data representation in the mediolateral,
anteroposterior, and vertical components of the CoP, force, moment of force, and free moment of force (i.e., the
moment around the normal to the force plate on the participant’s foot).

Oriented fractal scaling component analysis (OFSCA)

So far we model CoP based on two assumptions: (1) that a 2D CoP planar trajectory can be fully characterized
by considering two independent fBm sample paths, { (x"[i]} and {x®[i]) } (i = 1,2,...,N; N is the length),
and (2) that these two components are always orthogonal to each other. Thus, the scaling property of each angu-
lar component (projection onto a rotated direction) is identical and not affected by any rotational transform.
This “isotropy,” however, might be an exception and not the rule, as no reason exists to believe that any natural
trajectory should be isotropic'>*!>%. We used the oriented fractal scaling component analysis’ to analyze the
anisotropic autocorrelation properties of 2D CoP planar trajectories. This approach first evaluates the angle-
dependent scaling properties of the trajectory using higher-order DMA'*® (henceforth called DDMA). Then, it
decomposes the observed 2D trajectory into two components with different orientations and scaling properties.

Angle-dependent scaling
The 2D CoP planar trajectory is projected onto a direction forming angle 6 with the positive direction of the
x-direction to detect the anisotropic scaling behavior. Projected time series {x?[i]} is given as

%7 [i] = x(l)[i] cosO + x(z)[i] sin 6, (1)
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Figure 7. Illustration of a mixed fGn model with H; = 0.60,6 = 7/12, H, = 0.40, and 6, = 57/12. (a,b) The
original components {€;[i] } and {;[i]}. (c,d) The orientations of {€;[i] } and {,[i] } in the (xV, x?)) plane.
(e-g) Mixed fluctuations of {61 [i]}and {éz[i]} using Eq. (6) in the (x(l), x(z)) plane.

where superscripts (1) and (2) represent the directions corresponding to the weakest and strongest postural
control and 6 is varied across the range 0 < 6 < m The projected time series {x(e) [i]} for each 6 is subjected to
the Savitzky-Golay-filter-based DMA'*®1%”. The DDMA first integrates { x@[i]}.

i
Yl =Y Xl ()
j=1
The directional fluctuation function, F® (s), is then calculated as
I N—(s—1)/2 5
FO(s) = Nos+1 Z (y“’)[i] - )N’ércy;l’s)[io , (3)

i=(s+1)/2

where j/é’é"s) represents the locally smoothed version of { y®)[i]} obtained after applying the Savitzky-Golay filter
with a polynomial of degree m and window length s. In Eq. (3), this locally smoothed version {j/ggs) [i]} is
removed from { y(g) [7] } to attenuate the baseline nonstationarity embedded in the obtained time series { y(g) [7] }
Anisotropic autocorrelation properties can be evaluated using the -dependent heterogeneity in the temporal
correlation, F® (s), for each 0 as

(4)

quantified using the scaling exponent (f) estimated as the slope of the double-logarithmic plot of F© (s)
against s.
Note that F© (s) can be directly linked with auto-correlation function CD(k)and power spectrum 8(9)(]‘ )

of{x(g) [i] }158’159. That is,
1/2
\/ / [SOK)|1Gs(f)I2df .
—1/2

The analytical forms of kernels L(k, s) and |G;(f)|? have been discussed in'*®'%°, Using these relations in
conjunction with Eq. (4), we can show that the scaling relations, « = 1 — y /2 when COU)~k70<y<1)
and @ = (B + 1)/2 when S<9)(f) ~f‘ﬂ (—1 < B < 2m + 3). In particular, when CO k) decays exponentially
to zero and $© (f) shows the low-frequency plateau indicating short-term correlation, the scaling exponent
results asymptotically in o = 0.5.

Because the higher-order DMA induces timescale distortion between the scale in the time domain of DMA
and the frequency in the Fourier spectral domain'®®, we used the corrected timescale, 3, instead of s. Although
scale s in the zeroth-order DMA corresponds well to frequency fin the Fourier spectral domain, i.e., s = s/1.00,

FO) (5) ~ 2©),

FO() = | > COU) Liks) = (5)

k=—s
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Sis given by § = 5/1.93 in the second order DMA. Because a straightforward implementation of the procedure
has a high computational complexity, we employed a fast algorithm of DMA instead'.

Decomposition of mixed long-range correlated fluctuations
Two independent fBm processes {el [i]} and {62 [i]} with two different Hurst exponents H; and H, (H; > H>),
respectively (Fig. 7a,b), oriented at angles 6; and 05, respectively (Fig. 7c,d), to the x-direction can be modeled

to mix as

x(l)[i] _|cosf; cosBy| |erli]

x(z)[i] ~ |sin@; sin6, elil|’ (6)
yielding the two independent fBm sample paths, {(x(l) [i]}and {x<2) [i]}, respectively (Fig. 7e-g). In Eq. (6), the
projected time series is given by

xD[i] = e1[i] cos (0 — 0)) + eali] cos (6 — 65), )
indicating that, when 6 = 6, + 7 /2, xD[i]is orthogonal and independent of €; [] (Fig. 1a). That is,
xOHT2 (1] = ¢,[i] cos (1 — 6, + 7/2), (8)

which is proportional to the original e;[i] with H,. Likewise, xO2F7/D[1)is orthogonal to €;[i] and proportional
to the original €; [i] with H;. That is,

xOFTID[] = €1[i] cos (6, — 6, + 7/2), 9)

In contrast, when 6 # 6 £+ /2 and 8 # 6, + 7/2,F® (s) shows a crossover of scaling exponents (Fig. 1b).
The forced linear fit to the broken lines in the log- log plot of F®@ (s) vs. s yields a slope in the range (H,, Hy).
Therefore, seeking two main orientations, Omin and O respectively, with the minimum and maximum values
of «(0), the original orientations of €;[i] and €;[i] can be estimated as 91 = Qmm + /2 and 92 = Gmax +m/2,

(c)
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Figure 8. Orientation decomposition of the fBm trajectory shown in Fig. 7. (a) The two components x 1 [i] and
x@[i] of the mixed fBm trajectory. (b) 6-dependent heterogeneity in F® (s), indicated by the angle dependence
oflog %) FO ) vs. log, S, where 5 ~ s/1.93 in the second order DDMA. (c) f-dependence of the local slopes
oflog; 0) F® (5) vs. logy, 5, indicating the spatial distribution of temporal correlations. (d) 6-dependence of the
slope in the range of 1.2 < log), § < 2.5. () Reconstructed original components € [i], é;[i]. () Fluctuation
functions of the reconstructed original components €; with ; = 14° and é; with 6, = 74°.
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respectively (Fig. 1c). Thus, using the angles 6, and 6, the original 2D CoP planar trajectory can be estimated
from the observed 2D CoP planar trajectory as

{él[z’]] _ [sin (82)/sin (9 — 61) sin (8)/ cos (& — 9})} {xmm}

&lil] = [sin (61)/sin (6, — 65) sin (B1)/ cos (6, — 61)] |x@i] (10)

To explain the OFSCA, we analyzed the sample fBm time series with H; = 0.60, 6; = /12, H, = 0.40,
and 6, = 57 /12 (Figs. 7e, 8a) as a numerical illustration of the OFSCA. Figure 8b plots the angle dependence
of FO () over the range of 0 <0 < m in increments of 7/179 rad, in a circular cylindrical coordinate
(p,¥,2z) = (log;((5),6,log,, F @) (3)), where p s the distance of a coordinate point from the Cartesian z-direction,

and v/ is its azimuthal angle. In addition, Fig. 8c plots the local slopes of log,, F® (3) vs. log;, 5 at each 6.

The apparent anisotropic scaling properties of fBm Fig. 8b,c can be observed in the [hypothetical] major and
minor axes of the ellipse-shape variability in fBm Fig. 8a. Therefore, the conventional principal component analy-
sis (PCA) cannot decompose the observed time series into the original orientations, as the variability cannot be
decomposed into two orthogonal components. In contrast, the OFSCA allows the reconstruction of the original
orientations of the 2D time series. In this approach, we first estimate 60,,;;, = 114° and 6, = 164° based on the
angle dependence of the least-squares-fit slope as shown in Fig. 8d. Using Eq. (9) with 6; = 0,,i — 90° = 14°
and 6, = Opax — 90° = 74°, we decompose { (x(l)[i],x(l)[i]) } into {«?1 [i]} and {éz[i]} (Fig. 8e). The estimated
scaling exponents of{él [i]} and {éz [i]} reproduced the theoretical values of 0.59 and 0.40 (Fig. 8f).

Statistical analysis
We subjected each postural 2D CoP planar trajectory to the OFSCA and computed the angle between the major

and minor axes of postural control as Af = O, ~ 6,. A linear mixed-effects model estimated changes in the
dependent measure Af as a function of the following fixed effects: Group (a class variable defined with baseline
value “YA” encoding healthy young adults and comparison of levels “OA,” “PN,” and “PM” encoding groups of
healthy older adults, individuals with Parkinson’s disease “OFF” medication condition, and individuals with
Parkinson’s disease “ON” medication condition, respectively), Unstable (equaling 0 or 1 when participants stood
on the stable floor of the force platform or unstable foam surface, respectively), and EyesClosed (equaling 0 or 1
when participants stood with eyes open or eyes closed), as well as covariates H; and H; encoding the maximum
and minimum strengths of temporal correlations on the corresponding trial. The model included additional
fixed effects of the interactions of Group with Unstable and EyesClosed. To respect that our sample included a
sex bias in the Parkinson’s disease group, alternate modeling also incorporated the covariate Sex (equaling 0 or 1
for women and men, respectively) both as a main effect and as an interaction with all other covariates. No main
effect of Sex or interaction significantly improved model fit from the model reported in the present study, so we
omitted Sex and its interactions from the model reported in the present report. We included the random factor
of participant identity by allowing the intercept to vary across participants. Statistical analyses were performed
in R'® using the function 1mer from the package 1me4'". Significance was set at the two-tailed o level of 0.05.

Data availability

Data for individuals with Parkinson’s disease were obtained from a publicly available gait dataset”” (https://doi.
org/10.6084/m9.figshare.13530587), and data for healthy younger and older adults were obtained from another
publicly available dataset™ (https://doi.org/10.6084/m9.figshare.4525082).

Received: 14 November 2023; Accepted: 14 February 2024
Published online: 19 February 2024

References

1. Calne, D,, Snow, B. & Lee, C. Criteria for diagnosing Parkinson’s disease. Ann. Neurol. 32, S125-5127. https://doi.org/10.1002/
ana.410320721 (1992).

2. Park, J.-H., Kang, Y.-]. & Horak, F. B. What is wrong with balance in Parkinson’s disease?. J. Mov. Disord. 8, 109-114. https://
doi.org/10.14802/jmd.15018 (2015).

3. Reichmann, H. Clinical criteria for the diagnosis of Parkinson’s disease. Neurodegener. Dis. 7, 284-290. https://doi.org/10.1159/
000314478 (2010).

4. Smits, E. ]. et al. Standardized handwriting to assess bradykinesia, micrographia and tremor in Parkinson’s disease. PLoS One
9, €97614. https://doi.org/10.1371/journal.pone.0097614 (2014).

5. Benatru, I, Vaugoyeau, M. & Azulay, ].-P. Postural disorders in Parkinson’s disease. Clin. Neurophysiol. 38, 459-465. https://doi.
0rg/10.1016/j.neucli.2008.07.006 (2008).

6. Kim, S., Horak, E. B., Carlson-Kuhta, P. & Park, S. Postural feedback scaling deficits in Parkinson’s disease. . Neurophysiol. 102,
2910-2920. https://doi.org/10.1152/jn.00206.2009 (2009).

7. Vaugoyeau, M., Viel, S., Assaiante, C., Amblard, B. & Azulay, J. Impaired vertical postural control and proprioceptive integration
deficits in Parkinson’s disease. Neuroscience 146, 852-863. https://doi.org/10.1016/j.neuroscience.2007.01.052 (2007).

8. Vaugoyeau, M., Hakam, H. & Azulay, ].-P. Proprioceptive impairment and postural orientation control in Parkinson’s disease.
Hum. Mov. Sci. 30, 405-414. https://doi.org/10.1016/j.humov.2010.10.006 (2011).

9. Jankovic, J. Parkinson’s disease: Clinical features and diagnosis. J. Neurol. Neurosurg. Psychiatry 79, 368-376. https://doi.org/10.
1136/jnnp.2007.131045 (2008).

10. Bloem, B. R., Grimbergen, Y. A., Cramer, M., Willemsen, M. & Zwinderman, A. H. Prospective assessment of falls in Parkinson’s
disease. J. Neurol. 248, 950-958. https://doi.org/10.1007/s004150050265 (2001).
11. Grimbergen, Y. A,, Munneke, M. & Bloem, B. R. Falls in Parkinson’s disease. Curr. Opin. Neurol. 17, 405-415. https://doi.org/

10.1097/01.wc0.0000137530.68867.93 (2004).

Scientific Reports |  (2024) 14:4117 | https://doi.org/10.1038/s41598-024-54583-y nature portfolio


https://doi.org/10.6084/m9.figshare.13530587
https://doi.org/10.6084/m9.figshare.13530587
https://doi.org/10.6084/m9.figshare.4525082
https://doi.org/10.1002/ana.410320721
https://doi.org/10.1002/ana.410320721
https://doi.org/10.14802/jmd.15018
https://doi.org/10.14802/jmd.15018
https://doi.org/10.1159/000314478
https://doi.org/10.1159/000314478
https://doi.org/10.1371/journal.pone.0097614
https://doi.org/10.1016/j.neucli.2008.07.006
https://doi.org/10.1016/j.neucli.2008.07.006
https://doi.org/10.1152/jn.00206.2009
https://doi.org/10.1016/j.neuroscience.2007.01.052
https://doi.org/10.1016/j.humov.2010.10.006
https://doi.org/10.1136/jnnp.2007.131045
https://doi.org/10.1136/jnnp.2007.131045
https://doi.org/10.1007/s004150050265
https://doi.org/10.1097/01.wco.0000137530.68867.93
https://doi.org/10.1097/01.wco.0000137530.68867.93

www.nature.com/scientificreports/

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Watson, F. et al. Use of the margin of stability to quantify stability in pathologic gait—a qualitative systematic review. BMC
Musculoskelet. Disord. 22, 597. https://doi.org/10.1186/s12891-021-04466-4 (2021).

Horak, E B., Dimitrova, D. & Nutt, J. G. Direction-specific postural instability in subjects with Parkinson’s disease. Exp. Neurol.
193, 504-521. https://doi.org/10.1016/j.expneurol.2004.12.008 (2005).

Bayot, M. et al. Initial center of pressure position prior to anticipatory postural adjustments during gait initiation in people
with Parkinson’s disease with freezing of gait. Parkinson. Relat. Disord. 84, 8-14. https://doi.org/10.1016/j.parkreldis.2021.01.
012 (2021).

Mellone, S., Mancini, M., King, L. A., Horak, F. B. & Chiari, L. The quality of turning in Parkinson’s disease: A compensatory
strategy to prevent postural instability?. J. Neuroeng. Rehabil. 13, 1-9. https://doi.org/10.1186/s12984-016-0147-4 (2016).
Adkin, A. L., Frank, J. S. & Jog, M. S. Fear of falling and postural control in Parkinson’s disease. Mov. Disord. 18, 496-502. https://
doi.org/10.1002/mds.10396 (2003).

Michatowska, M., Flszer, U., Krygowska-Wajs, A. & Owczarek, K. Falls in Parkinson’s disease. Causes and impact on patients’
quality of life. Funct. Neurol. 20, 163-168 (2005).

Craig, C. E. et al. Pedunculopontine nucleus microstructure predicts postural and gait symptoms in Parkinson’s disease. Mov.
Disord. 35, 1199-1207. https://doi.org/10.1002/mds.28051 (2020).

Gallea, C. et al. Pedunculopontine network dysfunction in Parkinson’s disease with postural control and sleep disorders. Mov.
Disord. 32, 693-704. https://doi.org/10.1002/mds.26923 (2017).

Pahapill, P. A. & Lozano, A. M. The pedunculopontine nucleus and Parkinson’s disease. Brain 123, 1767-1783. https://doi.org/
10.1093/brain/123.9.1767 (2000).

Espay, A. J., LeWitt, P. A. & Kaufmann, H. Norepinephrine deficiency in Parkinson’s disease: The case for noradrenergic
enhancement. Mov. Disord. 29, 1710-1719. https://doi.org/10.1002/mds.26048 (2014).

Grimbergen, Y. A., Langston, J. W,, Roos, R. A. & Bloem, B. R. Postural instability in Parkinson’s disease: The adrenergic
hypothesis and the locus coeruleus. Expert Rev. Neurother. 9, 279-290. https://doi.org/10.1586/14737175.9.2.279 (2009).
Loane, C. et al. Serotonergic loss in motor circuitries correlates with severity of action-postural tremor in PD. Neurology 80,
1850-1855. https://doi.org/10.1212/WNL.0b013e318292a31d (2013).

Ohno, Y., Shimizu, S., Tokudome, K., Kunisawa, N. & Sasa, M. New insight into the therapeutic role of the serotonergic system
in Parkinson’s disease. Prog. Neurobiol. 134, 104-121. https://doi.org/10.1016/j.pneurobio.2015.09.005 (2015).

Qambhawi, Z. et al. Clinical correlates of raphe serotonergic dysfunction in early Parkinson’s disease. Brain 138, 2964-2973.
https://doi.org/10.1093/brain/awv215 (2015).

Rodriguez, M., Rodriguez-Sabate, C., Morales, 1., Sanchez, A. & Sabate, M. Parkinson’s disease as a result of aging. Aging Cell
14, 293-308. https://doi.org/10.1111/acel. 12312 (2015).

Ye, H., Robak, L. A, Yu, M., Cykowski, M. & Shulman, J. M. Genetics and pathogenesis of Parkinson’s syndrome. Annu. Rev.
Pathol. 18, 95-121. https://doi.org/10.1146/annurev-pathmechdis-031521-034145 (2023).

Cabello, C., Thune, J., Pakkenberg, H. & Pakkenberg, B. Ageing of substantia Nigra in humans: Cell loss may be compensated
by hypertrophy. Neuropathol. Appl. Neurobiol. 28, 283-291. https://doi.org/10.1046/j.1365-2990.2002.00393.x (2002).
Vaillancourt, D. E., Spraker, M. B., Prodoehl, J., Zhou, X. J. & Little, D. M. Effects of aging on the ventral and dorsal substantia
Nigra using diffusion tensor imaging. Neurobiol. Aging 33, 35-42. https://doi.org/10.1016/j.neurobiolaging.2010.02.006 (2012).
Goedert, M., Jakes, R. & Spillantini, M. G. The synucleinopathies: Twenty years on. J. Parkinsons Dis. 7, $51-S69 (2017).
Henderson, M. X., Trojanowski, J. Q. & Lee, V.M.-Y. a-synuclein pathology in Parkinson’s disease and related o-synucleinopathies.
Neurosci. Lett. 709, 134316. https://doi.org/10.1016/j.neulet.2019.134316 (2019).

Miller, K. M., Mercado, N. M. & Sortwell, C. E. Synucleinopathy-associated pathogenesis in Parkinson’s disease and the potential
for brain-derived neurotrophic factor. NPJ Parkinson’s Dis. 7, 35. https://doi.org/10.1038/s41531-021-00179-6 (2021).
Harrison, S. J. & Stergiou, N. Complex adaptive behavior and dexterous action. Nonlinear Dyn. Psychol. Life Sci. 19, 345-394
(2015).

Stergiou, N., Harbourne, R. T. & Cavanaugh, J. T. Optimal movement variability: A new theoretical perspective for neurologic
physical therapy. J. Neurol. Phys. Ther. 30, 120-129. https://doi.org/10.1097/01.npt.0000281949.48193.d9 (2006).

Stergiou, N. & Decker, L. M. Human movement variability, nonlinear dynamics, and pathology: Is there a connection?. Hum.
Mov. Sci. 30, 869-888. https://doi.org/10.1016/j.humov.2011.06.002 (2011).

Deffeyes, J. E., Harbourne, R. T, Kyvelidou, A., Stuberg, W. A. & Stergiou, N. Nonlinear analysis of sitting postural sway indicates
developmental delay in infants. Clin. Biomech. 24, 564-570. https://doi.org/10.1016/j.clinbiomech.2009.05.004 (2009).
Huisinga, J. M., Yentes, J. M., Filipi, M. L. & Stergiou, N. Postural control strategy during standing is altered in patients with
multiple sclerosis. Neurosci. Lett. 524, 124-128. https://doi.org/10.1016/j.neulet.2012.07.020 (2012).

Sotirakis, H., Kyvelidou, A., Mademli, L., Stergiou, N. & Hatzitaki, V. Aging affects postural tracking of complex visual motion
cues. Exp. Brain Res. 234, 2529-2540. https://doi.org/10.1007/s00221-016-4657-x (2016).

Manabe, Y. et al. Fractal dimension analysis of static stabilometry in Parkinson’s disease and spinocerebellar ataxia. Neurol. Res.
23, 397-404. https://doi.org/10.1179/016164101101198613 (2001).

Minamisawa, T., Sawahata, H., Takakura, K. & Yamaguchi, T. Characteristics of temporal fluctuation of the vertical ground
reaction force during quiet stance in Parkinson’s disease. Gait Posture 35, 308-311. https://doi.org/10.1016/j.gaitpost.2011.09.
106 (2012).

Schmit, J. M. et al. Deterministic center of pressure patterns characterize postural instability in Parkinson’s disease. Exp. Brain
Res. 168, 357-367. https://doi.org/10.1007/s00221-005-0094-y (2006).

van Wegen, E. E., van Emmerik, R. E., Wagenaar, R. C. & Ellis, T. Stability boundaries and lateral postural control in Parkinson’s
disease. Mot. Control 5, 254-269. https://doi.org/10.1123/mcj.5.3.254 (2001).

Vervoort, G. et al. Which aspects of postural control differentiate between patients with Parkinson’s disease with and without
freezing of gait?. Parkinson’s Dis. 2013, 971480. https://doi.org/10.1155/2013/971480 (2013).

Galna, B., Murphy, A. T. & Morris, M. E. Obstacle crossing in Parkinson’s disease: Mediolateral sway of the centre of mass during
level-ground walking and obstacle crossing. Gait Posture 38, 790-794. https://doi.org/10.1016/j.gaitpost.2013.03.024 (2013).
Mezzarobba, S., Grassi, M., Valentini, R. & Bernardis, P. Postural control deficit during sit-to-walk in patients with Parkinson’s
disease and freezing of gait. Gait Posture 61, 325-330. https://doi.org/10.1016/j.gaitpost.2018.01.032 (2018).

Furmanek, M. P, Mangalam, M., Kelty-Stephen, D. G. & Juras, G. Postural constraints recruit shorter-timescale processes into
the non-gaussian cascade processes. Neurosci. Lett. 741, 135508. https://doi.org/10.1016/j.neulet.2020.135508 (2021).
Kelty-Stephen, D. G., Lee, I. C., Carver, N. S., Newell, K. M. & Mangalam, M. Multifractal roots of suprapostural dexterity. Hum.
Mov. Sci. 76, 102771. https://doi.org/10.1016/j.humov.2021.102771 (2021).

Kelty-Stephen, D. G., Furmanek, M. P. & Mangalam, M. Multifractality distinguishes reactive from proactive cascades in postural
control. Chaos, Solitons Fractals 142, 110471. https://doi.org/10.1016/j.cha0s.2020.110471 (2021).

Mangalam, M. & Kelty-Stephen, D. G. Hypothetical control of postural sway. J. R. Soc. Interface 18, 20200951. https://doi.org/
10.1098/rsif.2020.0951 (2021).

Mangalam, M., Lee, I.-C., Newell, K. M. & Kelty-Stephen, D. G. Visual effort moderates postural cascade dynamics. Neurosci.
Lett. 742, 135511. https://doi.org/10.1016/j.neulet.2020.135511 (2021).

Burdet, C. & Rougier, P. Analysis of center-of-pressure data during unipedal and bipedal standing using fractional Brownian
motion modeling. . Appl. Biomech. 23, 63-69. https://doi.org/10.1123/jab.23.1.63 (2007).

Scientific Reports |

(2024) 14:4117 |

https://doi.org/10.1038/s41598-024-54583-y nature portfolio


https://doi.org/10.1186/s12891-021-04466-4
https://doi.org/10.1016/j.expneurol.2004.12.008
https://doi.org/10.1016/j.parkreldis.2021.01.012
https://doi.org/10.1016/j.parkreldis.2021.01.012
https://doi.org/10.1186/s12984-016-0147-4
https://doi.org/10.1002/mds.10396
https://doi.org/10.1002/mds.10396
https://doi.org/10.1002/mds.28051
https://doi.org/10.1002/mds.26923
https://doi.org/10.1093/brain/123.9.1767
https://doi.org/10.1093/brain/123.9.1767
https://doi.org/10.1002/mds.26048
https://doi.org/10.1586/14737175.9.2.279
https://doi.org/10.1212/WNL.0b013e318292a31d
https://doi.org/10.1016/j.pneurobio.2015.09.005
https://doi.org/10.1093/brain/awv215
https://doi.org/10.1111/acel.12312
https://doi.org/10.1146/annurev-pathmechdis-031521-034145
https://doi.org/10.1046/j.1365-2990.2002.00393.x
https://doi.org/10.1016/j.neurobiolaging.2010.02.006
https://doi.org/10.1016/j.neulet.2019.134316
https://doi.org/10.1038/s41531-021-00179-6
https://doi.org/10.1097/01.npt.0000281949.48193.d9
https://doi.org/10.1016/j.humov.2011.06.002
https://doi.org/10.1016/j.clinbiomech.2009.05.004
https://doi.org/10.1016/j.neulet.2012.07.020
https://doi.org/10.1007/s00221-016-4657-x
https://doi.org/10.1179/016164101101198613
https://doi.org/10.1016/j.gaitpost.2011.09.106
https://doi.org/10.1016/j.gaitpost.2011.09.106
https://doi.org/10.1007/s00221-005-0094-y
https://doi.org/10.1123/mcj.5.3.254
https://doi.org/10.1155/2013/971480
https://doi.org/10.1016/j.gaitpost.2013.03.024
https://doi.org/10.1016/j.gaitpost.2018.01.032
https://doi.org/10.1016/j.neulet.2020.135508
https://doi.org/10.1016/j.humov.2021.102771
https://doi.org/10.1016/j.chaos.2020.110471
https://doi.org/10.1098/rsif.2020.0951
https://doi.org/10.1098/rsif.2020.0951
https://doi.org/10.1016/j.neulet.2020.135511
https://doi.org/10.1123/jab.23.1.63

www.nature.com/scientificreports/

52.

53.

54.

55.

56.

57.

58.
59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Kuznetsov, N., Bonnette, S., Gao, J. & Riley, M. A. Adaptive fractal analysis reveals limits to fractal scaling in center of pressure
trajectories. Ann. Biomed. Eng. 41, 1646-1660. https://doi.org/10.1007/s10439-012-0646-9 (2013).

Eke, A., Herman, P, Kocsis, L. & Kozak, L. Fractal characterization of complexity in temporal physiological signals. Physiol.
Meas. 23, R1. https://doi.org/10.1088/0967-3334/23/1/201 (2002).

Hurst, H. E. Long-term storage capacity of reservoirs. Trans. Am. Soc. Civ. Eng. 116, 770-799. https://doi.org/10.1061/TACEAT.
0006518 (1951).

Peng, C.-K. et al. Mosaic organization of DNA nucleotides. Phys. Rev. E 49, 1685. https://doi.org/10.1103/PhysRevE.49.1685
(1994).

Asai, Y. et al. A model of postural control in quiet standing: Robust compensation of delay-induced instability using intermittent
activation of feedback control. PLoS One 4, €6169. https://doi.org/10.1371/journal.pone.0006169 (2009).

Amoud, H. et al. Fractal time series analysis of postural stability in elderly and control subjects. J. Neuroeng. Rehabil. 4, 1-12.
https://doi.org/10.1186/1743-0003-4-12 (2007).

Blaszczyk, J. W. & Klonowski, W. Postural stability and fractal dynamics. Acta Neurobiol. Exp. 61, 105-112 (2001).
Balasubramaniam, R., Riley, M. A. & Turvey, M. Specificity of postural sway to the demands of a precision task. Gait Posture 11,
12-24. https://doi.org/10.1016/S0966-6362(99)00051-X (2000).

Komura, T., Nagano, A., Leung, H. & Shinagawa, Y. Simulating pathological gait using the enhanced linear inverted pendulum
model. IEEE Trans. Biomed. Eng. 52, 1502-1513. https://doi.org/10.1109/TBME.2005.851530 (2005).

Kuo, A. D. The six determinants of gait and the inverted pendulum analogy: A dynamic walking perspective. Hum. Mov. Sci.
26, 617-656. https://doi.org/10.1016/j.humov.2007.04.003 (2007).

Kuo, A. D. & Donelan, J. M. Dynamic principles of gait and their clinical implications. Phys. Ther. 90, 157-174. https://doi.org/
10.2522/ptj.20090125 (2010).

Kelty-Stephen, D. G. & Mangalam, M. Multifractal descriptors ergodically characterize non-ergodic multiplicative cascade
processes. Phys. A 617, 128651. https://doi.org/10.1016/j.physa.2023.128651 (2023).

Granat, M., Barnett, R., Kirkwood, C. & Andrews, B. Technique for calculating the direction of postural sway. Med. Biol. Eng.
Comput. 29, 599-601. https://doi.org/10.1007/BF02446092 (1991).

Sparto, P. J. & Redfern, M. S. Quantification of direction and magnitude of cyclical postural sway using ellipses. Biomed. Eng.
Appl. Basis Commun. 13, 213-217. https://doi.org/10.4015/51016237201000261 (2001).

O’Connor, S. M. & Kuo, A. D. Direction-dependent control of balance during walking and standing. J. Neurophysiol. 102,
1411-1419. https://doi.org/10.1152/jn.00131.2009 (2009).

Peterka, R. J. Sensorimotor integration in human postural control. J. Neurophysiol. 88, 1097-1118. https://doi.org/10.1152/jn.
2002.88.3.1097 (2002).

Peterka, R. J. & Loughlin, P. ]. Dynamic regulation of sensorimotor integration in human postural control. J. Neurophysiol. 91,
410-423. https://doi.org/10.1152/jn.00516.2003 (2004).

Blaszczyk, J., Beck, M. & Sadowska, D. Assessment of postural stability in young healthy subjects based on directional features
of posturographic data: Vision and gender effects. Acta Neurobiol. Exp. 74, 433-442. https://doi.org/10.55782/ane-2014-2006
(2014).

Imagawa, H., Hagio, S. & Kouzaki, M. Synergistic co-activation in multi-directional postural control in humans. J. Electromyogr.
Kinesiol. 23, 430-437. https://doi.org/10.1016/j.jelekin.2012.11.003 (2013).

Kubo, A., Hagio, S., Kibushi, B., Moritani, T. & Kouzaki, M. Action direction of muscle synergies in voluntary multi-directional
postural control. Front. Hum. Neurosci. 11, 434. https://doi.org/10.3389/fnhum.2017.00434 (2017).

Palmieri, R. M., Ingersoll, C. D., Stone, M. B. & Krause, B. A. Center-of-pressure parameters used in the assessment of postural
control. J. Sport Rehabil. 11, 51-66. https://doi.org/10.1123/jsr.11.1.51 (2002).

Wikstrom, E. A., Fournier, K. A. & McKeon, P. O. Postural control differs between those with and without chronic ankle
instability. Gait Posture 32, 82-86. https://doi.org/10.1016/j.gaitpost.2010.03.015 (2010).

Pelykh, O., Klein, A.-M., Botzel, K., Kosutzka, Z. & Ilmberger, ]. Dynamics of postural control in Parkinson patients with and
without symptoms of freezing of gait. Gait Posture 42, 246-250. https://doi.org/10.1016/j.gaitpost.2014.09.021 (2015).
Blaszczyk, J. W. The use of force-plate posturography in the assessment of postural instability. Gait Posture 44, 1-6. https://doi.
org/10.1016/j.gaitpost.2015.10.014 (2016).

Seleznov, L. et al. Detection of oriented fractal scaling components in anisotropic two-dimensional trajectories. Sci. Rep. 10,
21892. https://doi.org/10.1038/s41598-020-78807-z (2020).

de Oliveira, C. E. N. et al. A public data set with ground reaction forces of human balance in individuals with Parkinson’s disease.
Front. Neurosci. 16, 538. https://doi.org/10.3389/fnins.2022.865882 (2022).

dos Santos, D. A., Fukuchi, C. A., Fukuchi, R. K. & Duarte, M. A data set with kinematic and ground reaction forces of human
balance. Peer] 5, €3626. https://doi.org/10.7717/peerj.3626 (2017).

Henry, S. M., Fung, J. & Horak, F. B. EMG responses to maintain stance during multidirectional surface translations. J.
Neurophysiol. 80, 1939-1950. https://doi.org/10.1152/jn.1998.80.4.1939 (1998).

Henry, S. M., Fung, J. & Horak, E B. Effect of stance width on multidirectional postural responses. J. Neurophysiol. 85, 559-570.
https://doi.org/10.1152/jn.2001.85.2.559 (2001).

Mitchell, S. L., Collin, J., De Luca, C. J., Burrows, A. & Lipsitz, L. A. Open-loop and closed-loop postural control mechanisms
in Parkinson’s disease: Increased mediolateral activity during quiet standing. Neurosci. Lett. 197, 133-136. https://doi.org/10.
1016/0304-3940(95)11924-L (1995).

Collier, T. J., Kanaan, N. M. & Kordower, J. H. Ageing as a primary risk factor for Parkinson’s disease: Evidence from studies of
non-human primates. Nat. Rev. Neurosci. 12, 359-366. https://doi.org/10.1038/nrn3039 (2011).

Hindle, J. V. Ageing, neurodegeneration and Parkinson’s disease. Age Ageing 39, 156-161. https://doi.org/10.1093/ageing/afp223
(2010).

Surmeier, D. J. Calcium, ageing, and neuronal vulnerability in Parkinson’s disease. Lancet Neurol. 6, 933-938. https://doi.org/
10.1016/51474-4422(07)70246-6 (2007).

Deb, B., De Oliveira Godeiro, C., Lino, J. C. & Moro, E. Managing gait, balance, and posture in Parkinson’s disease. Curr. Neurol.
Neurosci. Rep. 18, 23. https://doi.org/10.1007/s11910-018-0828-4 (2018).

Kim, S. D., Allen, N. E,, Canning, C. G. & Fung, V. S. Postural instability in patients with Parkinson’s disease: Epidemiology,
pathophysiology and management. CNS Drugs 27, 97-112. https://doi.org/10.1007/s40263-012-0012-3 (2013).

Siragy, T. & Nantel, J. Quantifying dynamic balance in young, elderly and Parkinson’s individuals: A systematic review. Front.
Aging Neurosci. 10, 387. https://doi.org/10.3389/fnagi.2018.00387 (2018).

Cipparrone, L. et al. Electro-oculographic routine examination in Parkinson’s disease. Acta Neurol. Scand. 77, 6-11. https://doi.
org/10.1111/§.1600-0404.1988.tb06966.x (1988).

Lv, W. et al. Vestibulo-ocular reflex abnormality in Parkinson’s disease detected by video head impulse test. Neurosci. Lett. 657,
211-214. https://doi.org/10.1016/j.neulet.2017.08.021 (2017).

Reichert, W. H., Doolittle, J. & McDowell, F. H. Vestibular dysfunction in Parkinson disease. Neurology 32, 1133-1133. https://
doi.org/10.1212/WNL.32.10.1133 (1982).

Vitale, C. et al. Vestibular impairment and adaptive postural imbalance in parkinsonian patients with lateral trunk flexion. Mov.
Disord. 26, 1458-1463. https://doi.org/10.1002/mds.23657 (2011).

Scientific Reports |

(2024) 14:4117 |

https://doi.org/10.1038/s41598-024-54583-y nature portfolio


https://doi.org/10.1007/s10439-012-0646-9
https://doi.org/10.1088/0967-3334/23/1/201
https://doi.org/10.1061/TACEAT.0006518
https://doi.org/10.1061/TACEAT.0006518
https://doi.org/10.1103/PhysRevE.49.1685
https://doi.org/10.1371/journal.pone.0006169
https://doi.org/10.1186/1743-0003-4-12
https://doi.org/10.1016/S0966-6362(99)00051-X
https://doi.org/10.1109/TBME.2005.851530
https://doi.org/10.1016/j.humov.2007.04.003
https://doi.org/10.2522/ptj.20090125
https://doi.org/10.2522/ptj.20090125
https://doi.org/10.1016/j.physa.2023.128651
https://doi.org/10.1007/BF02446092
https://doi.org/10.4015/S1016237201000261
https://doi.org/10.1152/jn.00131.2009
https://doi.org/10.1152/jn.2002.88.3.1097
https://doi.org/10.1152/jn.2002.88.3.1097
https://doi.org/10.1152/jn.00516.2003
https://doi.org/10.55782/ane-2014-2006
https://doi.org/10.1016/j.jelekin.2012.11.003
https://doi.org/10.3389/fnhum.2017.00434
https://doi.org/10.1123/jsr.11.1.51
https://doi.org/10.1016/j.gaitpost.2010.03.015
https://doi.org/10.1016/j.gaitpost.2014.09.021
https://doi.org/10.1016/j.gaitpost.2015.10.014
https://doi.org/10.1016/j.gaitpost.2015.10.014
https://doi.org/10.1038/s41598-020-78807-z
https://doi.org/10.3389/fnins.2022.865882
https://doi.org/10.7717/peerj.3626
https://doi.org/10.1152/jn.1998.80.4.1939
https://doi.org/10.1152/jn.2001.85.2.559
https://doi.org/10.1016/0304-3940(95)11924-L
https://doi.org/10.1016/0304-3940(95)11924-L
https://doi.org/10.1038/nrn3039
https://doi.org/10.1093/ageing/afp223
https://doi.org/10.1016/S1474-4422(07)70246-6
https://doi.org/10.1016/S1474-4422(07)70246-6
https://doi.org/10.1007/s11910-018-0828-4
https://doi.org/10.1007/s40263-012-0012-3
https://doi.org/10.3389/fnagi.2018.00387
https://doi.org/10.1111/j.1600-0404.1988.tb06966.x
https://doi.org/10.1111/j.1600-0404.1988.tb06966.x
https://doi.org/10.1016/j.neulet.2017.08.021
https://doi.org/10.1212/WNL.32.10.1133
https://doi.org/10.1212/WNL.32.10.1133
https://doi.org/10.1002/mds.23657

www.nature.com/scientificreports/

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

de Natale, E. R. et al. Abnormalities of vestibular-evoked myogenic potentials in idiopathic Parkinson’s disease are associated
with clinical evidence of brainstem involvement. Neurol. Sci. 36, 995-1001. https://doi.org/10.1007/s10072-014-2054-4 (2015).
Hubh, Y. E. et al. Postural sensory correlates of freezing of gait in Parkinson’s disease. Parkinson. Relat. Disord. 25, 72-77. https://
doi.org/10.1016/j.parkreldis.2016.02.004 (2016).

Pastor, M., Day, B. & Marsden, C. Vestibular induced postural responses in Parkinson’s disease. Brain 116, 1177-1190. https://
doi.org/10.1093/brain/116.5.1177 (1993).

Pollak, L., Prohorov, T., Kushnir, M. & Rabey, M. Vestibulocervical reflexes in idiopathic Parkinson disease. Clin. Neurophysiol.
39, 235-240. https://doi.org/10.1016/j.neucli.2009.07.001 (2009).

Potter-Nerger, M., Reich, M. M., Colebatch, J. G., Deuschl, G. & Volkmann, J. Differential effect of dopa and subthalamic
stimulation on vestibular activity in Parkinson’s disease. Mov. Disord. 27, 1268-1275. https://doi.org/10.1002/mds.25061 (2012).
Potter-Nerger, M., Govender, S., Deuschl, G., Volkmann, J. & Colebatch, J. Selective changes of ocular vestibular myogenic
potentials in Parkinson’s disease. Mov. Disord. 30, 584-589. https://doi.org/10.1002/mds.26114 (2015).

Shalash, A. S. et al. Auditory-and vestibular-evoked potentials correlate with motor and non-motor features of Parkinson’s
disease. Front. Neurol. 8, 55. https://doi.org/10.3389/fneur.2017.00055 (2017).

Venhovens, J., Meulstee, J., Bloem, B. & Verhagen, W. Neurovestibular analysis and falls in Parkinson’s disease and atypical
parkinsonism. Eur. J. Neurosci. 43, 1636-1646. https://doi.org/10.1111/ejn.13253 (2016).

Barnett-Cowan, M. et al. Multisensory determinants of orientation perception in Parkinson’s disease. Neuroscience 167, 1138-
1150. https://doi.org/10.1016/j.neuroscience.2010.02.065 (2010).

Bertolini, G., Wicki, A., Baumann, C. R., Straumann, D. & Palla, A. Impaired tilt perception in Parkinson’s disease: A central
vestibular integration failure. PLoS One 10, 0124253 https://doi.org/10.1371/journal.pone.0124253 (2015).

Bronstein, A., Yardley, L., Moore, A. & Cleeves, L. Visually and posturally mediated tilt illusion in Parkinson’s disease and in
labyrinthine defective subjects. Neurology 47, 651-656. https://doi.org/10.1212/WNL.47.3.651 (1996).

Gandor, E et al. Subjective visual vertical in PD patients with lateral trunk flexion. Parkinson’s Dis.https://doi.org/10.1155/2016/
7489105 (2016).

Dastgheib, Z. A., Lithgow, B. & Moussavi, Z. Application of fractal dimension on vestibular response signals for diagnosis of
Parkinson’s disease. In 2011 Annual International Conference of the IEEE Engineering in Medicine and Biology Society, 7892-7895
(IEEE, 2011). https://doi.org/10.1109/TEMBS.2011.6091946.

Dastgheib, Z. A., Lithgow, B. & Moussavi, Z. Diagnosis of Parkinson’s disease using electrovestibulography. Med. Biol. Eng.
Comput. 50, 483-491. https://doi.org/10.1007/s11517-012-0890-z (2012).

Dastgheib, Z. A., Lithgow, B. & Moussavi, Z. Vestibular spontaneous response as a potential signature for Parkinson’s disease. In
2012 Annual International Conference of the IEEE Engineering in Medicine and Biology Society, 3704-3707 (IEEE, 2012). https://
doi.org/10.1109/EMBC.2012.6346771.

Lithgow, B. J. & Shoushtarian, M. Parkinson’s disease: Disturbed vestibular function and levodopa. J. Neurol. Sci. 353, 49-58.
https://doi.org/10.1016/j.jns.2015.03.050 (2015).

Montgomery, P, Silverstein, P, Wichmann, R., Fleischaker, K. & Andberg, M. Spatial updating in Parkinson’s disease. Brain
Cogn. 23, 113-126. https://doi.org/10.1006/brcg.1993.1050 (1993).

Putcha, D. et al. Functional correlates of optic flow motion processing in Parkinson’s disease. Front. Integr. Neurosci. 8, 57. https://
doi.org/10.3389/fnint.2014.00057 (2014).

Weinrich, M. & Bhatia, R. Abnormal eye-head coordination in Parkinson’s disease patients after administration of levodopa: A
possible substrate of levodopa-induced dyskinesia. J. Neurol. Neurosurg. Psychiatry 49, 785-790. https://doi.org/10.1136/jnnp.
49.7.785 (1986).

Smith, P. E Vestibular functions and Parkinson’ disease. Front. Neurol. 9, 1085. https://doi.org/10.3389/fneur.2018.01085 (2018).
Cai, J. et al. Galvanic vestibular stimulation (GVS) augments deficient pedunculopontine nucleus (PPN) connectivity in mild
Parkinson’s disease: fMRI effects of different stimuli. Front. Neurosci. 12, 101. https://doi.org/10.3389/fnins.2018.00101 (2018).
Hwang, S., Agada, P, Grill, S., Kiemel, T. & Jeka, J. ]. A central processing sensory deficit with Parkinson’s disease. Exp. Brain
Res. 234, 2369-2379. https://doi.org/10.1007/s00221-016-4642-4 (2016).

Miiller, M. L. et al. Thalamic cholinergic innervation and postural sensory integration function in Parkinson’s disease. Brain
136, 3282-3289. https://doi.org/10.1093/brain/awt247 (2013).

Muskens, L. The central connections of the vestibular nuclei with the corpus striatum, and their significance for ocular
movements and for locomotion. Brain 45, 454-478. https://doi.org/10.1093/brain/45.3-4.454 (1922).

Seidel, K. et al. The brainstem pathologies of Parkinson’s disease and dementia with Lewy bodies. Brain Pathol. 25, 121-135.
https://doi.org/10.1111/bpa.12168 (2015).

Wellings, T. P, Brichta, A. M. & Lim, R. Altered neurofilament protein expression in the lateral vestibular nucleus in Parkinson’s
disease. Exp. Brain Res. 235, 3695-3708. https://doi.org/10.1007/s00221-017-5092-3 (2017).

Aravamuthan, B. R. & Angelaki, D. E. Vestibular responses in the macaque pedunculopontine nucleus and central mesencephalic
reticular formation. Neuroscience 223, 183-199. https://doi.org/10.1016/j.neuroscience.2012.07.054 (2012).

Aitken, P.,, Zheng, Y. & Smith, P. E Effects of bilateral vestibular deafferentation in rat on hippocampal theta response to
somatosensory stimulation, acetylcholine release, and cholinergic neurons in the pedunculopontine tegmental nucleus. Brain
Struct. Funct. 222, 3319-3332. https://doi.org/10.1007/s00429-017-1407-1 (2017).

Anson, E. & Jeka, J. Perspectives on aging vestibular function. Front. Neurol. 6, 269. https://doi.org/10.3389/fneur.2015.00269
(2016).

Iwasaki, S. & Yamasoba, T. Dizziness and imbalance in the elderly: Age-related decline in the vestibular system. Aging Dis. 6,
38-47. https://doi.org/10.14336/AD.2014.0128 (2015).

Liston, M. B. et al. Peripheral vestibular dysfunction is prevalent in older adults experiencing multiple non-syncopal falls versus
age-matched non-fallers: A pilot study. Age Ageing 43, 38-43. https://doi.org/10.1093/ageing/aft129 (2014).

Goldberger, A. L. et al. Fractal dynamics in physiology: Alterations with disease and aging. Proc. Natl. Acad. Sci. USA 99,
2466-2472. https://doi.org/10.1073/pnas.012579499 (2002).

Lipsitz, L. A. Dynamics of stability: The physiologic basis of functional health and frailty. J. Gerontol. A Biol. Sci. Med. Sci. 57,
B115-B125. https://doi.org/10.1093/gerona/57.3.B115 (2002).

Torre, K., Vergotte, G., Viel, E., Perrey, S. & Dupeyron, A. Fractal properties in sensorimotor variability unveil internal adaptations
of the organism before symptomatic functional decline. Sci. Rep. 9, 15736. https://doi.org/10.1038/s41598-019-52091-y (2019).
Cooper, J. E et al. Delaying aging is neuroprotective in Parkinson’s disease: A genetic analysis in C. elegans models. NPJ Parkinson’s
Dis. 1, 15022. https://doi.org/10.1038/npjparkd.2015.22 (2015).

Driver, J. A., Logroscino, G., Gaziano, J. M. & Kurth, T. Incidence and remaining lifetime risk of Parkinson disease in advanced
age. Neurology 72, 432-438. https://doi.org/10.1212/01.wnl.0000341769.50075.bb (2009).

Levy, G. The relationship of Parkinson disease with aging. Arch. Neurol. 64, 1242-1246. https://doi.org/10.1001/archneur.64.9.
1242 (2007).

Li, W. et al. Stabilization of a-synuclein protein with aging and familial Parkinson’s disease-linked A53T mutation. J. Neurosci.
24, 7400-7409. https://doi.org/10.1523/J]NEUROSCI.1370-04.2004 (2004).

Tan, J. M., Wong, E. S. & Lim, K.-L. Protein misfolding and aggregation in Parkinson’s disease. Antioxid. Redox Signal. 11,
2119-2134. https://doi.org/10.1089/ars.2009.2490 (2009).

Scientific Reports |

(2024) 14:4117 |

https://doi.org/10.1038/s41598-024-54583-y nature portfolio


https://doi.org/10.1007/s10072-014-2054-4
https://doi.org/10.1016/j.parkreldis.2016.02.004
https://doi.org/10.1016/j.parkreldis.2016.02.004
https://doi.org/10.1093/brain/116.5.1177
https://doi.org/10.1093/brain/116.5.1177
https://doi.org/10.1016/j.neucli.2009.07.001
https://doi.org/10.1002/mds.25061
https://doi.org/10.1002/mds.26114
https://doi.org/10.3389/fneur.2017.00055
https://doi.org/10.1111/ejn.13253
https://doi.org/10.1016/j.neuroscience.2010.02.065
https://doi.org/10.1371/journal.pone.0124253
https://doi.org/10.1212/WNL.47.3.651
https://doi.org/10.1155/2016/7489105
https://doi.org/10.1155/2016/7489105
https://doi.org/10.1109/IEMBS.2011.6091946
https://doi.org/10.1007/s11517-012-0890-z
https://doi.org/10.1109/EMBC.2012.6346771
https://doi.org/10.1109/EMBC.2012.6346771
https://doi.org/10.1016/j.jns.2015.03.050
https://doi.org/10.1006/brcg.1993.1050
https://doi.org/10.3389/fnint.2014.00057
https://doi.org/10.3389/fnint.2014.00057
https://doi.org/10.1136/jnnp.49.7.785
https://doi.org/10.1136/jnnp.49.7.785
https://doi.org/10.3389/fneur.2018.01085
https://doi.org/10.3389/fnins.2018.00101
https://doi.org/10.1007/s00221-016-4642-4
https://doi.org/10.1093/brain/awt247
https://doi.org/10.1093/brain/45.3-4.454
https://doi.org/10.1111/bpa.12168
https://doi.org/10.1007/s00221-017-5092-3
https://doi.org/10.1016/j.neuroscience.2012.07.054
https://doi.org/10.1007/s00429-017-1407-1
https://doi.org/10.3389/fneur.2015.00269
https://doi.org/10.14336/AD.2014.0128
https://doi.org/10.1093/ageing/aft129
https://doi.org/10.1073/pnas.012579499
https://doi.org/10.1093/gerona/57.3.B115
https://doi.org/10.1038/s41598-019-52091-y
https://doi.org/10.1038/npjparkd.2015.22
https://doi.org/10.1212/01.wnl.0000341769.50075.bb
https://doi.org/10.1001/archneur.64.9.1242
https://doi.org/10.1001/archneur.64.9.1242
https://doi.org/10.1523/JNEUROSCI.1370-04.2004
https://doi.org/10.1089/ars.2009.2490

www.nature.com/scientificreports/

131. Zhou, C.,, Huang, Y. & Przedborski, S. Oxidative stress in Parkinson’s disease: A mechanism of pathogenic and therapeutic
significance. Ann. N. Y. Acad. Sci. 1147, 93-104. https://doi.org/10.1196/annals.1427.023 (2008).

132. Henchcliffe, C. & Beal, M. F. Mitochondrial biology and oxidative stress in Parkinson disease pathogenesis. Nat. Clin. Pract.
Neurol. 4, 600-609. https://doi.org/10.1038/ncpneuro0924 (2008).

133. Cook, C. & Petrucelli, L. A critical evaluation of the ubiquitin-proteasome system in Parkinson’s disease. Biochim. Biophys. Acta
Mol. Basis Dis. 1792, 664-675. https://doi.org/10.1016/j.bbadis.2009.01.012 (2009).

134. Pan, T, Kondo, S., Le, W. & Jankovic, J. The role of autophagy-lysosome pathway in neurodegeneration associated with
Parkinson’s disease. Brain 131, 1969-1978. https://doi.org/10.1093/brain/awm318 (2008).

135. Skiadopoulos, A., Moore, E. E., Sayles, H. R., Schmid, K. K. & Stergiou, N. Step width variability as a discriminator of age-related
gait changes. J. Neuroeng. Rehabil. 17, 1-13. https://doi.org/10.1186/s12984-020-00671-9 (2020).

136. Wurdeman, S. R., Huben, N. B. & Stergiou, N. Variability of gait is dependent on direction of progression: Implications for active
control. J. Biomech. 45, 653-659. https://doi.org/10.1016/j.jbiomech.2011.12.014 (2012).

137. Wurdeman, S. R. & Stergiou, N. Temporal structure of variability reveals similar control mechanisms during lateral stepping
and forward walking. Gait Posture 38, 73-78. https://doi.org/10.1016/j.gaitpost.2012.10.017 (2013).

138. Duarte, M. & Zatsiorsky, V. M. On the fractal properties of natural human standing. Neurosci. Lett. 283, 173-176. https://doi.
0rg/10.1016/S0304-3940(00)00960-5 (2000).

139. Morales, C. J. & Kolaczyk, E. D. Wavelet-based multifractal analysis of human balance. Ann. Biomed. Eng. 30, 588-597. https://
doi.org/10.1114/1.1478082 (2002).

140. Shimizu, Y., Thurner, S. & Ehrenberger, K. Multifractal spectra as a measure of complexity in human posture. Fractals 10,
103-116. https://doi.org/10.1142/S0218348X02001130 (2002).

141. Prieto, T. E., Myklebust, J. B. & Myklebust, B. M. Characterization and modeling of postural steadiness in the elderly: A review.
IEEE Trans. Rehabil. Eng. 1, 26-34. https://doi.org/10.1109/86.242405 (1993).

142. Prieto, T. E., Myklebust, J. B., Hoffmann, R. G., Lovett, E. G. & Myklebust, B. M. Measures of postural steadiness: Differences
between healthy young and elderly adults. IEEE Trans. Biomed. Eng. 43, 956-966. https://doi.org/10.1109/10.532130 (1996).

143. Quijoux, E et al. A review of center of pressure (COP) variables to quantify standing balance in elderly people: Algorithms and
open-access code. Physiol. Rep. 9, e15067. https://doi.org/10.14814/phy2.15067 (2021).

144. Dixon, J. A. & Kelty-Stephen, D. G. Multi-scale interactions in Dictyostelium discoideum aggregation. Phys. A 391, 6470-6483.
https://doi.org/10.1016/j.physa.2012.07.001 (2012).

145. Lovejoy, S. & Schertzer, D. The Weather and Climate: Emergent Laws and Multifractal Cascades (Cambridge University Press,
2018).

146. Horak, F, Nutt, J. & Nashner, L. Postural inflexibility in Parkinsonian subjects. J. Neurol. Sci. 111, 46-58. https://doi.org/10.
1016/0022-510X(92)90111-W (1992).

147. Nantel, J., McDonald, J. C. & Bronte-Stewart, H. Effect of medication and STN-DBS on postural control in subjects with
Parkinson’s disease. Parkinson. Relat. Disord. 18, 285-289. https://doi.org/10.1016/j.parkreldis.2011.11.005 (2012).

148. Szlufik, S. et al. The neuromodulatory impact of subthalamic nucleus deep brain stimulation on gait and postural instability in
Parkinson’s disease patients: A prospective case controlled study. Front. Neurol. 9, 906. https://doi.org/10.3389/fneur.2018.00906
(2018).

149. Visser, J. E. et al. Subthalamic nucleus stimulation and levodopa-resistant postural instability in Parkinson’s disease. J. Neurol.
255, 205-210. https://doi.org/10.1007/s00415-008-0636-x (2008).

150. Beretta, V. S., Vitério, R., Dos Santos, P. C. R., Orcioli-Silva, D. & Gobbi, L. T. B. Postural control after unexpected external
perturbation: Effects of Parkinson’s disease subtype. Hum. Mov. Sci. 64, 12-18. https://doi.org/10.1016/j.humov.2019.01.001
(2019).

151. Dimitrova, D., Horak, E. B. & Nutt, J. G. Postural muscle responses to multidirectional translations in patients with Parkinson’s
disease. J. Neurophysiol. 91, 489-501. https://doi.org/10.1152/jn.00094.2003 (2004).

152. Lang, K. C., Hackney, M. E., Ting, L. H. & McKay, ]. L. Antagonist muscle activity during reactive balance responses is elevated
in Parkinson’s disease and in balance impairment. PLoS One 14, €0211137. https://doi.org/10.1371/journal.pone.0211137 (2019).

153. Jin, Y., Wu, Y., Li, H., Zhao, M. & Pan, J. Definition of fractal topography to essential understanding of scale-invariance. Sci. Rep.
7,46672. https://doi.org/10.1038/srep46672 (2017).

154. Qian, H., Raymond, G. M. & Bassingthwaighte, J. B. On two-dimensional fractional Brownian motion and fractional Brownian
random field. J. Phys. A Math. Gen. 31, L527. https://doi.org/10.1088/0305-4470/31/28/002 (1998).

155. Tsujimoto, Y., Miki, Y., Shimatani, S. & Kiyono, K. Fast algorithm for scaling analysis with higher-order detrending moving
average method. Phys. Rev. E 93, 053304. https://doi.org/10.1103/PhysRevE.93.053304 (2016).

156. HOoll, M., Kiyono, K. & Kantz, H. Theoretical foundation of detrending methods for fluctuation analysis such as detrended
fluctuation analysis and detrending moving average. Phys. Rev. E 99, 033305. https://doi.org/10.1103/PhysRevE.99.033305
(2019).

157. Savitzky, A. & Golay, M. J. Smoothing and differentiation of data by simplified least squares procedures. Anal. Chem. 36,
1627-1639. https://doi.org/10.1021/ac60214a047 (1964).

158. Kiyono, K. Theory and applications of detrending-operation-based fractal-scaling analysis. In 2017 International Conference on
Noise and Fluctuations (ICNF), 1-4 (IEEE, 2017). https://doi.org/10.1109/ICNFE.2017.7985951.

159. Nakata, A. et al. Generalized theory for detrending moving-average cross-correlation analysis: A practical guide. Chaos Solitons
Fractals X 3, 100022. https://doi.org/10.1016/j.csfx.2020.100022 (2019).

160. Bates, D. et al. Package ‘lme4’. R Package Version 1.1-34 (2009). http://lme4.r-forge.r-project.org.

161. Pinheiro, ], Bates, D., DebRoy, S., Sarkar, D. & Team, R. C. Linear and nonlinear mixed effects models. R Package Version 3.1-137
(2007). https://cran.r-project.org/package=nlme.

Acknowledgements

This study was supported by the Center of Research in Human Movement Variability of the University of
Nebraska at Omaha, the National Institute of General Medical Sciences (P20GM109090), the National Science
Foundation (2124918), and the Nebraska Research Initiative.

Author contributions

M.M.: conceptualization, methodology, software, validation, formal analysis, writing—original draft, writing—
review and editing, visualization, project administration; I.S: conceptualization, writing—review and editing;
AP conceptualization, writing—review and editing; A.D.L.: writing—review adn editing, and funding acquisi-
tion; D.G.K.-S.: formal analysis, writing—original draft, writing—review and editing; K.K.: conceptualization,
methodology, software, writing—review and editing; N.S.: writing—review and editing, funding acquisition.

Scientific Reports |

(2024) 14:4117 |

https://doi.org/10.1038/s41598-024-54583-y nature portfolio


https://doi.org/10.1196/annals.1427.023
https://doi.org/10.1038/ncpneuro0924
https://doi.org/10.1016/j.bbadis.2009.01.012
https://doi.org/10.1093/brain/awm318
https://doi.org/10.1186/s12984-020-00671-9
https://doi.org/10.1016/j.jbiomech.2011.12.014
https://doi.org/10.1016/j.gaitpost.2012.10.017
https://doi.org/10.1016/S0304-3940(00)00960-5
https://doi.org/10.1016/S0304-3940(00)00960-5
https://doi.org/10.1114/1.1478082
https://doi.org/10.1114/1.1478082
https://doi.org/10.1142/S0218348X02001130
https://doi.org/10.1109/86.242405
https://doi.org/10.1109/10.532130
https://doi.org/10.14814/phy2.15067
https://doi.org/10.1016/j.physa.2012.07.001
https://doi.org/10.1016/0022-510X(92)90111-W
https://doi.org/10.1016/0022-510X(92)90111-W
https://doi.org/10.1016/j.parkreldis.2011.11.005
https://doi.org/10.3389/fneur.2018.00906
https://doi.org/10.1007/s00415-008-0636-x
https://doi.org/10.1016/j.humov.2019.01.001
https://doi.org/10.1152/jn.00094.2003
https://doi.org/10.1371/journal.pone.0211137
https://doi.org/10.1038/srep46672
https://doi.org/10.1088/0305-4470/31/28/002
https://doi.org/10.1103/PhysRevE.93.053304
https://doi.org/10.1103/PhysRevE.99.033305
https://doi.org/10.1021/ac60214a047
https://doi.org/10.1109/ICNF.2017.7985951
https://doi.org/10.1016/j.csfx.2020.100022
http://lme4.r-forge.r-project.org
https://cran.r-project.org/package=nlme

www.nature.com/scientificreports/

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |  (2024) 14:4117 | https://doi.org/10.1038/s41598-024-54583-y nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Older adults and individuals with Parkinson’s disease control posture along suborthogonal directions that deviate from the traditional anteroposterior and mediolateral directions
	Results
	An overview of the oriented fractal scaling component analysis (OFSCA)
	Directional variability in postural control across age and Parkinson’s disease
	Older adults and individuals with Parkinson’s control posture along suborthogonal directions that deviate from the traditional anteroposterior and mediolateral directions

	Discussion
	Relaxing commitment to orthogonal AP- and ML-directionality reveals novel information about postural control in individuals with Parkinson’s disease
	Exploring the vestibular basis of suborthogonal postural control in aging and Parkinson’s disease
	Postural deficits in aging and Parkinson’s disease: a unified understanding
	Moving beyond temporal variability: spatial (multi)fractality in postural control
	Directional dependency of CoP trajectory in Parkinson’s disease

	Methods
	Participants
	Experimental procedure
	Data acquisition and processing
	Oriented fractal scaling component analysis (OFSCA)
	Angle-dependent scaling
	Decomposition of mixed long-range correlated fluctuations

	Statistical analysis

	References
	Acknowledgements


