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Sensory reweighting patterns and fall history in early geriatric
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Abstract

Background: Falls are a leading cause of injury and functional decline among older adults. Although fall rates
increase with advanced age, early alterations in postural control may already be present in early geriatric age.
Postural stability depends on dynamic sensory reweighting among visual, somatosensory, and vestibular in-
puts. Subtle impairments in this adaptive process may not be detected during routine quiet standing under
stable conditions. This study aims to investigate sensory reweighting indices based on Center-of-pressure (CoP)
sway area under four standardized sensory conditions and determine their ability to discriminate fall history
in early geriatric age.

Methods: This secondary cross-sectional analysis included 34 adults aged 60-70 years (9 fallers, 25 non-
fallers). Postural sway was recorded during quiet standing under four conditions: firm surface eyes open
(Firm-EO), firm eyes closed (Firm-EC), foam eyes open (Foam-EQ), and foam eyes closed (Foam-EC). Three in-
dices were calculated: Visual Dependency Index (VDI), Somatosensory Vulnerability Index (SVI), and Postural
Adaptability Index (PAI). Between-group differences were assessed using the Mann-Whitney U test. Logistic
regression and receiver operating characteristic (ROC) analyses were performed to explore associations and
discriminative performance.

Results: Fallers demonstrated significantly higher PAI values than non-fallers (P = 0.024), indicating reduced
adaptability under escalating sensory challenge. SVI under eyes-closed conditions approached significance (P
= 0.055). ROC analysis showed acceptable discrimination for PAI (AUC = 0.756, 95% CI 0.569-0.942, P = 0.007)
and SVI_EC (AUC = 0.720, P = 0.011). Logistic regression revealed a positive, though non-significant, associa-
tion between PAI and fall history (OR = 1.13, P = 0.075).

Conclusion: Early geriatric age with fall history exhibit impaired postural adaptability under multisensory
challenge. Sensory-derived adaptability indices may provide additional insight beyond absolute sway magni-
tude and support early identification of fall vulnerability. However, their role in fall risk identification requires
further validation.
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postural control may emerge during the early geriatric
stage (60-70 years) [3, 4]. Identifying early changes in
balance control mechanisms is therefore essential for pre-
ventive physiotherapy practice [5].

Postural stability relies on the coordinated integration of
visual, somatosensory, and vestibular inputs [6-9]. Under
stable environmental conditions, redundant sensory infor-
mation allows efficient maintenance of upright stance [8,
10]. When specific sensory channels are altered such as
during eye closure or standing on a compliant surface. The
central nervous system must dynamically adjust the rela-
tive contribution of each sensory modality [8, 11]. This
adaptive process, commonly termed sensory reweighting,
enables maintenance of stability despite changing envi-

Introduction

Falls are a major cause of injury, disability, and healthcare
utilization among older adults [1, 2]. While fall incidence
increases markedly in advanced age, early alterations in
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ronmental constraints [6, 8].
Age-related changes in sensory systems, including re-
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duced plantar sensation, diminished proprioceptive acuity,
and visual decline, may influence this adaptive process [5,
6]. Inefficient sensory reweighting may result in excessive
reliance on visual input or difficulty adapting to somato-
sensory perturbations [6, 12, 13]. Importantly, such altera-
tions may not be apparent during routine quiet standing on
a firm surface with eyes open, a condition frequently used
in clinical settings [5].

Previous studies have reported altered sensory integration
in advanced older adults and neurological populations [6].
However, evidence regarding early geriatric age remains
limited [11]. Most investigations have emphasized abso-
lute sway magnitude rather than examining how stability
changes across progressively challenging sensory contexts
[5, 11]. From a physiotherapy perspective, understanding
patterns of sensory dependency may provide insight into
underlying mechanisms of instability and inform targeted
intervention strategies [0, 8].

Center-of-pressure (CoP) analysis offers an objective
method for quantifying postural sway [5, 11, 14]. Mea-
sures such as sway area are sensitive to sensory manipula-
tions and have demonstrated utility in identifying individ-
uals at elevated fall risk [15, 16]. Nevertheless, evaluating
CoP metrics in isolation may not fully capture how
individuals adapt to sensory perturbations [5]. Deriving
indices that reflect changes across standardized sensory
conditions may provide clinically meaningful information
regarding sensory integration strategies [7].

Therefore, this study aimed to examine sensory reweight-
ing patterns derived from CoP sway area across four
standardized sensory conditions in early geriatric age and
to determine their association with fall history. We hy-
pothesized that individuals with a history of falls would
demonstrate increased visual dependency under somato-
sensory challenge and reduced adaptability across escalat-
ing sensory conditions.

Methods

Study design

This study was a secondary analysis of an established bal-
ance database [11, 17]. Ethical approval was obtained for
the original data collection [11].

Participants

Participants aged 60-70 years were included. Fall status
was determined based on self-reported falls within the
previous 12 months. Individuals were categorized as fall-
ers (> 1 fall) or non-fallers (no falls).

Postural assessment protocol

Postural sway was recorded during quiet standing under
four standardized sensory conditions adapted from the
sensory organization framework described by Santos and
Duarte [11]. This protocol systematically manipulates
visual and somatosensory inputs to examine adaptive sen-
sory integration during upright stance. The four conditions
were Firm-EO, Firm-EC, Foam-EO, Foam-EC.

CoP sway area was extracted for each condition. To char-
acterize sensory integration patterns beyond absolute sway
magnitude, three sensory-derived indices were calculated:
* VDI: ratio of eyes-closed to eyes-open sway within the
same surface condition (EC/EO), reflecting reliance on
visual input.

* SVI: ratio of foam to firm surface sway (Foam/Firm),
reflecting sensitivity to altered somatosensory input.

* PAI: relative change in sway from the least challenging
condition (Firm-EO) to the most challenging condition
(Foam-EC), representing overall adaptability across esca-
lating sensory demands.

Higher index values indicated greater instability under
sensory challenge and were interpreted as reflecting less
efficient sensory integration.

Data preprocessing

For each participant, CoP sway area was calculated as the
mean of three trials within each of the four standardized
sensory conditions. Complete data were available for all
participants across conditions; consequently, all 34 sub-
jects were retained for statistical analyses.

Statistical analysis

Between-group differences were assessed using the
Mann—Whitney U test. Associations between sensory re-
weighting indices and fall history were examined using bi-
nary logistic regression modelling. Discriminative ability
was evaluated through receiver operating characteristic
(ROC) curve analysis, with the area under the curve (AUC)
reported alongside 95% confidence intervals. Statistical
significance was set at P < 0.05.

Descriptive statistics, non-parametric group comparisons,
and ROC analyses were performed using IBM SPSS Ver-
sion 31.0.1.0 (IBM Corp., Armonk, NY, USA). Logistic
regression analyses were conducted using MATLAB
(MathWorks, Natick, MA, USA).

Results

Participant characteristics

Thirty-four early geriatric age (9 fallers, 25 non-fallers)
were included in the final analysis. Age did not signifi-
cantly differ between groups (66.85 + 2.24 vs. 64.98 +£2.96
years, P = 0.095). Gender distribution showed a higher
proportion of males in the faller group (44.4%) compared
with non-fallers (12.0%), although this difference did not
reach statistical significance, are presented in Table 1.

Table 1. Participant characteristics.

Variable Etal:le;)s 1(\;0:-;2;]“5 P-value
Age (years) 66.852+2239  64.983+2960  0.095
Gender

Male, 7 (%) 4 (44.4%) 3 (12.0%) 0.0617%
Female, n (%) 5 (55.6%) 22 (88.0%)

Notes: Fisher’s exact test, P < 0.05.
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Table 2. Sensory reweighting indices in early geriatric age.

Index Faller Non-faller P-value
VDI Firm 1.040 (0.784-1.157) 0.946 (0.806-1.061) 0.682
VDI_Foam 1.373 (1.310-1.644) 1.253 (1.204-1.334) 0.082
SVI EO 9.835 (8.391-13.127) 7.874 (5.803-11.403) 0.114
SVI EC 16.020 (11.925-16.692) 9.911 (6.681-14.963) 0.053
PAI 13.980 (12.856-18.068) 8.520 (7.248-13.904) 0.024"

Notes: Data expressed as Median (IQR), P < 0.05 (Mann—Whitney U test). VDI: visual dependency index, SVI: somatosensory vulnerability index,

PAI: postural adaptability index.

Sensory reweighting indices

Group comparisons of sensory-derived indices are pre-
sented in Table 2. Fallers demonstrated significantly
greater postural adaptability impairment, reflected by
higher PAI values (median 13.98 [IQR 8.40]) compared
with non-fallers (median 8.52 [IQR 7.05], P = 0.024).
SVI _EC showed a near-significant difference (P = 0.055),
with fallers exhibiting greater instability under combined
somatosensory and visual deprivation. No significant be-
tween-group differences were observed for VDI Firm (P =
0.701), VDI _Foam (P = 0.086), or SVI_EO (P =0.120).

Discriminative performance

ROC analysis demonstrated that PAI provided moder-
ate discriminative ability for identifying fall history are
presented in Table 3 and Figure 1 (AUC = 0.756, 95%
CI 0.569-0.942, P = 0.007). The optimal cut-off value
for PAI was 11.500, yielding a sensitivity of 0.778 and
specificity of 0.680. Similarly, SVI EC also showed sig-
nificant discriminative capacity (AUC = 0.720, 95% CI
0.551-0.889, P = 0.011), with an optimal cut-off value
of 10.271, sensitivity of 1.000, and specificity of 0.520.
VDI _Foam (AUC = 0.698, P = 0.087, cut-off = 1.306,
sensitivity = 0.778, specificity = 0.680) and SVI_EO
(AUC = 0.680, P = 0.057, cut-off = 6.982, sensitivity =
1.000, specificity = 0.440) demonstrated moderate but
non-significant discrimination. Incontrast, VDI _Firm
showed limited discriminatory ability (AUC = 0.547, P =
0.699, cut-off = 1.024, sensitivity = 0.556, specificity =
0.680).

Logistic regression

Binary logistic regression analysis are presented in Table
4. The results revealed that PAI and SVI_EC were posi-

Table 3. ROC Analysis of CoP area under sensory conditions.

tively associated with fall history. PAI showed a positive
association with fall history (OR = 1.124, SE = 0.070, P =
0.075), while SVI_EC also demonstrated a similar trend
(OR =1.120, SE = 0.074, P = 0.1006).

Discussion

The present study examined sensory reweighting patterns
in early geriatric age and explored their association with
fall history. The findings indicate that impairments in pos-
tural adaptability, rather than deficits in a single sensory
modality, may represent an early indicator of fall vulner-
ability. Among the evaluated indices, PAI demonstrated
the most consistent ability to differentiate fallers from
non-fallers, suggesting relatively greater clinical relevance
compared with SVI and VDI measures. Importantly, in-
dices derived from single sensory perturbations did not
consistently differentiate groups, whereas indices captur-
ing dynamic adaptability across conditions showed stron-
ger discriminatory performance. This pattern highlights
the importance of multi-sensory integration processes in
maintaining postural stability under progressively chal-
lenging conditions.

Sensory reweighting and adaptability

Postural control is not merely the sum of visual, somato-
sensory, and vestibular inputs, but rather the outcome of
continuous sensory reweighting within the central nervous
system [8, 14]. Efficient balance requires flexible redis-
tribution of sensory contributions when environmental
constraints change [6, 8]. The elevated PAI observed in
fallers suggests reduced efficiency in this adaptive process
[18]. Importantly, compared with SVI and VDI indices,
PAI appears to better capture this dynamic reallocation

Index AUC 95% CI Cut-off Sensitivity Specificity Youden’s index  P-value
VDI_Foam 0.698 0.471-0.924 1.306 0.778 0.680 0.458 0.087
VDI _Firm 0.547 0.310-0.783 1.024 0.556 0.680 0.236 0.699
SVI_EO 0.680 0.495-0.865 6.982 1.000 0.440 0.440 0.057
SVI_EC 0.720 0.551-0.889 10.271 1.000 0.520 0.520 0.011"
PAI 0.756 0.569-0.942 11.500 0.778 0.680 0.458 0.007°

Notes: "P < 0.05, VDI: visual dependency index, SVI: somatosensory vulnerability index, PAI: postural adaptability index.
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Figure 1. Area under the ROC curve.

across progressively challenging conditions, highlight-
ing its greater sensitivity to early impairments in sensory
adaptability.

Rather than exhibiting excessive reliance on vision alone,
fallers appeared to demonstrate difficulty when both so-
matosensory and visual inputs were concurrently degrad-
ed [18, 19]. This pattern supports the notion that early bal-
ance impairment in early geriatric age may emerge under
dual-sensory challenge rather than during isolated sensory
withdrawal [18]. In contrast, indices derived from single
sensory perturbations, such as VDI, may be insufficient to
detect these early deficits, as they do not fully reflect the
integrative demands placed on the postural control sys-
tem.

The significant discriminative capacity of SVI _EC may
further support this interpretation. When standing on a
compliant surface with eyes closed, individuals must rely
predominantly on vestibular input and central integra-
tion processes [14, 18]. Greater instability in this condi-
tion may reflect early inefficiency in sensory integration

Table 4. Sensory reweighting indices in early geriatric age.

Predictor B SE OR P-value
SVI_EC 0.120 0.074 1.127 0.106
PAI 0.124 0.070 1.132 0.075

Notes: PAI: postural adaptability index, B: regression coefficient, SE:
standard error, OR: odds ratio, P < 0.05.

mechanisms [12, 18]. However, although SVI_EC dem-
onstrated high sensitivity, its relatively lower specificity
suggests a tendency to over-identify individuals as at risk,
indicating that it may be more suitable as a screening indi-
cator rather than a standalone diagnostic measure.
Understanding the pattern of sensory reweight allocation
in the older adults with a history of falls is important both
theoretically and clinically. Clinically, these defective
balance strategies are often not visible while standing qui-
etly on a hard surface while opening their eyes. This is a
condition that is often used in general clinical assessments
[18]. Therefore, the assessment that uses brief sensory-
challenged conditions may be a highly effective screening
tool in the community or clinic setting [18]. Among these,
measures reflecting multi-sensory adaptability, such as
PAI, may offer greater clinical utility due to their ability to
capture cumulative deficits across conditions. In addition,
the CoP indicators obtained from these conditions can also
be used as information for the design of physical therapy
programs. To practice personal balance that focuses on
the sensory integration process before the deficiency pro-
gresses to the point of affecting the body’s function clearly
[14, 20]. This approach aligns with early-stage interven-
tion strategies aimed at enhancing adaptive capacity be-
fore measurable declines in gross motor function become
evident.

Postural adaptability as an early indicator of fall vul-
nerability
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Previous research in advanced older adults and neuro-
logical populations has reported pronounced sensory
integration deficits, frequently characterized by increased
visual dependency [8, 18]. In contrast, the present cohort
represents an earlier stage of ageing, during which overt
instability may not yet be clinically apparent [5, 18]. This
distinction may explain why indices reflecting single sen-
sory reliance, such as VDI, showed limited discriminative
ability in the present study, as early-stage deficits are un-
likely to manifest as overt sensory dominance.

The absence of significant differences in indices reflect-
ing isolated sensory withdrawal (e.g., firm surface condi-
tions) suggests that early vulnerability may not arise from
dominance of a single sensory modality [18]. Instead,
the significant discrimination achieved by PAI and SVI
EC indicates that fall history in early geriatric age may be
associated with diminished capacity to adapt under dual-
sensory challenge [6, 18]. Notably, PAI demonstrated a
more balanced discriminative profile compared with SVI
EC, which, despite high sensitivity, showed relatively
lower specificity, reinforcing the importance of evaluating
both detection accuracy and false-positive risk when inter-
preting these indices.

This distinction is clinically meaningful. Visual depen-
dency implies a compensatory strategy, whereas impaired
adaptability reflects a limitation in central integration
efficiency [8]. The latter may represent a more subtle,
preclinical phase of decline, detectable only when the
postural control system is sufficiently challenged [18].
Accordingly, assessment protocols incorporating graded
sensory perturbations may better capture early balance
vulnerability than single-condition testing [5].

Clinical and predictive implications

ROC analysis demonstrated moderate discriminative
capacity for PAI (AUC = 0.756) and SVI_EC (AUC =
0.720), indicating limited-to-moderate ability to distin-
guish between fallers and non-fallers. These findings sug-
gesting that indices reflecting multi-sensory adaptability
may have potential, but not definitive, clinical utility for
fall screening in early geriatric age that consistence with
previous study [16]. Given the AUC values observed,
these measures should be interpreted as supportive rather
than standalone screening tools. Although logistic regres-
sion did not reach conventional statistical significance, the
direction of the observed associations was consistent with
the ROC findings, indicating that greater impairment in
adaptability may be related to fall history. However, these
associations should be interpreted cautiously due to lim-
ited statistical power.

In early ageing populations, event rates are typically
lower and functional reserve remains relatively preserved
[10, 18]. Consequently, effect sizes may emerge prior to
strong statistical prediction. This may partially explain
why moderate discriminative performance was observed
without statistically significant predictive models. From a
physiotherapy perspective, these findings emphasize the
value of assessing adaptability under combined sensory
challenge [18, 21] and highlight the potential benefit of
interventions targeting sensory integration [6] and graded

perturbation training [18, 22]. Such approaches may be
particularly relevant for early-stage identification and pre-
vention rather than definitive risk prediction.

Limitations

Several limitations should be considered. First, the cross-
sectional design precludes causal inference. Second, the
relatively small number of fallers may have resulted in
insufficient statistical power. Third, fall history was ret-
rospectively reported and may be subject to recall bias.
Fourth, this study constitutes a secondary analysis based
on published data, the original study did not provide in-
formation regarding the type of falls or the consequences
associated with the falls. Fifth, multiple comparisons
were conducted without statistical correction, which may
increase the risk of Type I error. Therefore, the findings
should be interpreted with caution. Finally, although sen-
sory indices provide insight into adaptability patterns, they
remain indirect measures of central sensory integration
processes. Future longitudinal studies are warranted to
determine whether impaired sensory adaptability predicts
prospective falls.

Conclusions

This study suggests that early geriatric age with fall his-
tory demonstrate reduced postural adaptability under
multi-sensory challenge. Indices reflecting dynamic sen-
sory reweighting may provide additional insight beyond
traditional sway magnitude measures. However, their role
in fall risk identification should be interpreted with cau-
tion and requires further validation in larger samples.

Clinical implications

From a physiotherapy perspective, these findings under-
score the importance of assessing postural adaptability
rather than relying solely on static sway magnitude. Clini-
cal balance assessments that incorporate graded sensory
challenges may provide enhanced sensitivity for identify-
ing early fall vulnerability.

Furthermore, rehabilitation programs targeting sensory
integration such as multi-sensory balance training and
adaptability-focused interventions, may be beneficial for
individuals exhibiting early signs of instability. These ap-
proaches may support the maintenance of functional bal-
ance capacity rather than serve as definitive fall preven-
tion strategies.
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