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Abstract
KEYWORDS Background: The foot is the primary interface between the body and the ground, and excessive loading of
the foot is a frequent occurrence in neurological gait and balance disorders. The sensor plate technology
Plantar pressure, provides objective and quantitative measurements of the plantar pressure distribution, providing data on
foot biomechanics, the biomechanical mechanisms of plantar instability that is not available through observational assessment.
center of pressure, Objective: To evaluate plantar pressure distribution using sensor plate technology in patients with
sensor plate, neurological disorders related to gait and balance impairment and to investigate the relationship of plantar
neurological disorders, pressure distribution with center of pressure (COP) and the combined effect of plantar pressure
balance. distribution and age on postural instability.

Methods: Fifty patients (2070 years) with gait and balance impairment due to a neurological condition
were assessed using a sensor plate for plantar pressure. The correlation and regression analyses were used
Article Info to investigate the relationship between the plantar pressure, COP and age.

Received: 17.05.2026 Results: Mean pre-evaluation plantar pressure was 348 + 18 kPa, reducing to 298 + 15 kPa post-
evaluation (t=8.90, p < 0.001). Plantar pressure correlated strongly and positively with COP (r =0.81, p <
Accepted: 07.06.2026 0.001). The regression analysis revealed that age and plantar pressure accounted for 68% of the variance in
COP (R? = 0.68). The overall improvement of the balance related parameters was approximately 24%.
Published: 14.06.2026 Conclusion: Elevated plantar pressure is strongly related to postural instability in neurological patients,
and together with age, explains a significant amount of the variation in center of pressure, suggesting that
plantar pressure may be a clinically relevant, modifiable target for balance focused rehabilitation.

INTRODUCTION

The human foot is the only mechanical walking and it is the sole point at which the
interface between the body and the entire body weight must be dynamically
supporting surface during standing and balanced and redistributed with each step.
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Although the foot's surface area is relatively
small compared to the body's weight, it must
continuously adjust the location, magnitude
and timing of load transmission in order to
maintain the body's center of mass within
the continually changing base of support.
Because of this the biomechanics of plantar
loading - the distribution of pressures during
the static standing position and walking
under dynamic loading - has significant and
direct implications for whole-body postural
control. Alterations in foot kinematics such
as abnormal pronation or supination,
asymmetrical weight bearing across the
planter surface, and delayed or incomplete
loading response are known factors that can
contribute to gait instability [1] and are often
significantly = greater in  neurological
populations, where impaired neuromuscular
control and sensory dysfunction add to the

biomechanical disturbance[2].

The measurement of plantar pressure using

sensor plate technology can provide

information that is traditionally been
inferred only indirectly derived from clinical
observation of gait, in a reproducible and
The clinician who

objective manner.

observes the patient walking can observe
that the gait is asymmetrical or there is a

tendency to load one limb more cautiously
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than the other, but this is a qualitative
observation and may not be easy to quantify,
track over time, or compare to a normative
reference. Peak pressure and its distribution
pattern are indicative of the ability of the
individual  to  distribute  the load
progressively across the foot in the stance
phase of gait from initial heel contact
through midstance to toe-off [1]. Whittle's
introductory framework for gait analysis
places this loading sequence in the context
of the overall loading sequence throughout
the stance phase that clinicians use to
interpret plantar-pressure traces [10]. This
information can now be continuously and
reproducibly captured during repeated
clinical visits via modern sensor-plate based
or wearable in-shoe systems: In-shoe
systems with wearable sensors have been
proven to improve gait symmetry and
balance control in neurological patient
population [15]; wearable sensor based
training programs balance and functional
performance more broadly [16]; and specific
reviews of wearable fall-risk technologies
have confirmed that they are sensitive to
subtle changes in loading and sway which
unnoticed by

would  otherwise

go
observation [17]. In stroke hemiparetic
weakness is commonly associated with an

asymmetrical weight — bearing with
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excessive loading the unaffected side
disproportionately with weight transfer that
the weaker side. In

i1s avoided on

Parkinson's, bradykinesia and reduced
power on ankle push-off is a characteristic
that causes a modified, foreshortened weight
transfer during late stance. The basic
dysfunction in ataxia is not weakness of the
muscles, but rather the poor timing and
modulation of the adjustments in posture,
resulting in abnormal, poorly modulated
pressure patterns, which signify cerebellar
dysfunction, not weakness [8]. The three
distinct loading signatures, asymmetrical in
stroke, foreshortened in Parkinson's disease
and irregular in ataxia, highlight the fact that
this single overall measure of plantar
pressure is the end-result of significantly

different impairments.

This close mechanical connection between
plantar loading and whole body balance is
not merely descriptive and is directly related
to falls risk. Elevated and asymmetrically
distributed planter pressure has been
associated with reduced dynamic stability,
since even loading narrows the effective
margins within which the body’s centre of
mass can be corrected before a fall becomes
unavoidable[11]. This risk is compounded

by the fact that overall gait speed is already
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slower in individuals than the age-expected
reference range [26] and is part of a
spectrum of modifiable and non-modifiable
fall-risk factors that have been well
described in the falls prevention literature
[12]. Falling events in neurological
populations are at a significantly higher risk
of injury and a cascade of secondary
complication, such as fracture, prolonged
immobility, and a subsequent cascade of
dehydration, deconditioning and fear of
falling; understanding the biomechanical
factors of abnormal loading is not an
academic exercise. It has direct implications
for clinicians triage of fall risk and for
targeting rehab because a patient identified
as having markly elevated asymmetrical
plantar pressure may be a good candidate for
closer follow-up, modifiable environment,
or gait-aid prescription prior to overt gait
deviations identified clinically on visual

assessment.

The most common outcome measure used to
quantify postural sway is center of pressure
(COP), which is mechanically downstream
of plantar loading: the path of COP at any
moment is determined by the instantaneous
distribution of pressure under the feet at that
moment. Based upon this, it should be

expected that plantar pressure and COP
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e Broscan,
should be strongly related variables, and that
much of the variability of COP based
measures of balance should be accounted for
by the underlying distribution of plantar
loading. Previous feature-selection analysis

stabilometric yielded

with parameters
evidence that a relatively small number of
force-platform derived parameters can
explain a significant portion of the variance
in overall postural sway [19] and direct
comparison of postural steadiness in
younger and older adults confirmed that this
relationship is further modulated by age
[18]. This is a mechanistically intuitive
relationship, but intuitive plausibility is not
same as empirical confirmation, and it is
important to establish directly, within the
single cohort, how strong this relationship is
empirically confirmed and how much can be
explained by including age as a factor in the
relationship taken into  consideration.
Despite this close mechanical relationship,
relatively few clinical studies have directly
quantified the strength of the plantar
pressure—COP relationship within a single
neurological population, while even fewer
have tried to model the statistical variance of
postural sway that can be jointly attributed
to plantar pressure and other patient-related
factors such as age whose anthropometric

sensitivity is well documented [7].
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Age itself is well established as an
independent factor associated with gait and
balance impairment [4], through include that
reduced muscle strength and diminished
proprioceptive input [5], as well as slowed
neuromuscular response time, as well as
generally elevated fall risk [3]. This age-
related decline is further complicated, in
many patients, by a fear of falling that may
develop after a single instability event and
that independently restrict activity and
further causes deconditioning, which can be
hard to separate from the direct physiologic
effects of aging alone [27]. When a
neurological disorder is superimposed on
this age related physiological decline, the
biomechanical picture obtained will of
course be multifactorial and distinguishing
the relative contribution of age versus
disease specific pathology to the overall
instability in a patient will be difficult to do
with observations alone, especially since
balance and gait issues are already known to
be common in older individuals without any
other neurological pathology [28]. One
practical approach to quantifying these
relative contributions is through regression-
based statistical modeling of objectively
measured sensor plate variables, which can
also help identify which variables are the

most promising targets for intervention. A
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regression model that explains a substantial
share the variance in COP with only age and
plantar pressure as predictors would indicate
that these variables, for their simplicity,
accounted for a large proportion of what
influences postural instability in this
population — a result that is relevant to the
and treatment in

assessment priorities

clinical practice.

From a rehabilitation perspective, planter
pressure is, in principle, a modifiable target.
Unlike age, which cannot be altered or the
underlying neurological pathology, which
may be only partially remediable, the
compensatory loading strategies that result
in abnormal plantar pressure patterns —
widened base of support, shortened step
length, and the loading of the limbs
asymmetrically — are at least partially
modifiable with targeted physiotherapy
intervention [13]. Such wearable, sensor-
assisted balance and gait rehabilitation
programs have been shown to be effective in
measurable  improvements in  these
parameters [14], and biofeedback based
methods, specifically, have been shown to
improve gait symmetry and functional
mobility in neurological populations [15].
The core and trunk strengthening exercises

which support much of this compensatory
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control have also been shown to have a
direct effect on postural stability [22], and
structured postural stability and muscle
strengthening programs generally are known
to be an integral part of fall prevention
practice [23]. Plantar pressure is a variable
which is especially clinically relevant to
characterize objectively: understanding its
distribution can not only help quantify the
severity of a patient's impairment, but also a
potential target of a mechanical, modifiable
abnormality to  direct rehabilitation.
Therefore, plantar pressure has a unique and
clinically useful position among all the
balance-related outcome measures because it
is close to the underlying biomechanics and
can therefore be directly influenced by the
application of physiotherapy technique,
while it is at the same time objective and
quantifiable and can be measured reliably

throughout the treatment process.

Despite  clinically relevant, literature
investigating plantar pressure specially as
distinct from more general gait parameters
in a diagnostically mixed neurological
cohort 1s still limited, and there are few
studies investigating plantar pressure in
conjunction with a statistical model that also
accounts for age as a covariate. The present

study was therefore designed to quantify,
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using sensor plate technology, the plantar
pressure distribution in patients with gait
and balance impairment due to Parkinson's
disease, stroke, multiple sclerosis, or ataxia
and examine the relationship between
plantar pressure and center of pressure, and
model, by regression analysis, the combined
role of plantar pressure and age in overall

postural instability.

MATERIAL AND METHOD
Research Design: Observational study

Study Setting: Pacific Medical College and
Hospital, Bedla, Udaipur, Rajasthan.

Study Population: Male and female
patients, aged 20-70 years,with gait and
balance to a

impairment  secondary

neurological disorder.

Sample Design: Purposive sampling
Sample Size: 50 participants

Study Duration: One year
Inclusion Criteria

e (ait and balance disorders caused by

any neurological problem.
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e Willingness to provide informed
consent

e Age 20-70 years

Exclusion Criteria

e Cancer

e Spinal trauma or amputation.

e Systemic inflammatory disorders

e Pregnancy or open wound

e Use of NSAIDs, anticoagulants, or
steroid medication

e High-degree burns

Outcome Measures

Plantar Pressure Distribution: Pre- and post-
evaluation recorded with a foot sensor plate
in Kilopascals (kPa), which represents the
magnitude and distribution of loading on the

plantar surface of the foot.

The Center of Pressure (secondary/relational
variable): The COP values were recorded
simultaneously in the same cohort and were
analyzed statistically for the relationship
between the plantar loading and postural
sway and included as dependent variables in
regression analysis alongside a age and

planter pressure as predictors.

Procedure


http://www.thebioscan.com/
https://portal.issn.org/resource/ISSN/0973-7049

onte
i
,'a
B ﬂ-ﬂ/ X
3
D LN INTERNATIONAL QUARTERLY JOURNAL OF LIFE SCENCES

All participants were screened for inclusion
and exclusion criteria described above.
Eligible participants were informed about
the study protocol and provided written
informed consent. . All participants were
then examined in a standardized manner
with a foot sensor plate while COP values
and planter pressure were recorded. Testing
was performed in a controlled environment
with standardized foot positioning, to
minimize the variability of the measurement
due to factors other than the participant's
underlying condition. Observations were
noted down for every participant and
compared to demographic and diagnostic

variables.

Statistical Analysis: Descriptive data (mean
+ SD) were calculated for planter pressure
pre and post evaluations. Within-subject

change was analysed using a paired t-test.
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Pearson correlation was used to analyse the
correlation between plantar pressure and
COP. Multiple regression analyses were
used to investigate the combined effect of
age and plantar pressures on variance in
COP. The statistical significance was set at

p<0.05.

DATA ANALYSIS AND RESULTS

All fifty participants completed sensor plate
assessment without adverse event. The
demographic and diagnostic characteristics
of this cohort were detailed in the
accompanying Center of Pressure Outcomes
Analysis of this dataset; in summary, the
participants were mostly between the ages of
51 and 60, equally distributed between
sexes, and most commonly had Parkinson's
disease or stroke, followed multiple sclerosis

and ataxia.

Table 1: Pre- and Post-Evaluation Plantar Pressure Distribution (N=50)

Parameter Pre-Evaluation Post-Evaluation t-value p-value
Plantar Pressure (kPa) 348 + 18 298 £ 15 t=890 | p<0.001
Table 2: Correlation Analysis — Plantar Pressure and Center of Pressure

Variables r (Pearson) Interpretation p-value

22233
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Plantar Pressure vs COP r=0.81 Strong positive correlation p <0.001

Table 3: Regression Analysis — Predictors of Center of Pressure Variance

Predictor Variables R? | Interpretation Significance

Age + Plantar | 0.68 | 68% of variance in COP explained jointly by | Significant

Pressure — COP age and plantar pressure model fit

Table 4: Overall Improvement Summary

Parameter Pre- Post- Approximate %
Evaluation Evaluation Improvement

Center of Pressure (mm) 21.2 16.1 ~24%

Plantar Pressure (kPa) 348 298 ~14%

Combined balance-parameter | — — ~24%

improvement

Diagnosis-wise comparison showed that the

patients with multiple sclerosis
demonstrated the highest plantar pressure
value followed by stroke and Parkinson's
disease, whereas ataxia patients had lower
pressure values comparatively, which was
similar to the diagnosis-wise ranking as
observed for COP. All diagnostic groups
showed improvement in plantar pressure
following evaluation. Plantar pressure was
strongly correlated with COP (r=0.81,

p<0.001) and regression analysis showed

that plantar pressure and age together
explained a significant proportion (68%), of
the variance in COP suggesting that these
two variables are important co-predictors of
postural instability in this cohort. The overall
reduction in balance-related parameters
during the entire evaluation period was
approximately ~ 24% change which is
considered  clinically  significant  in
neurological rehabilitation. however, the

remaining 32% of variance in COP that is

not accounted for by age and plantar

22234
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pressure together may also be attributable to
other, unmeasured factors that may add
explanatory value to a two-predictor model,
including diagnosis-specific coordination
medication relative  to

deficits, timing

testing, or individual variation in

compensatory strategy.
DISCUSSION

The present study investigated plantar
pressure distribution objectively using the
sensor plate in 50 patients with neurological
gait and balance abnormality and modeled
the relationship between the plantar pressure
distribution and the center of pressure and
age. The principal findings showed: a
statistically significant reduction in plantar
pressure

(348kPa to 298kPa, p<0.001); a strong

across the evaluation periods

positive correlation between plantar pressure
and COP (r=0.81); and a regression model
that explained 68% of the variance in COP
when age and plantar pressure were

combined.

The findings are consistent with the
established biomechanical knowledge that
the foot is the primary load-bearing interface
controlling postural control. Since COP
trajectory was mechanically downstream of

the instantaneous pattern of plantar loading,
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so the strong correlation observed here
(r=0.81) 1s generally in line with the first
biomechanical principles [6], and consistent
with previous stabilometric feature analysis
studies that highlighted the close linkage
between foot-level loading and whole-body
[19].
Multiple

sway The diagnosis-wise pattern

sclerosis patients having the

highest plantar pressure values followed by

stroke and Parkinson's disease, and

lower wvalues for ataxia

likely

comparatively
patients 1is related to differing
underlying mechanisms of gait dysfunction
among the various types of diagnoses as
described below: stroke-related hemiparetic
asymmetry tends to produces loading values
that are concentrated in identifiable but
diagnosis-specific ~ patterns[8], = whereas
cerebellar coordination deficit of ataxia
yields irregular loading values compared to
other diagnoses, and composite balance
measures are not always sensitive enough to
capture the pattern of ataxia[21]. As in the
companion analysis of COP, this lower
absolute planter pressure value in the ataxia
group caution should be used in interpreting
this finding as being indicative of a more
severe or more mild underlying plantar-
pressure-related impairment, respectively;
future using other

analyses pressure-

distribution parameters, such as pressure-
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distribution variability, rather than the mean

peak pressure alone, would likely
characterize the ataxia group more
accurately

The regression findings — that age and
planter pressure jointly explain 68% of the
variance in COP — carries a meaningful
clinical implication. It suggest that postural
instability in this neurological group not a
direct result of the diagnosis, it also suggests
that the postural instability in this group is
due to a large extent to two factors that, in
various ways, are actionable: firstly, the age
itself is not an modified factor; secondly, the
compensatory  loading  strategies  that
produce abnormal plantar pressure are
actionable, at least in principle, a legitimate
target for physiotherapy intervention[13].
Wearable , technology-assisted gait and
balance training have shown measurable
benefits in just these compensatory patterns
[14]and biofeedback-based rehabilitation
has shown to improve gait symmetry and
balance control in neurological populations
[15]. The redefinition of plantar pressure as
a passive indicator of impairment to a
potential ‘modifiable mechanical lever'
through which postural stability might be
consistent with the

improved. This is

increasing literature examining technology-
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assisted rehabilitation, in which virtual-
reality-based (VR) balance training has
shown to be effective for the improvement
of postural control in older adults and people
with neurological disorders [24], and video-
game-based interventions for postural
control in multiple sclerosis [25], which
provides indirect evidence for the feasibility
of technology-based, plantar-pressure-driven
retraining methods like those proposed here.
In practice, this means that biofeedback-
guided weight-shifting exercises designed to
normalise abnormally high or low pressures
under each foot are not only used as a
secondary treatment strategy for standard
balance training, but used as a major
treatment strategy, especially when the
sensor plate analysis indicates that patients'
excessive or asymmetrical loading pressures
under their feet is a major source of the

overall instability compared to their age-

predicted baseline.

Certain limitations should temper the

interpretation of these findings.The cross-

sectional, observational study does not
establish causality and effect, and the
regression  model  was  statistically

significant, but had a relatively small sample
size compared to the number of diagnostic

subgroups represented, which limits the
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precision in making inferences specific to
the diagnosis. This is particularly relevant
when the established critiques suggest that
simply using clinical balance assessment
tools may not be sensitive enough to
the biomechanical

distinguish specific

mechanism responsible for a specific
balance deficit [21],a limitation the present
planter pressure based approach is well
positioned help to address . Also, plantar
pressure was measured with COP
simultaneously in the study and not the
experimental ~modification of plantar
pressure through targeted intervention which
produces a corresponding causal change in
COP — a question that would require an
intervention rather than observational design
to answer directly.The regression model
was also limited to two predictors; a more
comprehensive model with all diagnosis,
disease duration, and medication status as
additional variables as covariates would
account for a larger proportion of the
residual variance and would represent a
valuable extension of the present analysis in

a larger cohort.

CONCLUSION
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In the present study, the plantar pressure
distribution measured objectively with the
sensor plate technology was compared in 50
patients with gait and balance impairment
secondary to Parkinson's disease, stroke,
multiple sclerosis or ataxia, and examined
its the statistical relationships of the plantar
pressure distribution with center of pressure
and age. A significant reduction in plantar
pressure was seen throughout the evaluation
period and plantar pressure had a strong

correlation with the center of pressure..

The regression analysis demonstrated that

age and plantar pressure combined

accounted for 68% of the variance in center
of pressure, which suggests that these two

are significant, measurable factors in

postural instability in this population. The
findings the that

supports concept

neurological  disease-induced  balance
impairment is multifactorial, caused by the
interaction of disease-specific
biomechanical distruption and physiological
changes associated with age, rather than

from either factor in isolation.

Because planter pressure reflects, at least in
part, to compensatory loading strategies,
which are potentially modifiable via
physiotherapy intervention, whereas age

which cannot be modified and thus makes
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plantar pressure an important and potentially

modifiable target for rehabilitation.
Diagnosis wise pattern observed, with the
highest plantar pressures for patients with
multiple sclerosis and relatively lower
plantar pressures for patients with ataxia,
also indicate that sensor plate assessment
could be useful in describing condition-
specific loading profiles for individualized
treatment planning, but this is a descriptive
pattern only, due to the small number of

subjects available.

Future research using an interventional
design direct influence of plantar pressure
on gait change via gait retraining or
biofeedback with subsequent prospective
measurement of the change in plantar
pressure would enable determination of
whether the strong association presented
here is a truly causal pathway or one that is
merely associative, and would further
support the use of plantar pressure—focused
standard

rehabilitation  in neurological

physiotherapy practice.
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