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Abstract

Objectives: this study was aimed to test the hypothesis that ankle proprioception assessed by custom-designed proprioception
testing equipment changes with ageing in men and women.
Methods: ankle proprioception was assessed in 289 participants (131 women) of the Baltimore Longitudinal Study of Aging
(BLSA); the participants aged 51–95 years and were blinded during testing.
Results: the average minimum perceived ankle rotation was 1.11° (SE = 0.07) in women and 1.00° (SE = 0.06) in men, and it
increased with ageing in both sexes (P < 0.001, for both). Ankle tracking performance, which is the ability to closely follow
with the left ankle, a rotational movement induced on the right ankle by a torque motor, declines with ageing in both men and
women (P = 0.018 and P= 0.011, respectively).
Conclusions: a simple, standardised method for assessing ankle proprioception was introduced in this study using a custo-
mized test instrument, software and test protocol. Age-associated reduction in ankle proprioception was confirmed from two
subtests of threshold and tracking separately for women and men. Findings in this study prompt future studies to determine
whether these age-associated differences in the threshold for passive motion detection and movement tracking are evident in
longitudinal study and how these specific deficits in ankle proprioception are related to age-associated chronic conditions such
as knee or hip osteoarthritis and type II diabetes and affect daily activities such as gait.
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Introduction

Proprioception is defined as the perception of position and
motion which is conveyed by mechanoreceptors located
within several joint components and is essential for precision
in motor control [1–3]. As a possible compensatory sensory
apparatus, proprioception may become more important in
older adults who have limited visual and/or vestibular
function.

Age-associated decline in proprioception has been docu-
mented using the threshold to detection of passive motion
for the ankle and knee joints [4–8]. Ankle proprioception

assessment in particular has been an area of focus because of
its essential role in postural control [7, 9, 10]. Modified or
impaired ankle performance during customary walking has
been reported in relation to normal ageing and in conditions
that are known to impact lower limb somatosensation (e.g.
diabetes mellitus) [11–14]. Therefore, proper assessment of
ankle proprioception may be critical for designing not only
rehabilitation but also pre-habilitation interventions with the
aim of preventing or delaying mobility limitation and main-
taining normal walking patterns in the face of advancing age
and/or pathological conditions. Deficits in ankle joint move-
ment perception have been reported previously in diabetic
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adults and older adults from ankle proprioception assess-
ments conducted while standing and thus weight bearing
[4, 15]. However, the importance of ankle proprioception
assessment in non-weight-bearing situations cannot be un-
derestimated, because precise ankle proprioception may be
crucial in non-weight-bearing stages of the gait, i.e. the swing
phase, for safe ground clearance and avoiding tripping.
Poorer ankle proprioception in older adults compared with
younger adults has been reported in previous studies using
threshold of detecting passive ankle rotation [5] and dynamic
position sensing [7], but potentially more subtle age-related
differences within older adults and differences between
women and men has not been examined. To expand on
these scarce observations, we developed a proprioception
testing apparatus and testing protocol for automated ob-
jective assessment of ankle joint proprioception for detecting
threshold for perception of passive movement, passive-
to-active ankle position matching and tracking tasks. We
examined ankle proprioception performance of older adults
to test whether ankle proprioception-related performance is
worse with increasing age in the threshold, positioning and
tracking tasks using this newly developed device. We also
examined proprioception performance differences between
men and women.

Methods

Participants

Data are from 289 cognitively intact participants (131
women) aged 51–95 in the BLSA. Participants with severe
pain in lower limbs or <10° of ankle plantar flexion or dorsi-
flexion from neutral position (ankles at 100° with respect to
tibia; Figure 1a) were excluded from testing. The BLSA
protocol was approved by the appropriate Institutional
Review Board (Baltimore, MD, USA), and all participants
provided written consent to participate.

Ankle proprioception instrument

The measurement equipment was specifically designed and
built for the BLSA and consists of two pedals (Figure 1b).
The right foot pedal is moved by a motor (BALDOR, Ft
Smith, AZ, USA) and the left is moved freely by the test
subject (Figure 1b). Both pedals are attached to potenti-
ometers that continuously measure angular deviation of the
ankle joint from the neutral position. Custom-designed inter-
facing software that executes pre-set rotations in the motor-
driven pedal and records the rotations for both pedals was
written by LabView (version 7.1, National Instruments,
USA) with a 20 Hz sampling rate.

Test protocol

Participants are seated on a height-adjustable stool with their
stocking or bare feet placed on the free moving (left) and
motor-driven (right) pedals with ankles at neutral position
(Figure 1) to permit comfortable ankle rotation for plantar
flexion and dorsiflexion of at least 10°. Participants are blind-
folded, and their feet are securely strapped into the pedals. If
necessary, the instrument can be immediately stopped during
the test. The testing is performed in a quiet room without
any distractions. Three tests are administered:

(1) Threshold test assesses the minimal angular displacement
(degrees) required for perception of passive movement
in the proper direction (plantar flexion or dorsiflexion).
A total of four trials are performed at an angular speed
of 0.3°/s in the pre-set sequence of ankle plantar flexion,
dorsiflexion, dorsiflexion, and plantar flexion. Participants
hold a push button during the threshold tests which they
are instructed to push it as soon as they perceive ankle
movement and to indicate the direction of rotation. If
they perceive the wrong rotational direction, the trial is
repeated. The threshold angle required for perception of
passive movement is calculated as the average of the last

Figure 1. Ankle proprioception test instrument. (a) Neutral position of test; (b) overall figure of test equipment.
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two trials, one in dorsiflexion and one in plantar flexion
direction.

(2) Position test measures ability to actively match the ankle
angle set by the motor-driven pedal on the right side
using the free moving pedal on the left side. From the
neutral test position (Figure 1), participants are asked to
move their left foot to match the rotation angle of the
right foot that is driven by the motor. The error calcu-
lated as the absolute difference (degrees) between the left
(participant driven) and right (motor driven) ankle pedals
is measured after 5 s of initial setting of the motor-driven
pedal. Three trials are performed in the following
sequence: 5° plantar flexion, 5° plantar flexion and 5°
dorsiflexion.

(3) Tracking test evaluates the ability to track continuous
passive ankle angular rotations in plantar flexion and
dorsiflexion produced by the machine on the right ankle
by actively rotating the free pedal of the left ankle.
Participants are asked to rotate left foot to match the con-
tinuously rotating angle of the right foot. Thus, this novel
test evaluates the position as well as the velocity aspect of
movement. Two trials are performed with continuous
repetition of plantar flexion and dorsiflexion between
angles of 10°, one at a relatively slow speed (3°/s) and
one at a relatively fast speed (5°/s). Waveforms were
designed to generate the ankle rotation pattern using
custom written software. Tracking performance is mea-
sured at each speed by calculating the cross-correlation
coefficients of the ankle rotation curves obtained from
the left- and right-side potentiometers.

Test–retest reliability of the three proprioception tests was
examined by calculating intraclass correlation coefficients
(ICCs). For reliability evaluation, the test protocol was
re-administered to 27 participants 2 days following initial
testing [16].

Statistical analysis

Cross-sectional associations between ankle proprioception
performances and age were examined by multiple regression
analysis adjusted for height and weight separately for women
and men. Proprioception differences between women and
men were also examined with generalised linear models
(GLM) controlling for height, weight and age. Statistical ana-
lyses were performed using SAS (SAS 9.1), with significance
set at P < 0.05.

Results

Women and men had comparable BMI, but women were
younger (P = 0.004), shorter (P < 0.001) and weighed less
(P= 0.001) as shown in Table 1. Repeated tasks for the same
participants (N= 27) confirmed reliability of test procedures
in the threshold, positioning and tracking tasks with sig-
nificant correlations between same tasks with 2-day time
interval (ICCs were 0.88, 0.44 and 0.65, respectively). Ankle

proprioception test results with respect to age and differ-
ences between women and men are shown in the Table 2.
Age-associated patterns for the threshold tests were consist-
ent across all trials. On average, required ankle angular move-
ment for detecting rotation in women and men was 1.11°
(SE = 0.07) and 1.00° (SE = 0.06), respectively, and thresh-
old angles for both women and men were higher with older
age (P < 0.001, for both). Position matching did not vary
with age for either women or men. The cross-correlation
coefficients for ankle tracking performance (closer to 1
means better tracking performance) in women and men did
not differ (P= 0.446) and were lower with increasing age in
both women and men (P= 0.018, and P= 0.011, respectively).
Age associations of tracking task performance differ between
men and women, with men demonstrating age association
on the slower task and women on the faster. Age associations
of ankle proprioception for the threshold, position and
tracking performance in women and men are depicted in
Figure 2.

Discussion

The proprioception test instrument and protocol described
in this study were developed to assess proprioception in the
ankle joint by measuring ability to sense movement and
control static and dynamic position. Partially supporting our
hypothesis, ankle proprioception tests of threshold and
tracking revealed poorer performance with increasing age in
both women and men.

The threshold test was designed for detection of slow
(0.3°/s) ankle angular movement in the sagittal plane.
Previously developed ankle threshold tests have the test
subject in an upright, weight-bearing position [4, 5, 15, 17];
thus, ankle rotation possibly could be detected through pro-
prioception of any of the lower extremity joints including the
hip, knee and/or ankle. Thus, detection of ankle rotation
using a standing test may be less sensitive to impaired ankle
proprioception [5, 18]. The threshold test performed in a
seated, non-weight-bearing position, as introduced in this
study, can be beneficial for assessing proprioception fo-
cussed solely on the ankle joint and can be an essential sup-
plementary method to weight bearing or standing tests.
Awareness of subtle ankle angular movement may contribute
to efficient customary walking in providing a triggering cue
for shock absorbing effort during initial stepping and also in
assuring appropriate clearance during the swing phase.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1. Participant characteristics

Women (SE),N= 131 Men (SE),N= 158 P value

Age, years 70 (1) 73 (1) 0.004
Height, m 1.62 (0.01) 1.74 (0.01) <0.001
Mass, kg 71.80 (1.25) 84.03 (1.14) <0.001
BMI, kg/m2 27.37 (0.39) 27.53 (0.36) 0.768

SE, standard error.
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Given that weight bearing is just started or not even applied
in the initial step or swing phase of gait, respectively, the crit-
ical role of ankle proprioception in the non-weight-bearing
position for efficient ambulation cannot be underestimated.
Thus, the finding that minimum ankle threshold angles
required for detecting slow ankle angular movements are
higher with increasing age has important implications for
understanding the precise mechanism of gait mechanics and
walking efficiency in late life and suggests a potential area of
intervention for retaining mobility of older adults. Lower per-
formance in threshold for perception of passive ankle rota-
tion in older age in this study was consistent with a previous
study using a weight-bearing standing test [4].

Unexpectedly, position test performance that captured the
ability to perceive and match a pre-set static ankle position
with the other ankle showed no variation with age. This lack of
variation indicates that this particular approach to assessing
ankle proprioception has low construct validity in addition to
low test–retest reliability and would require modification
before further consideration as a meaningful measure of ankle
proprioception. The low test–retest reliability is consistent
with this perspective. Given these issues, we cannot clearly
evaluate age associations in ankle positioning performance.

In contrast, the tracking test that evaluates ability to per-
ceive and match dynamic ankle positions continuously and

simultaneously revealed a significant inverse age association
for both women and men in the cross-correlation coeffi-
cients. Consistent with previous studies in ankle movement,
age-associated decline in tracking performance can be in-
terpreted as combined deterioration in the sensing and
controlling of ankle angular movements of ipsilateral and
contralateral sides [19, 20]. The tracking tests administered at
the relatively faster speed (5°/s) and at the relatively slower
speed (3°/s) revealed age associations in women and men,
respectively. These results suggest that men and women may
differ in tracking-related ankle proprioception tasks that
could be associated with different footwear histories such as
wearing high heels, for instance.

The ankle proprioception tests introduced in this study
have threefold significance. First, the ease of testing due to
the seated, non-weight-bearing position allows wider applica-
tion of the testing protocol that is particularly important for
longitudinal study. This system was designed to conduct
relatively precise assessments to facilitate ascertainment of
minimum potential differences or change in ankle proprio-
ception performance over time. In addition, older adults
who have or develop difficulty in standing because of
balance problems or joint pain can be tested using the instru-
ment and procedures described here. Second, by measuring
proprioception in the most distal segment of the lower

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2. Age associations in ankle proprioception parameters in women and men

Ankle proprioception variables Age associationa Women and men differencesb

β P value Mean (SE) P value

Threshold average, degree
(motor speed = 0.3°/s)

Women 0.036 <0.001 1.11 (0.07) 0.291
Men 0.024 <0.001 1.00 (0.06)

Thresholdtest1
(3°/s, plantar flexion)

Women 0.063 0.002 2.48 (0.21) 0.031
Men 0.056 <0.001 1.77 (0.19)

Threshold test2
(3°/s, dorsiflexion)

Women 0.037 <0.001 1.29 (0.11) 0.135
Men 0.038 <0.001 1.03 (0.10)

Threshold test3
(3°/s, dorsiflexion)

Women 0.043 <0.001 1.30 (0.10) 0.260
Men 0.039 <0.001 1.28 (0.08)

Threshold test4
(3°/s, plantar flexion)

Women 0.029 <0.001 0.93 (0.06) 0.563
Men 0.010 0.016 0.88 (0.05)

Position average, degree
(motor speed = 3°/s)

Women 0.001 0.976 3.51 (0.25) 0.073
Men 0.027 0.124 2.81 (0.22)

Position test1
(5°, plantar flexion)

Women −0.026 0.342 2.70 (0.28) 0.958
Men 0.015 0.459 2.68 (0.24)

Position test2
(5°, plantar flexion)

Women 0.045 0.123 3.25 (0.31) 0.260
Men 0.032 0.159 2.71 (0.27)

Position test3
(5°, dorsiflexion)

Women −0.017 0.722 4.58 (0.45) 0.026
Men 0.033 0.241 3.03 (0.39)

Tracking average Women −0.001 0.018 0.90 (0.01) 0.446
Men −0.001 0.011 0.90 (0.00)

Tracking test1
(3°/s)

Women −0.001 0.103 0.92 (0.01) 0.275
Men −0.001 0.004 0.91 (0.01)

Tracking test2
(5°/s)

Women −0.001 0.026 0.89 (0.01) 0.799
Men −0.001 0.121 0.88 (0.01)

Bold values indicate significant age association with P < 0.05.
β, coefficient of age association with ankle proprioception performance.
aModels are adjusted for height and mass.
bModels are adjusted for height and mass, and age.
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extremity (ankle), subtle, but more specific functional defi-
cits, as a possible consequence of normal ageing or chronic
disease can be obtained. This more narrowly focussed as-
sessment of proprioception could be especially important for
older adults with limited visual and/or vestibular function.
Third, the tracking test is uniquely capable of measuring the
ability to sense and control movement simultaneously which
may elucidate mechanisms underlying impaired balance control
associated with frequent falling highly prevalent in older adults.

This study has limitations. The ankle proprioception test
instrument as currently designed has only one pedal that is
motor driven, the one on the right, and one pedal that the
participant can move, the one on the left. Thus, participants
with the same level of proprioception who differ with regard
to their dominant leg may achieve different results because of
the instrument setting. Therefore, it should be noted that the
reported results from this study assume symmetry in ankle
activity of left and right sides. Although proprioception per-
formance was measured from the ankle joint in a seated and
non-weight-bearing position, passive and active ankle move-
ment cannot be totally isolated from the activities of the knee

and hip. Thus, existence of a small portion of other joint
effects, which were not considered in this study, may have
impacted the results.

In conclusion, a simple, standardised method for asses-
sing ankle proprioception was introduced in this study using
a customized test instrument, software and test protocol.
Age-associated reduction in ankle proprioception was con-
firmed from two subtests of threshold and tracking separate-
ly for women and men. Findings in this study prompt future
studies to determine whether these age-associated differ-
ences in the threshold for passive motion detection and
movement tracking are evident in longitudinal study and how
these specific deficits in ankle proprioception are related to
age-associated chronic conditions such as knee or hip osteo-
arthritis and type II diabetes and affect daily activities such as
gait.

Key points

• Ankle proprioception assessment.
• Age-associated decline in proprioception.
• Baltimore Longitudinal Study of Aging.
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Abstract

Background: people with weakened immunity because of age or co-morbidities comprised the fastest growing portion of
tuberculosis (TB). Higher mortality before or during TB treatment was observed. In spite of the increasing longevity world-
wide, surveys focussing specifically on elderly TB are scarce.
Objective: to identify prognostic factors of mortality before and during TB treatment among the elderly.
Methods: we provided a retrospective cohort study of patients aged 65 and above with pulmonary TB in an Asian city with
ageing population. A total of 2,546 patients were enrolled, including 743 (29.2%) cases aged 85 or beyond. Study subjects were
categorised by treatment outcomes: treatment success, death prior to TB treatment or death during TB treatment.
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