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ABSTRACT: Introduction: Changes occur in muscles and
nerves with aging. In this study we explore the relationship
between unipedal stance time (UST) and frontal plane hip and
ankle sensorimotor function in subjects with diabetic neuropa-
thy. Methods: UST, quantitative measures of frontal plane ankle
proprioceptive thresholds, and ankle and hip motor function
were tested in 41 subjects with a spectrum of lower limb senso-
rimotor function ranging from healthy to moderately severe dia-
betic neuropathy. Results: Frontal plane hip and ankle
sensorimotor function demonstrated significant relationships
with UST. Multivariate analysis identified only composite hip
strength, ankle proprioceptive threshold, and age to be signifi-
cant predictors of UST (R2 ¼ 0.73), explaining 46%, 24%, and
3% of the variance, respectively. Conclusions: Frontal plane hip
strength was the single best predictor of UST and appeared to
compensate for less precise ankle proprioceptive thresholds.
This finding is clinically relevant given the possibility of strength-
ening the hip, even in patients with significant peripheral neu-
ropathy.
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Quantitative and qualitative changes occur in
muscles and nerves with aging.1 These changes
include a decrease in the number of alpha moto-
neurons, reduced motoneuron excitability, and loss
of type II muscle fibers, leading to decreased muscle
mass and slower muscle response latencies.2 Such
changes, which adversely affect motor control and
balance in older persons, are even more marked
among older persons with peripheral neuropathy
(PN), a common complication of diabetes mellitus.
In such patients, the neuropathy is usually length-de-
pendent and results in distal sensorimotor dysfunc-
tion of varied severity. As a result, diabetic patients
have decreased balance,3–6 altered gait,7 and
increased fall risk,8,9 compared with healthy controls.

Control of frontal plane stability is particularly
important given that lateral falls are associated
with hip fractures in older adults.10,11 Biomechani-
cal models and human studies suggest that control

at the hip is of greater importance to equilibrium
in the frontal plane than control at the ankle. For
example, a whole-body inverted pendulum model
of medial–lateral control during human walking
suggests that the hip exerts the primary influence,
and that minor errors in hip motion are compen-
sated by adjustments at the subtalar joint.12 Simi-
larly, a second model demonstrated that foot
placement in the frontal plane, which is regulated
by hip abduction/adduction, was the most efficient
method for controlling frontal plane balance while
walking.13 Other studies have provided experimen-
tal support for these models and demonstrated the
importance of hip frontal plane strength for bal-
ance control in elderly subjects when they negoti-
ate obstacles14 and for fall prevention.15,16

However, no study has described the relationship
between lower limb afferent and efferent neuromus-
cular capacities relevant to frontal plane control in
older subjects with a demonstrably significant range
of peripheral neurological function. For example,
none of the aforementioned biomechanical models
or experimental studies addressed the role of distal
afferent function (i.e., ankle proprioception). Simi-
larly, evaluations of lower limb neuromuscular
capacities associated with balance deficits in subjects
with PN studied either ankle proprioception5 or
ankle joint motor function,17,18 but not both, and no
study has evaluated hip motor function in this high-
risk population.

Unipedal stance time (UST) is a convenient
clinical measure of balance that evaluates frontal
plane postural control. It is the most challenging
activity within the widely used Berg Balance
Scale.19 Moreover, UST is associated with
frailty,20,21 PN,6,22 activity level,23 and falls in older
persons with PN24 and without PN,25,26 and
decreases markedly with age.27,28 Therefore, our
objective was to elucidate the relationships
between UST and lower limb neuromuscular
capacities relevant to frontal plane postural control
in older subjects with a spectrum of neuromuscu-
lar function. The primary hypothesis was that hip
motor function would be an independent predic-
tor of UST. Support for this hypothesis has clinical

Abbreviations: BMI, body mass index; COM, center of mass; MVC,
maximum voluntary contraction; MDNS, Michigan Diabetes Neuropathy
Score; PN, peripheral neuropathy; RTD, rate of torque development; UST,
unipedal stance time

Correspondence to: L. Allet, University of Applied Sciences of Western
Switzerland (HEDS) Dpt of Physiotherapy, Rue des Caroubiers 25,
CH1227 Carouge, Switzerland; e-mail: lara.allet@hesge.ch

VC 2011 Wiley Periodicals, Inc.
Published online 17 October 2011 in Wiley Online Library
(wileyonlinelibrary.com). DOI 10.1002/mus.22325

Key words: age, balance, diabetic neuropathy, muscle strength,
proprioception

578 Sensorimotor Function and Balance MUSCLE & NERVE April 2012



relevance, given the fact that PN predominantly
affects distal function, which leaves the potential
for strengthening of hip musculature.1

METHODS

Forty-one subjects (16 healthy old and 25 with PN
due to diabetes) were recruited under a protocol
approved by our institutional review board. Written
informed consent was obtained from all partici-
pants. Subjects were recruited from the University
of Michigan Orthotics and Prosthetics Clinic, En-
docrinology Clinic, and the Older Americans Inde-
pendence Center Human Subjects Core. Inclusion
criteria for PN subjects were:

• Age 50–85 years.
• Weight <136 kg.
• Known history of diabetes.
• Able to walk household distances without an as-
sistance/assistive device.

• Strength of ankle dorsiflexors, invertors, and
evertors at least anti-gravity (grade �3 by manual
muscle testing).

• Symptoms and signs consistent with PN: symmet-
rically altered sensation in lower extremities, and
Michigan Diabetes Neuropathy Score (MDNS) of
�10.29

• Electrodiagnostic evidence of a diffuse PN as evi-
denced by bilaterally abnormal fibular motor
nerve conduction studies (absent or amplitude <2
mV and/or latency >6.2 ms and/or conduction
velocity <41.0 m/s), stimulating 9 cm from the re-
cording site over the extensor digitorum brevis
distally, and distal to the fibular head proximally.

Exclusion criteria for PN subjects were:

• Accidental fall �1 month prior to testing.
• History or evidence of any significant central
nervous system dysfunction (i.e., hemiparesis,
myelopathy, or cerebellar ataxia).

• Neuromuscular disorder other than PN (e.g.,
myopathy or myasthenia gravis).

• Evidence of vestibular dysfunction.
• Angina or angina-equivalent symptoms with
exercise.

• Plantar skin sore or joint replacement within the
previous year.

• Symptomatic postural hypotension.
• Significant musculoskeletal deformity (i.e.,
amputation or Charcot changes).

• Lower limb or spinal arthritis or pain that limits
standing to <10 min, or walking to less than one
block.

• The healthy older adults were without neuro-
pathic symptoms, had MDNS of <10, and had

normal electrodiagnostic studies. Otherwise, they
met the same inclusion criteria as the PN
subjects.

Entrance Evaluation. During the physical examina-
tion that focused on neurological and musculoskel-
etal findings, inclusion and exclusion criteria were
verified. Neuropathy severity was further deter-
mined using the 46-point-scale MDNS29,30 (higher
score reflecting more severe neuropathy), evaluat-
ing distal sensory impairment, distal muscle
strength, and muscle stretch reflexes. Finally, all
subjects underwent nerve conduction studies of
the fibular nerve, as described previously.

UST. Subjects performed three trials of UST on
each foot.29,31 Subjects started with an intramalleo-
lar distance of approximately 15 cm, and then
transferred weight to one foot. To standardize the
test sequence and timing of weight transfer to the
extent possible the examiner asked, ‘‘Ready?’’ and
upon receiving assent from the subject, gave the
cadence command, ‘‘One, two, up.’’ Subjects were
required to raise their non-stance limb at the ‘‘up’’
command. UST maximum was set at 30 s.

Neuromuscular Capacity Testing. Hip Abduction and
Adduction Muscle Strength. A custom whole-body
dynamometer (BioLogic Engineering, Inc.) was
used to measure the maximum voluntary contrac-
tion (MVC) and maximum rate of torque develop-
ment (RTD) in the frontal plane at the hip.32 This
dynamometer was found to be sensitive to the
effects of age, gender, and hip angle when isomet-
ric hip strength was measured in a group of 24
young and 24 older subjects. In addition, the appa-
ratus demonstrated the ability to resolve torque
with a precision of 0.5 Newton meter (N�m). Retest
reliability has not been evaluated; however, it was
anticipated that reliability would be similar to that
found with isometric testing in other populations
(e.g., with a mean day-to-day difference of 10%
and a coefficient of repeatability of 11–33%).33

The dynamometer features a horizontal bench on
which the subject lies fully supported, allowing all
measurements to be made in a gravity-free plane.
The pelvis and upper body were immobilized using
adjustable harness straps at multiple points. During
maximum voluntary abduction strength tests, sub-
jects progressively increased their isometric effort
from rest to their maximum over a count of three,
held it for 2 s, and relaxed. Patients were encour-
aged verbally. To quantify rate of isometric
strength development, subjects performed an
abduction against the lever arm as fast and as hard
as possible for 3 s.34 Three trials were performed
with 1-min rests between trials. Subjects performed
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analogous maneuvers in the opposite direction for
hip adduction strength and rate of isometric
strength testing.

Ankle Muscle Strength. During testing of the
rate of ankle strength development, subjects stood
on the test foot on a force plate (OR-6; Advanced
Mechanical Technology, Inc.) and moved the cen-
ter of ground support reaction from the lateral
margin of the foot to the medial margin as quickly
as possible, then again to the lateral margin, as
described elswehere.17 Three trials, each with five
medial–lateral movements, were performed. Sub-
jects were allowed to touch a horizontal railing to
keep their balance.

During maximum voluntary strength testing,
subjects stood on the force platform touching the
hand rails on both sides as needed. Subjects were
then asked to lift one leg, shift their center of grav-
ity as far lateral under their foot as they could, and
lift their hands from the rails for 3 s. The test was
repeated three times for the lateral, and then like-
wise repeated for the medial margin of the foot.

Ankle Proprioception Threshold. Subjects stood
with the test foot in a 40 � 25 cm cradle that was
rotated by an Aerotech 1000 servomotor equipped
with an 8000-line rotary encoder, as described by
Son et al.5 After an audible cue, a single ankle
inversion or eversion rotation of 0.1�–3� magni-
tude was randomly presented at 5�/s. The subject
then pressed a joystick handle in the direction of
the perceived foot rotation. Four blocks of 25 trials
(randomly, 10 eversion, 10 inversion, and 5
dummy trials) were presented interspersed with 2–
5-min rest intervals. The outcome measure was the
ankle proprioception threshold (TH100), defined
as the smallest rotational displacement of the
ankle that a subject could reliably detect with
100% accuracy.35

Data Processing. Signals were amplified to volt lev-
els before being acquired using a 12-bit analog-to-
digital converter sampling at 100 HZ. The MVC
efforts at the hip and ankle, as well as the maximal
RTD, were normalized by individual body size,
defined as the parameter body height multiplied
by weight (units of N�m). Strength data were proc-
essed using a second-order least-squares polyno-
mial fit (LabVIEW) to determine the peak value.
The mean peak value obtained from the three tri-
als for each test type was used for the statistical
analyses. To determine each proprioceptive thresh-
old, we calculated the mean TH100 from the four
blocks of 25 trials in each test direction. A sum-
mary measure of ankle proprioception was found
from the sum of the inversion and eversion pro-
prioception thresholds.

Statistics. Statistics were conducted using SPSS
for Windows (release 11.0.1.2001; SPSS, Inc., Chi-
cago, Illinois). Descriptive statistics were calculated
for all measures, including a composite score of
frontal plane ‘‘hip strength,’’ calculated as the
mean of the mean peak abduction and adduction
MVCs. Data were examined for normality and
screened for outliers. Pearson’s product-moment
correlation coefficients were calculated to assess
relationships between neuromuscular capacities
and UST.

A regression model determined independent
predictors of UST. Variables were entered stepwise
in the order of their strength of correlation. To
reduce the number of independent variables, only
the best predictor variable for ankle motor func-
tion and the best predictor variable for hip motor
function were retained in the final regression
model, along with the identified covariates (age
and body mass index).

To determine whether hip strength might com-
pensate for distal afferent deficiencies (less precise
ankle proprioceptive thresholds), the residuals of
the regression model using UST as the outcome
variable and proprioceptive threshold and age as
predictor variables were saved and ranked by mag-
nitude. The hip strength of the 12 subjects with
the highest residuals was then compared with the
hip strength of the 12 subjects with the lowest
residuals using a two-sided Student’s t-test. A simi-
lar analysis was performed to determine whether
more precise ankle proprioceptive thresholds
might compensate for decreased hip strength. The
significance level for all tests was set at P < 0.05.

RESULTS

Of the 91 potential subjects, 21 did not pass the tel-
ephone screening, and 18 elected to not partici-
pate. Of the 52 remaining subjects, 3 had schedul-
ing conflicts, and 5 failed the screen. Of those 44
remaining subjects, 1 was lost to follow-up, and 2
dropped out due to medical concerns. Finally, 41
subjects were enrolled. The means and standard
deviations of age, body mass index (BMI), and
MDNS, together with the participants’ neuromuscu-
lar capacities and UST data, are shown in Table 1.

Correlations. Correlations between UST and fron-
tal plane lower limb neuromuscular function were
strong, and many of the functions explained more
than a third of the variability in UST (Table 2).
This includes all of the functions measured except
for ankle inversion and eversion MVC, and hip
abduction and ankle eversion RTD. Age and BMI
were substantially less strongly associated with UST
than were the majority of neuromuscular RTD
variables.
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Multivariate Analyses. The final regression model
included UST as the outcome variable and hip
strength (as defined in Methods), ankle inversion
RTD, ankle proprioception, and the covariates age
and BMI as independent variables (Table 3). Maxi-
mum hip strength was the most important predic-
tor of UST, explaining almost half of its variability.
Ankle proprioceptive thresholds and age also con-
tributed to the model in a significant manner. The
former explained an additional 25% of the var-
iance in UST, and age explained just 3%. Overall,
the model explains nearly three fourths of the vari-
ability in UST.

UST and the Ratio of a Composite Variable of Hip

Strength to Ankle Proprioception. After observing
the relationship between hip strength and UST
and the inverse relationship between propriocep-
tive threshold and UST, we formed a new variable,
the ratio of hip strength to proprioceptive thresh-
old. This variable was found to explain >70% of
the variability of UST (Fig. 1).

Hip Strength Can Compensate for Imprecise Ankle

Proprioception. After performing regression of
ankle proprioceptive threshold and age on UST,
the residuals for all subjects were ranked, and the
hip strength of the upper one third (representing
subjects who had longer USTs than would be
expected for prioprioceptive threshold and age)
was compared with that of the lower one third. The
former had significantly greater hip strength than
the latter (Fig. 2a), suggesting that hip strength was
able to compensate for less precise ankle proprio-
ception. When the same analysis was performed for
ankle proprioceptive thresholds, subjects with
greater UST had significantly more precise
(smaller) proprioceptive thresholds (Fig. 2b).

DISCUSSION

We have quantified sensory and motor lower limb
neuromuscular capacities in a group of older sub-
jects over a spectrum of peripheral neurologic
health. There are three novel, clinically significant
findings: (1) maximum voluntary hip strength in
the frontal plane was the single best predictor of
UST, a result consistent with the primary hypothe-
sis; (2) maximum voluntary hip strength and ankle
proprioceptive thresholds explained the majority
of the variance in UST, with age playing a trivial
role; and (3) increased hip strength appears to
compensate for less precise ankle proprioception.

Although frontal plane hip strength is not rou-
tinely evaluated in studies of postural control,
there is evidence supporting its importance. For
example, during bipedal stance, anterior–posterior
balance is under ankle control (plantar and

Table 1. (SD) of demographic and neuromuscular function results.

Parameter

Non-diabetic subjects (N ¼ 16) Diabetic patients (N ¼ 25)

All Men (N ¼ 6) Women (N ¼ 10) All Men (N ¼ 15) Women (N ¼ 10)

Age (years) 67.81 (8.97) 67.83 (11.02) 67.8 (8.16) 70.04 (8.16) 71.53 (7.17) 67.8 (9.39)
BMI (kg/m2) 28.35 (7.18) 26.24 (3.25) 29.62 (8.68) 32.41 (6.44) 30.25 (5.36) 35.66 (6.81)
Unipedal stance time (s) 22.34 (11.1) 21.87 (11.98) 22.62 (11.19) 6.9 (6.91) 15.1 (11.03) 9.52 (9.36)
MDNS (0—46 points) 1.69 (3.77) 2.5 (6.12) 1.2 (1.48) 13.56 (6.04) 14.13 (6.5) 12.7 (5.48)
Hip abduction MVC (N�m/N�m) 0.041 (0.024) 0.051 (0.028) 0.035 (0.02) 0.031 (0.01) 0.032 (0.011) 0.03 (0.009)
Hip abduction RTD (N.m/N.m.s) 0.255 (0.188) 0.312 (0.224) 0.22 (0.166) 0.154 (0.096) 0.155 (0.104) 0.154 (0.087)
Hip adduction MVC (N�m/N�m) 0.047 (0.018) 0.051 (0.018) 0.045 (0.018) 0.033 (0.012) 0.035 (0.013) 0.03 (0.011)
Hip adduction RTD (N�m/N�m/s) 0.29 (0.226) 0.4 (0.224) 0.224 (0.211) 0.199 (0.151) 0.19 (0.176) 0.213 (0.112)
Ankle eversion MVC (cm)* 1.275 (0.502) 1.501 (0.665) 1.135 (0.348) 1.017 (0.442) 1.009 (0.541) 1.028 (0.257)
Ankle inversion MVC (cm)* 2.187 (0.501) 2.544 (0.381) 1.932 (0.426) 1.596 (0.659) 1.585 (0.729) 1.614 (0.563)
Ankle inversion RTD (N�m/N�m/s)* 0.188 (0.096) 0.231 (0.086) 0.161 (0.097) 0.104 (0.064) 0.113 (0.067) 0.091 (0.06)
Ankle eversion RTD (N�m/N�m/s)* 0.243 (0.114) 0.326 (0.136) 0.191 (0.059) 0.141 (0.069) 0.15 (0.079) 0.128 (0.051)
Proprioceptive threshold (�)† 0.986 (0.757) 1.154 (1.093) 0.885 (0.511) 2.391 (1.313) 2.208 (0.832) 2.665 (1.839)

MVC, maximum voluntary contraction; RTD, rate of torque development.
*N ¼ 13 valid cases for non-diabetic subjects, N ¼ 24 valid cases for diabetic patients, and N ¼ 12 for non-diabetic subjects.

Table 2. Bivariate correlations between unipedal stance time and
neuromuscular function, age, and body mass index.

Parameter

Correlation
coefficient
with UST P

Hip strength 0.672 0.000
Hip adduction MVC 0.664 0.000
Hip adduction RTD 0.645 0.000
Ankle inversion RTD 0.644 0.000
Proprioceptive threshold �0.643 0.000
Hip abduction MVC 0.619 0.000
Age �0.492 0.001
Ankle eversion RTD 0.490 0.001
Hip abduction RTD 0.481 0.001
BMI �0.392 0.009
Ankle eversion MVC 0.351 0.018
Ankle inversion MVC 0.350 0.018

All values calculated based on the 36 subjects who had valid results for
all variables.
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dorsiflexors),36 whereas mediolateral balance is
controlled via frontal plane motion at the hip.36

Other studies demonstrated significant correlations
between hip abduction RTD and performance of
reactive and voluntary frontal plane balance in
older adults.37 A study of slips noted that older
persons used frontal plane mechanisms for recov-
ery, whereas young subjects did not.38 One way to
interpret the importance of abductor and adductor
muscles with regard to unipedal stance is to sug-
gest that a co-contraction of these muscles allows a
transient, voluntary increase in hip rotational stiff-
ness. Given that an inverted pendulum is a com-
monly used model for human standing balance,
this stiffness creates a longer pendulum, which
requires more time to fall than a shorter pendu-
lum. As a result, there is more time available for
postural adjustments, which renders the task of
one-legged balance less challenging.39 However,
once balance is disturbed, it is likely that the avail-
ability of a rapid rate of strength development
would be more important, given that balance resto-
ration occurs within fractions of a second.34

The independent contribution of ankle pro-
prioception for balancing on one leg is consistent

with previous work5 in which ankle inversion/ever-
sion proprioceptive thresholds explained approxi-
mately half the variance in UST (R2 ¼ 0.514) in

Table 3. Regression model.

95% CI bound

Model R R2 Dependent variable US* Lower Upper t P

1 0.676 0.456 Hip MVC* 460.945 290.881 631.010 5.497 0.000
2 0.834 0.696 Hip MVC* 386.485 254.224 518.745 5.932 0.000

Ankle proprioception �4.179 �5.794 �2.564 �5.254 0.000
3 0.856 0.733 Hip MVC* 339.517 205.974 473.060 5.167 0.000

Ankle proprioception �3.867 �5.433 �0.300 �5.017 0.000
Age �0.265 �0.515 �.015 �2.156 0.038

*US ¼ unstandardized coefficients.

FIGURE 1. Scatterplots illustrating the relationship of the hip

strength/proprioception ratio to UST. The equation for the curvi-

linear regression is: y ¼ 0.0098e0.067x.

FIGURE 2. Hip strength and ankle proprioception in patients with

shorter and longer, respectively, USTs than anticipated. A com-

parison of (a) hip strength and (b) ankle proprioceptive thresholds

in subjects who demonstrated shorter (left) and longer (right)

USTs than would be anticipated based on their ankle propriocep-

tive threshold and age. Hip strength was calculated as the mean

of the mean peak abduction and adduction maximal voluntary

contractions (N�m/N�m). UST, unipedal stance time. Propriocep-

tive threshold ¼ smallest rotational displacement of the ankle that

a subject could reliably detect with 100% accuracy.
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older subjects with a range of peripheral neurolog-
ical function. More precise ankle proprioceptive
thresholds may reduce the lateral distance that the
center of mass (COM) can travel prior to detec-
tion. Early detection of a displaced COM would
then require only moderate strength that a major-
ity of older persons likely possess. In contrast, less
precise ankle proprioception would require greater
intensity of motor function for appropriate reposi-
tioning of the COM. Supporting this explanation,
healthy subjects demonstrate increased center-of-
pressure velocities when the plantar aspect of the
foot is anesthetized, which is consistent with the
greater motor function requirement.40

Ankle motor function did not show a signifi-
cant independent influence on UST, despite the
fact that ankle inversion and eversion rates of tor-
que generation explained approximately 40% and
25%, respectively, of its variance. These findings
are consistent with those of Gutierrez et al.,17 who
found that ankle inversion RTD explained over
50% of the variance in UST (R2 ¼ 0.575). In con-
trast, ankle maximum isometric inversion and ever-
sion strengths each explained only 12% of UST.
When observing subjects successfully balancing on
one foot there are rapid postural adjustments in
ankle inversion and eversion as the center of pres-
sure is quickly manipulated to control the move-
ments of the whole-body COM. The rapid speed
with which these changes occur in the subject who
can reliably stand on one foot is consistent with
ankle maximum RTD being an important motor
function for the maintenance of unipedal stance.
These findings are in line with other studies show-
ing that the ability of the lower limbs to create
force quickly is of greater importance than the
total force a muscle group can generate.41,42

Although highly correlated with UST, ankle RTD
had no independent influence on UST in the pres-
ence of ankle proprioception and hip strength.
This is of clinical interest, given the challenge of
strengthening distal musculature in PN subjects.

Given the established relationships between a
diminished UST and frailty, activity level, and falls,
strategies to increase UST have clinical relevance.
There is no clear evidence that ankle propriocep-
tive thresholds can be improved by therapeutic
exercise,43 and recent work has shown that an
ankle orthosis, which decreased the temporal and
spatial variability of neuropathic gait on an irregu-
lar surface, did not improve ankle proprioceptive
thresholds.35 Given these findings, frontal plane
hip strengthening appears the best strategy for
improving UST. This strengthening should be pur-
sued most aggressively in those with decreased dis-
tal afferent neurological function, as it appears
that increased frontal plane hip strength can com-

pensate for distal sensory impairment at the ankle.
Given the fact that the majority of polyneuropa-
thies are distal, this strategy can be used in a large
proportion of patients with lower limb neuromus-
cular disease. Conversely, persons with PN and
proximal weakness that cannot be improved may
be best served by an assistive device, appropriate
upper limb strengthening, environmental modifi-
cation, and instruction.44,45 Finally, it should be
noted that diminished UST need not be viewed as
a natural consequence of aging, despite research
that has noted an inverse association between the
two and even one study suggesting age-adjusted
norms for UST.27,46 Instead, a decreased UST
should, in the absence of an obvious musculoskel-
etal and/or central neurological disorder, be con-
sidered a function of diminished lower limb neuro-
muscular competence.

A recent study47 found that improvements in
trunk extension endurance, but not lower limb
strength or power, were independently associated
with clinically meaningful change in balance in
older adults. However, that protocol measured
lower limb strength by means of a seated double-
leg press maneuver, and thus sagittal plane
strength of multiple muscle groups within the
lower limbs was simultaneously measured. This
technique contrasts with that of our study, which
measured frontal plane sensorimotor functions dis-
cretely at the hip and ankle. Therefore, although
trunk extension endurance may be more impor-
tant to balance than to sagittal plane lower limb
strength, the relative importance of trunk endur-
ance and lower limb frontal plane sensorimotor
function with reference to balance has yet to be
explored.

The strengths of this study include the fact that
sensory and motor control mechanisms were quan-
tified simultaneously in subjects with a spectrum of
neuromuscular dysfunction. The correlations and
multiple regression analyses were unusually strong.
Given the complexity of any human behavior it is
remarkable that just two lower limb neuromuscular
characteristics explain nearly 75% of UST. Limita-
tions include the fact that UST is unlikely to per-
fectly reflect a variety of relevant mobility charac-
teristics, such as gait speed and the ability to
recover from a perturbation while walking. The
lower limb sensorimotor function(s) responsible
for these deserves further attention. In addition,
only frontal plane neuromuscular functions were
evaluated. It is possible that sagittal plane muscle
strength also influences UST. It should also be
noted that the measurements of ankle motor func-
tion assumed the ankle’s center of rotation to be
midway between the malleoli. This was an estima-
tion and therefore represents a study limitation,
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but an important one to note given that ankle
motor function was not identified as an independ-
ent predictor of UST. It is possible that evaluation
of ankle motor function by another means, such as
an open chain technique, would have led to an al-
ternative conclusion. In the past, however, we used
the closed chain technique, and its validity is sup-
ported by the relationship between ankle strength
determined in this fashion to the presence of neu-
ropathy and unipedal stance time.17 Due to techni-
cal difficulties in the early stages of the study, a
portion of the ankle motor data could not be ana-
lyzed for 5 subjects, so the final regression model
was performed on 36 subjects. Finally, UST was
cut-off at 30 seconds, likely creating a ceiling effect
for the most able subjects.

In conclusion, increased frontal plane hip
strength and/or decreased (more precise) ankle
proprioceptive thresholds strongly influenced UST.
Age, in contrast, had a trivial influence when these
neuromuscular functions were taken into account.
Frontal plane hip strength was the single best pre-
dictor of UST and appeared to compensate for less
precise ankle proprioceptive thresholds. This find-
ing is clinically relevant, given the possibility of
strengthening the hip even in the setting of signifi-
cant PN.

This work was supported by the National Institutes of Health
(ROI AG026569-01), PHS grants (P30AG024824), and the Swiss
National Foundation (IZKOZ3_133925).
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