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ABSTRACT

Introduction: Peripheral neuropathy reduces plantar sensory input and may compromise standing balance and increase falls in older
adults. Methods: Cross-sectional analysis of pooled National Health and Nutrition Examination Survey data. Impaired standing balance
on the modified Romberg test was analyzed in adults aged 60 years and over frorn NHANES 2001-2004; self-reported falling problems in
the past 12 months were analyzed in adults aged 60 years and over from NHANES 1999-2004. Peripheral neuropathy was defined as one
or more insensate plantar sites on 10-g monofilament testing. Survey-weighted logistic regression was adjusted for age, sex, race/ethnicity
and diabetes. Results: Among 2,410 participants with balance data, impaired standing balance affected 70.7% of those with neuropathy
versus 57.6% of those without (adjusted odds ratio 1.50, 95% Cl 1.12-2.00). Among 4,177 participants with falls data, falling problems were
reported by 13.7% versus 5.8% (adjusted odds ratio 2.24, 95% Cl 1.68-2.99). Conclusions: Monofilament-detected peripheral neuropathy
was associated with impaired standing balance and self-reported falls in older adults.

Keywords: peripheral neuropathy; monofilament; postural balance; accidental falls; aged; cross-sectional studies.

RESUMEN

Introducciéon: La neuropatia periférica reduce la informacién sensorial plantar y puede comprometer el equilibrio estatico y aumentar
las caidas en los adultos mayores. Métodos: Analisis transversal de datos agrupados de la National Health and Nutrition Examination
Survey. La alteracion del equilibrio en la prueba de Romberg modificada se analizé en adultos de 60 afios o mas de NHANES 2001-2004;
los problemas de caidas autorreferidos en los Ultimos 12 meses se analizaron en adultos de 60 afios 0 mas de NHANES 1999-2004%. La
neuropatia periférica se definié como una o mas areas plantares insensibles en la prueba del monofilamento de 10 g. La regresion logis-
tica ponderada se ajustd por edad, sexo, raza/etnia y diabetes. Resultados: Entre 2410 participantes con datos de equilibrio, la alteracion
del equilibrio afecté al 70,7% de quienes tenian neuropatia frente al 57,6% de quienes no la tenian (razén de posibilidades ajustada 1,50,
IC 95 % 1,12-2,00). Entre 4177 participantes con datos de caidas, los problemas de caidas fueron referidos por el 13,7% frente al 5,8% (razén
de posibilidades ajustada 2,24, IC 95 % 1,68-2,99). Conclusiones: La neuropatia periférica detectada con monofilamento se asocié con
alteracion del equilibrio estatico y con caidas autorreferidas en adultos mayores.

Palabras clave: neuropatia periférica; monofilamento; equilibrio postural; caidas accidentales; anciano; estudios transversales.
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INTRODUCTION

Peripheral neuropathy is common in later life and increases with age and with its principal
cause, diabetes. A population-based estimate placed early peripheral neuropathy signs in one of
every five community-dwelling adults aged 60 years and over, and the burden rises steeply when
only people with diabetes are considered.(1) In the National Health and Nutrition Examination Sur-
vey (NHANES) of 1999-2000, lower extremity peripheral neuropathy on monofilament testing affec-
ted nearly one third of adults aged 40 years and over with diabetes.(2) The condition has several ori-
ginsin this age group, diabetes being the most frequent, but the functional consequence is similar
across causes: the loss of protective plantar sensation leaves the foot unable to report pressure and
surface contact to the postural control system. The 10-g Semmes-Weinstein monofilament is the
standard instrument for detecting that loss, and it is already embedded in routine foot care, which
makes it an attractive candidate for risk stratification. Despite this, plantar sensation is not part of
most general fall risk assessments, which focus instead on gait, strength, vision and medication
use. The neuropathy of older adults is not a single disease: it arises from diabetes, chemotherapy,
renal failure, alcohol and vitamin deficiencies, and it also appears without an identifiable cause.
Whatever the origin, the sensory deficit it produces is the same, and it is that shared deficit, rather
than the underlying disease, that matters for balance. Foot problems in general, from deformity to
impaired sensation, are frequent findings in older adults referred for falls and balance assessment.
(3) The clinical relevance of these questions grows as populations age, since the number of adults
living with both diabetes and neuropathy will increase in the coming decades.

Falls are a leading cause of injury, hospitalization and loss of independence in older adults,
and their prevention is now a global clinical priority with published international guidelines.(4)
About one in three community-dwelling adults aged 65 years and over falls each year, and falls
rank among the leading causes of injury death in this age group.(4) Sensory input from the plantar
surface contributes directly to postural control, so its degradation is a plausible pathway toward
instability and falls. In clinical samples, balance impairment is consistently more frequent in peo-
ple with peripheral neuropathy than in those without, particularly in type 2 diabetes.(5,6) Monofi-
lament-detected neuropathy has been associated with falls and fractures in older adults,(7)and
with impaired stepping responses that normally protect against a fall.(8)Failure of the modified
Romberg test and greater postural sway separate people with sensory neuropathy from unaffec-
ted individuals.(9)Most existing evidence comes from specialist clinics and from diabetes cohorts,
where the prevalence and severity of neuropathy are higher than in the general older population,
so the magnitude of the association in the community is uncertain. In national surveillance, the
modified Romberg test has already served to describe the burden of vestibular and balance dys-
function in the United States adult population.(10)What remains less well established is whether
these associations persist in a representative, coommunity-dwelling older population, and whether
they survive adjustment for age, sex, race and ethnicity, and diabetes, which are the confounders
most likely to distort the neuropathy balance and neuropathy falls relationships.

To address that gap, this study drew on a national survey in which monofilament testing,
objective balance testing and falls questions were administered under a single standardized pro-
tocol. The analysis combined the survey cycles in which these measures overlapped, applied the
examination sample weights to preserve population inference, and adjusted the estimates for the
main confounders. The objective was to estimate the association between monofilament-detected
peripheral neuropathy and impaired standing balance and self-reported falls in adults aged 60 years
and over in the United States. The hypothesis was that neuropathy would be positively associated
with both outcomes after adjustment for age, sex, race and ethnicity, and diabetes.

METHODS

Design and data source

This was a cross-sectional analysis of public-use data from NHANES, a continuous survey
conducted by the National Center for Health Statistics of the Centers for Disease Control and Pre-
vention.(TM)NHANES uses a complex, multistage probability design in which counties are selected
first, followed by households and then persons, with stratification and clustering at the primary
sampling unit level and oversampling of selected age, racial and ethnic, and low-income sub-
groups. The design supports nationally representative estimates for the civilian, noninstitutionalized
population of the United States, provided that the sample weights and the design variables are
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incorporated into the analysis.

The balance outcome was examined in the 2001-2002 and 2003-2004 cycles, in which the
modified Romberg balance examination was administered to the full sample of adults aged 40
years and over. In the 1999-2000 cycle the balance examination was restricted to a half sample of
adults aged 40 to 69 years, which is why the balance outcome could not be analyzed in that cycle for
adults aged 60 years and over; the 2001-2002 and 2003-2004 cycles administered the examination
to the full sample aged 40 years and over and therefore support the balance analysis in the target
age group. The falls outcome was examined in the 1999-2000, 2001-2002 and 2003-2004 cycles, in
which the balance questionnaire was administered to adults aged 40 years and over. The lower
extremity examination, which includes the monofilament test, was administered in all three cycles,
as were the demographic and diabetes questionnaires. The relevant public-use components were
the demographics file, the lower extremity disease file, the balance examination file, the balance
guestionnaire and the diabetes questionnaire. The files were downloaded as SAS transport files
from the NHANES website without login, and the analysis was restricted to participants aged 60
years and over. The reporting of this study follows the Strengthening the Reporting of Observa-
tional Studies in Epidemiology (STROBE) recommendations.

Participants

The balance sample comprised adults aged 60 years and over from NHANES 2001-2004
with complete monofilament data and a determinate modified Romberg result. The falls sample
comprised adults aged 60 years and over from NHANES 1999-2004 with complete monofilament
data and a valid response to the falling problem question. Participants with any foot amputation,
with monofilament information classified as insufficient, or with a zero examination weight were
excluded from both samples. No other exclusion criteria were applied, so the samples reflect the
general older population examined in the mobile examination center rather than a clinical referral
group. The lower extremity and balance examinations were both conducted in the mobile exami-
nation center, and the balance questionnaire was administered in the same setting, so all three
measures originate from a single standardized visit.

Statistical analysis

All estimates accounted for the survey design. The combined examination weight was the
two-year mobile examination center weight divided by the number of pooled cycles, two for the
balance analysis and three for the falls analysis, as recommended when combining NHANES cy-
cles.(10)This division preserves the scale of a single-cycle weight while allowing the cycles to be
analyzed together. The masked variance pseudo-stratum and pseudo-primary sampling unit va-
riables were used to obtain cluster-robust standard errors, since these masked units are unique
across the pooled cycles and recover the design effect without disclosing the sampled counties.
Weighted prevalence with 95% confidence intervals was estimated by survey linearization, in which
the variance of each weighted proportion was derived from the sum of the squared cluster-level
contributions of the primary sampling units.

Associations were estimated with survey-weighted logistic regression. Each model was fi-
tted with a binomial family and the combined examination weights as frequency weights, and
standard errors were obtained with a cluster-robust sandwich estimator at the primary sampling
unit level. Two models were fitted for each outcome, one unadjusted and one adjusted for age as a
continuous variable, sex, race and ethnicity, and diabetes. Results are reported as odds ratios with
95% confidence intervals and two-sided p values, with a significance level of 0.05. Because neither
outcome is rare, the odds ratios overstate the corresponding prevalence ratios, and they are inter-
preted as measures of relative odds rather than relative risk. Participants with missing covariate
values were excluded from the adjusted models by complete-case analysis.

Two sensitivity analyses were specified in advance. The balance model was repeated with
failure of condition 4 as the outcome among participants who passed conditions 1to 3, which
isolates the most challenging balance condition and avoids conflating failure of an easy condition
with failure of the proprioceptive challenge of interest. The falls model was repeated with a broader
outcome that combined dizziness, balance and falling problems, to test whether the association
was specific to falls rather than to nonspecific complaints. The analytic dataset was constructed
by merging the component files on the participant identifier, and all variables were checked for
out-of-range values; participants with inconsistent exposure or outcome data were handled as
described for each sample. The analysis script was executed twice and produced identical results,
as a reproducibility check.
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Variables

Peripheral neuropathy was defined as one or more insensate plantar sites on either foot on
the 5.07/10-g Semmes-Weinstein monofilament test. The monofilament was applied to three sites
per foot, the first metatarsal head, the fifth metatarsal head and the hallux. The examiner applied
the filament perpendicular to the skin until it buckled and asked the participant to report whether
the touch was felt; responses were recorded as correct, incorrect or unable to determine. A site
was considered sensate when the first application was correctly perceived or when two of three
applications were correct; otherwise the site was insensate, and the foot-level count of insensate
sites ranged from zero to three.(2)This definition captures absent or markedly reduced large-fiber
sensation at the plantar surface. The 10-g threshold corresponds to the level at which protective
sensation is considered lost, the same threshold used to define the foot at risk of ulceration in
diabetes care.

Impaired standing balance was defined as failure to pass at least one of the four conditions
of the modified Romberg test of standing balance on firm and compliant support surfaces.(10)
The four conditions were standing with feet together on a firm surface with eyes open, the same
position with eyes closed, standing on a foam surface with eyes open, and standing on a foam
surface with eyes closed. Each condition consisted of two 15-second trials, a condition was con-
sidered failed when both trials were failed, and the test was ended when a condition was failed.
Participants were screened for dizziness and for conditions that made standing unsafe, and the
test was not performed on those who could not stand without assistance. In the sensitivity analysis
the outcome was failure of condition 4 alone, the condition that most depends on vestibular and
proprioceptive input, and the balance test was compared with published normative data for fall
risk in older adults.(12)Self-reported falls were defined as a reported falling problem in the past 12
months, obtained from a questionnaire in which participants first reported any dizziness, balance or
falling problem and then specified the problem; the broader sensitivity outcome was any reported
dizziness, balance or falling problem in the same period. Balance outcomes of this kind are com-
plemented in clinical settings by validated scales, and both the normative modified Romberg and
multi-item instruments such as the Mini-BESTest have been applied in diabetic populations.(13,14)

Covariates were age in years, sex, race and ethnicity as non-Hispanic White, non-Hispanic
Black, Hispanic and other, and self-reported diabetes, defined as a previous diagnosis of diabetes
by a doctor, with borderline diabetes classified as no diabetes. These covariates were selected
because each is associated both with the presence of neuropathy and with balance or falls, and
because they are measured consistently across the pooled cycles.

Ethics

The data are fully anonymized and publicly available for unrestricted download, and no new
contact with human subjects was required. No ethics approval or informed consent was sought
for this secondary analysis of de-identified public-use data.

RESULTS

In adults aged 60 years and over, peripheral neuropathy was associated with 1.50 times higher
odds of impaired standing balance (95% CI 1.12-2.00; p = 0.006). The unadjusted estimate stood at
1.77 (95% Cl 1.38-2.28; p = <0.001). A total of 2,410 participants formed the balance sample and 4,177
the falls sample (Table 1). Peripheral neuropathy was present in 20.4% of the balance sample and
22.0% of the falls sample.

The weighted prevalence of impaired standing balance reached 70.7% (95% Cl 66.15-75.15)
among participants with neuropathy and stood at 57.6% (95% Cl 54.33-60.80) among those without
(Table 2; Figure 1). The overall prevalence of impaired standing balance was 60.2%. In the balance
sample, weighted mean age reached 72.05 years with neuropathy and 69.72 without, women
represented 37.6% of the neuropathy group and 59.3% of the comparison group, and diabetes
affected 26.6% versus 11.3% (Table 1).

Falling problems in the past 12 months followed the same direction. The weighted prevalence
stood at 13.7% (95% CI 10.96-16.44) among participants with neuropathy and 5.8% (95% Cl 4.84-6.83)
among those without (Table 2). The overall prevalence was 7.6%. The adjusted odds ratio was 2.24
(95% Cl 1.68-2.99; p = <0.001), from an unadjusted estimate of 2.57 (95% Cl 1.92-3.44; p = <0.001). In
the falls sample, weighted mean age reached 72.70 years with neuropathy and 69.73 without,
women represented 44.1% of the neuropathy group and 59.2% of the comparison group, and dia-
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betes affected 24.0% versus 12.6% (Table 1). In both samples the racial and ethnic distribution was
predominantly non-Hispanic White, with smaller proportions of non-Hispanic Black, Hispanic and
other groups (Table 1). Neuropathy was more prevalent among men than among women in both
samples.

Restricting the outcome to condition 4 of the modified Romberg test preserved the associa-
tion,among the 2,228 participants who passed the first three conditions (adjusted odds ratio 1.40;
95% CI1 1.05-1.86; p = 0.021). To a lesser extent, the association with any dizziness, balance or falling
problem was attenuated (adjusted odds ratio 1.26; 95% CI 1.00-1.58; p = 0.051), against an overall
prevalence of 29.1% for that broader outcome.

The unadjusted and adjusted estimates for both outcomes are summarized in (Table 3). Of the
3,378 adults aged 60 years and over with an examination weight in NHANES 2001-2004, 2,836 had
valid monofilament data and 2,410 also had a determinate balance result. In NHANES 1999-2004%,
4,984 adults aged 60 years and over had an examination weight, 4,181 had valid monofilament
data and 4,177 had a valid falls response.

Table 1. Characteristics of participants aged 60 years and over by peripheral neuropathy status,

NHANES.
Characteristic Balance, PN Balance, no PN Falls, PN Falls, no PN
Unweighted n 528 1882 1023 3154
Age, years, weighted mean 72.0 69.7 72.7 69.7
Female, % 37.6 59.3 441 59.2
Non-Hispanic White, % 83.5 84.2 81.0 83.4
Non-Hispanic Black, % 7.5 7.5 9.2 7.0
Hispanic, % 6.5 4.8 72 6.2
Other race/ethnicity, % 25 35 26 34
Diabetes, % 26.6 n3 24.0 12.6

Note: Weighted percentages. PN = peripheral neuropathy; balance sample frorn NHANES 2001-2004; falls sample frorn NHANES 1999-
2004. Source: Own elaboration from NHANES 1999-2004.

Figure 1. Weighted prevalence of impaired standing balance by peripheral neuropathy status, NHANES
2001-2004.

80 -
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Note: Error bars indicate 95% confidence intervals. Source: Own elaboration from NHANES 2001-2004.
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Table 2. Weighted prevalence of impaired standing balance and falling problems by peripheral
neuropathy status.

Outcome Group Weighted prevalence, % 95% ClI
Impaired standing balance Peripheral neuropathy 70.7 66.2-75.1
Impaired standing balance No neuropathy 57.6 54.3-60.8
Falling problem, past 12 months Peripheral neuropathy 137 1.0-16.4
Falling problem, past 12 months No neuropathy 5.8 4.8-6.8

Note: Cl = confidence interval. Source: Own elaboration frorn NHANES 1999-2004.

Table 3. Survey-weighted logistic regression of impaired standing balance and falling problems on
peripheral neuropathy.

Outcome Model OR 95% ClI P
Impaired standing balance Crude 177 1.38-2.28 <0.001
Impaired standing balance Adjusted 1.50 112-2.00 0.006

Falling problem, past 12 months Crude 2.57 1.92-3.44 <0.001
Falling problem, past 12 months | Adjusted 224 | 1.68-2.99 <0.001

Note: Adjusted for age, sex, race/ethnicity and diabetes. OR = odds ratio; Cl = confidence interval. Source: Own elaboration fromm NHANES
1999-2004.

DISCUSSION

The finding that monofilament-detected neuropathy accompanies impaired standing ba-
lance in a representative sample of community-dwelling older adults implies that a simple, low-
cost plantar sensation test can flag individuals at risk of postural instability. Below that value lies a
broader implication for fall prevention, in which foot-level sensory screening could complement the
usual assessment of strength, vision and medications. A clinician who finds an insensate plantar
site is therefore looking at more than a dermatologic detail; the finding carries information about
how safely that patient stands and moves.

This balance association is consistent with studies of clinical populations. Failure of the Rom-
berg test and increased postural sway have been described in patients with pure sensory neuro-
pathy, in whom the foam-surface and eyes-closed conditions best expose the deficit.(9) Adults
with diabetic peripheral neuropathy show worse balance and gait than those with diabetes alo-
ne,(5,15) and plantar sensation correlates with static balance in type 2 diabetes with and without
neuropathy.(6) Peripheral neuropathy also accompanies worse balance in Parkinson disease,(16)
and combined sensory and hearing loss compounds balance impairment in older primary care
patients.(17) At the same time, sensory feedback from the foot supports postural control, and its
loss obliges the nervous system to reweight the remaining visual and vestibular cues.(18,19) The
present population estimates extend those observations beyond referral clinics and demonstrate
that the association survives adjustment for age, sex, race and ethnicity, and diabetes. The fact that
the association also appeared for condition 4 alone, the foam-surface eyes-closed task that most
depends on somatosensory input, is mechanistically expected and strengthens the interpretation
that the observed instability arises specifically from the loss of plantar sensation.

The high overall prevalence of balance impairment observed here, 60.2%, deserves a note
of interpretation. The definition counted any failed Romberg condition, including the simplest
eyes-open task, so it captures the full spectrum of instability rather than only the severe vestibular
deficit that the foam-surface conditions detect. This breadth is appropriate for a screening question
about plantar sensation, but it means the prevalence cannot be compared directly with studies
that restricted balance impairment to condition 4. The condition 4 sensitivity estimate, an adjus-
ted odds ratio of 1.40, was consistent with the primary result and points to the same underlying
association. The prevalence figure is also consistent with the high burden of balance dysfunction
documented in national surveillance of the same population.(10)

The result should also be read alongside evidence that the deficit is not immutable. Older
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women with diabetes but without overt neuropathy amplify body sway yet remain able to impro-
ve postural stability when attention is directed elsewhere,(20) and balance and strength training
improve postural control in people with neuropathy.(21,22) Those observations suggest that the
association reported here reflects a modifiable sensory deficit rather than a fixed structural impair-
ment, and that rehabilitation rather than resignation is the appropriate response.

The modified Romberg test is a screening instrument rather than a continuous measure of
postural control, and this is both a strength and a limit. Its pass/fail scoring is simple enough for
surveillance and clinical use, but it cannot resolve whether neuropathy worsens sway amplitude
or its variability. Instrumented posturography and wearable sensors measure those features con-
tinuously and have linked them to neuropathy and fall risk in diabetic populations,(23) while time
series analysis of postural tests can separate neuropathic from non-neuropathic sway.(24) The
convergence of the categorical Romberg result with those continuous measures supports the in-
terpretation that the association reflects a graded sensory deficit rather than an artifact of scoring.

The falls result is likewise concordant with earlier work. Monofilament-detected neuropathy
was associated with falls and fractures in older adults,(7) and neuropathy independently predic-
ted falls through impaired stepping in a case-cohort design.(8) Neuropathy linked to rheumatoid
arthritis and chemotherapy-induced neuropathy have both been associated with fall risk,(25,26)
and self-reported neuropathy correlated with postural sway and falls in aging female cancer sur-
vivors.(27) In type 2 diabetes, neuropathy is among the factors most consistently associated with
falling,(28) and balance, gait and fall occurrence differ between diabetic adults with and without
neuropathy.(29) Wearable-sensor studies detect greater postural instability and fall risk in diabetic
foot neuropathy as well.(23) The stronger association with falling problems than with any dizziness
or balance complaint suggests that the plantar deficit is specific to the fall pathway rather than
to dizziness in general.

The present analysis benefits from an objective exposure. Self-reported neuropathy, used in
several of the studies cited above, underestimates the condition because early sensory loss is often
asymptomatic, and participants may not connect a numb foot with a diagnosis.(27) The monofila-
ment detects insensate sites that participants do not report, and this objective ascertainment is one
likely reason the association with falls appears larger here than in studies that relied on self-report.

The magnitude of the falls association, an adjusted odds ratio of 2.24, exceeded that for ba-
lance. A plausible reading is that a fall requires the combination of sensory loss with a challenge
that exceeds the remaining compensatory capacity, so neuropathy marks a subgroup that fails
precisely when the environment or a concurrent task exceeds those reserves. Some discordance
exists in the literature, however. Hypoglycemia, rather than neuropathy alone, has been emphasi-
zed as a fall risk in insulin-treated diabetes,(30) and fear of falling in diabetic older adults reflects
psychological as well as sensory contributions.(31) The moderate attenuation of the balance asso-
ciation after adjustment for diabetes in the present analysis is consistent with the view that part
of the risk travels through diabetic pathology beyond the sensory loss itself.

The public health implication of the falls estimate is considerable when projected to the
population. Peripheral neuropathy affected roughly one fifth of the falls sample, and the twofold
higher odds of a falling problem translate into a meaningful number of older adults whose fall
risk could be reduced by targeting plantar sensation. Fall risk assessment that ignores the feet
therefore overlooks a measurable and treatable contributor, and the monofilament offers a way
to close that gap at negligible cost within existing foot care pathways.

In practice, the monofilament is already carried by most foot care providers, and adding a
single balance question or a brief standing test to the visit requires no new equipment. An insen-
sate site could then trigger referral to balance rehabilitation or to a falls clinic, which is the pathway
suggested by the multifactorial programs shown to reduce falls in diabetic neuropathy.(32) For
podiatry practice specifically, the finding elevates the monofilament from a wound-risk tool to a
balance and fall risk tool, connecting routine foot examination to falls prevention. The addition of
plantar sensation to fall risk screening has no contraindications and a negligible time cost, so the
barrier to adoption is not technical but cultural, requiring clinicians to see the foot as part of the
balance system rather than as an isolated structure.

Mechanisms plausibly connect plantar sensory loss to instability. Cutaneous receptors of
the sole signal pressure distribution and contact with the support surface, and their degradation
widens postural sway and delays corrective responses.(33,34) These deficits appear before overt
neuropathy is diagnosed, since older adults with diabetes but no clinical neuropathy already show
reduced sensory function and worse balance.(35) Balance depends on proprioceptive and cuta-
neous inputs that older adults reweight when one channel fails.(19,36) Plantar stimulation and
textured surfaces that restore tactile cues can reduce sway and improve standing balance, which
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supports the causal relevance of the sensory channel.(37,38) Time series analysis of postural tests
can even identify neuropathy from the sway signal alone.(24) Together these mechanisms make
the foot a sensor as much as a support.

The design itself deserves comment. A secondary analysis of a national survey trades expe-
rimental control for representativeness, and the conclusions are accordingly about association
rather than causation. At the same time, the standardized national protocol removes the examiner
variability that burdens many small clinic-based studies, and the sample is free of the referral bias
that can inflate effect estimates when cases are drawn from specialty clinics.

The strengths of this study include a nationally representative design, objective monofilament
and balance testing performed under a standardized protocol, survey weights that preserve po-
pulation inference, and adjustment for the main confounders of the associations. The neuropathy
and comparison groups differed in age, sex and diabetes, and the attenuation from the crude to
the adjusted estimates confirms that these confounders were operating as expected, which lends
internal consistency to the analysis. The consistency of the primary and sensitivity estimates for
balance, and the gradient from the specific falling problem outcome to the broader dizziness
outcome, argue against a single source of bias. The analysis of two separate outcomes in overlap-
ping cycles also reduces the chance that a measurement artifact of one component explains the
findings.

The results apply to community-dwelling older adults in the United States, whose racial and
ethnic composition in these cycles was predominantly non-Hispanic White. The associations may
differ in populations with a higher prevalence of diabetes-related neuropathy or with different fall
epidemiology, and the exclusion of institutionalized adults removes the group at the very highest
risk. Generalization to other settings should therefore take into account the local distribution of
diabetes and the organization of foot care and fall prevention services.

Several limitations warrant mention. The design is cross-sectional, so reverse causation and
residual confounding cannot be excluded; prospective cohorts with repeated sensory and balance
measures would clarify the direction of the association. The falls outcome was self-reported and
captured falling problems rather than injurious falls; linkage to administrative records or pros-
pective fall diaries would strengthen the outcome. The balance examination was available for
two cycles rather than three, which reduced precision and limited the analysis of the oldest age
groups; future cycles or pooled designs with consistent balance protocols would extend the age
range. The monofilament detects large-fiber sensory loss and may miss small-fiber neuropathy;
more sensitive instruments would better define the exposure. Diabetes was self-reported, and
undiagnosed diabetes may have been misclassified; objective glycemic measures would reduce
that bias. The exposure and outcomes were measured at a single examination, so within-person
fluctuation in balance performance could misclassify some participants; repeated testing would
reduce that noise. The falling problem question does not distinguish single from recurrent falls;
fall frequency data would refine risk estimation. The survey also excluded institutionalized adults,
among whom neuropathy and falls are most prevalent; separate studies in residential care would
complete the picture.

From a clinical standpoint, plantar sensation testing with a monofilament is inexpensive
and already routine in foot care, and its result could be incorporated into multifactorial fall risk
assessment. Balance and strength training improve postural control in people with peripheral
neuropathy,(21,22) combined strength and balance training outperforms aerobic training for ba-
lance and symptoms in diabetic neuropathy,(39) and local vibration has shown promise in the
same population.(40) Multifactorial rehabilitation reduces fall risk in older adults with diabetic
neuropathy,(32) and Tai Chi and resistance exercise offer complementary approaches.(41,42) Inso-
le-based and tactile interventions remain less established but point in the same direction.(38,43)
These strategies converge on the message that preserving or compensating for plantar sensory
input is a modifiable target in fall prevention.

CONCLUSIONS

Monofilament-detected peripheral neuropathy was associated with impaired standing ba-
lance and with self-reported falls in adults aged 60 years and over, independently of age, sex, race
and ethnicity, and diabetes. The findings were robust to alternative definitions of both outcomes,
since the balance association persisted in the sensitivity analysis restricted to the most challenging
balance condition, and the falls association was stronger than the association with nonspecific
dizziness complaints. These findings support the inclusion of plantar sensation testing in fall risk
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assessment for older adults, since an insensate foot identifies a subgroup that stands less stably
and falls more often and that could be directed toward balance rehabilitation.
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