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Abstract. [Purpose] We compared the differences in individual toe flexor muscle strength and balancing ability
between elderly fallers and non-fallers and determined the correlation between individual toe flexor muscle strength
and the functional reach test (FRT). [Subjects] Thirty community-dwelling older adults (15 fallers and 15 age- and sex-
matched non-fallers) between 65 and 83 years of age participated in this study. [Method] Individual toe flexor muscle
strength was measured using a dynamometer, and balance ability was assessed with the FRT, Berg balance scale, and
a sensory organization test (SOT). [Results] The hallux and second toe flexor muscle strengths in the non-faller group
were significantly stronger bilaterally than those in the faller group, whereas no significant differences in the third and
fourth toe flexor muscle strengths were found. The individual toe plantar flexor muscle strengths were moderately
correlated with FRT(r = 0.489-0.765). The non-faller group showed significantly greater balance ability in the FRT and
SOT than the faller group. [Conclusion] The results of this study suggest that the force-generating capability of the

hallux and second toe flexor muscle are related to the incidence of falls among elderly individuals.
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INTRODUCTION

Falls are defined as “events that result in a person coming
to rest unintentionally on the ground or other lower level,
not as the result of a major intrinsic event or overwhelming
hazard”V. Fall injury is one of the major factors reducing the
quality of the life of elderly people. One third of
community-dwelling elderly people aged 65 years or over
have reported falling at least twice a year>>. An elderly
person who has experienced a fall worries about other
accidents and feels less confident while performing physical
and social activities*®. Accordingly, it is essential for
elderly individuals to maintain their balance ability through
postural control so that they can perform activities of daily
living safely.

In order to maintain the center of gravity on the base of
support while carrying on activities of daily living, it is
necessary to integrate information from the visual,
vestibular, and somatosensory systems. Information on
body movements is perceived by the sensory systems,
integrated by the central nervous system, and then passed on

to the effector, the musculoskeletal system. Sufficient
strength in the lower limb muscles is essential for
maintaining static and dynamic balance. Many studies have
considered muscle weakness in the lower limbs of elderly
people as one of the major factors leading to fall accidents
and injuries”'?). The decline in muscle strength in the lower
limbs with aging is responsible for balance impairment!?.
Some studies have demonstrated that the muscle strength in
the lower limbs of elderly individuals is highly correlated
with their walking and balance ability'?. Chu et al.!?
reported that risk factors leading to injuries in falls were
weakness of the lower limbs and unstable tandem walking.
Like the hip, knee, and ankle joints and surrounding
muscles, the toes play an important role in maintaining
stability during forward reach and forward propulsion
during walking"'9. Menz et al.'® reported that the strength
of the toe plantar flexor muscles was a significant
independent predictor of the balance and functional abilities
of elderly people. However, they measured the overall toe
plantar flexor strength using a paper-grip test rather than
individual toe plantar flexor muscles. Therefore, this study
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Table 1. General characteristics of participants
Fallers (n=15) Non-Fallers (n=15)
Variables
Mean+SD  Range Mean + SD Range
Age (y) 71.4+43 66-81 72.1+5.0 66-83
Height (cm) 156.3+54 149-165 156.5 +4.5 149-164
Weight (kg) 613+75 51-81 60.9+6.9 48-78

Comparison between groups (Mann-Whitney U test).

compared the toe strength and balance ability of elderly
fallers and non-fallers using objective methods and
determined the correlations between individual toe plantar
flexor strengths and the results of the functional reach test
(FRT). Three hypotheses were tested in this study: 1) toe
plantar flexor strength would not differ significantly
between elderly fallers and non-fallers; 2) the balance test
would not differ significantly between elderly fallers and
non-fallers; and 3) no significant correlation would be found
between individual toe plantar flexor strengths and the FRT.

SUBJECTS AND METHODS

Subjects

The participants were recruited from among community-
dwelling volunteers. Thirty subjects between 65 and 83
years of age met the inclusion criteria. The principal
investigator asked each subject about his or her history of
falls during the screening test. Fifteen persons (7 males and
8 females) who had fallen at least once while walking during
the previous 12 months were included in faller group'>~'7;
the non-faller group included 15 age- and sex-matched
persons. A fall was not counted if it occurred due to
dizziness, illness, during unusual activities in a hazardous
environment. In the faller group, eleven subjects (73.3%)
recalled falling 3 or more times, and 4 subjects (26.7%)
recalled falling 1 or 2 times in the year prior to the study. No
significant differences between the two groups in terms of
age, height, or weight were found (Table 1).

The following subjects were excluded: (1) subjects who
required aids to walk independently, (2) those with severe
musculoskeletal disorders or foot and toe deformities that
interfered with walking, (3) subjects with neurological
impairments or vestibular dysfunction interfering with
balance diagnosed by an neurotologist based on vertical axis
rotation, positional, and oculomotor testing!®), (4) subjects
with orthostatic hypotension, (5) subjects with significant
cognitive dysfunction who had difficulty understanding
instructions (cognitive impairment was defined as a score of
24 or below on the Mini-Mental State Examination)!?), (6)
subjects taking medications that affected their balance
ability, and (7) subjects with sensory impairment or diabetic
peripheral neuropathy in the lower limbs. All participants
signed an informed consent form after receiving a full
explanation of the purpose of this study. The institutional
review board of Yonsei University approved this study.

Methods
Individual toe plantar flexor muscle strengths were

measured using a digital dynamometer (MSC-200,
AMETEC Inc, FL, USA). A wooden frame consisting of a
platform (20x3x2.3 cm widthxlengthxheight) and a vertical
board (7.7x7.7x4.4 cm widthxlengthxheight) was
constructed. A foot board (40x27x5 cm widthxlength x
height) was used to position the foot and toes to be tested,
and the digital dynamometer was attached to the vertical
board. The height of the dynamometer could be adjusted
using a longitudinal slot in which it was fastened by bolts
and nuts to accommodate individual variations in toe and
foot dimensions. A thin leather strap (1.5 cm wide) was
attached to the hook on the digital dynamometer. This
device was previously determined to have high intra-rater
reliability for the 2nd to 4th toes (intraclass correlation
coefficient (ICC) = 0.88-0.96)?%,

The subject was instructed to sit comfortably with his or
her back supported by the chair backrest and to put the foot
to be tested on the foot board. The hip, knee, and ankle joints
were all positioned at 90 degrees during the test procedure.
The toe to be measured was inserted into a leather cuff,
which was positioned on the plantar side of the proximal
phalanx of the toe to be tested. The subject was instructed to
push the leather cuff downward with the toe to be tested as
hard as possible?!. Each subject practiced three times before
the measurement to become familiar with the testing
procedures. The maximum strength of each toe plantar
flexor muscle was determined during a 5-second push-down
period. The unit of strength measurement was the kilogram
(kg). The mean of three trials was calculated for use in the
data analysis. Subjects had a 3-minute rest between trials to
minimize muscle fatigue. An independent physical therapist
with experience working with a digital dynamometer read
and recorded the strength value of each toe plantar flexor
muscle on the digital display to eliminate experimental bias.

A yardstick was mounted horizontally on a wall for the
functional reach test. The subject was instructed to stretch
the dominant upper limb forward with the shoulders kept at
90 degrees flexion, with the arm held horizontal while
maintaining a fixed base of support to test the limits of
stability in the anterior direction?!). The distance in
centimeters was measured from the tip of the third
metacarpal of the subject’s clenched fist knuckle in the
standing position. Then, the subject reached forward as far
as possible without losing balance and the measurement was
repeated. A second investigator stood by to ensure the
subject’s safety during the FRT. The mean of three trials
was calculated for the data analysis. The ICC of the test-
retest reliability of the FRT was 0.92, and the ICC for inter-
tester reliability was 0.98%D.



The standardized Berg balance scale (BBS) proposed by
Berg et al.?? was measured. The balance is evaluated using
the sum of 14 tasks scores. The ICCs for the inter- and intra-
rater reliability were 0.98 and 0.99, respectively, in a
previous study??.

The sensory organization test (SOT) was performed using
the NeuroCom Smart Balance Master system (NeuroCom
International Inc, Clackamas, OR, USA). The subject wore
a harness for safety. The upper limbs were positioned
naturally at the side of body, the feet were positioned along
parallel lines on the plate, and the subject was instructed not
to move the feet during the test. The SOT consists of six
sensory conditions tested in a standard order?®: 1) normal
vision and support surface; 2) eyes closed and normal
support surface; 3) sway-referenced vision and normal
support surface; 4) normal vision and sway-referenced
support surface; 5) eyes closed and sway-referenced support
surface; and 6) sway-referenced vision and support surface.
The average of the six tests was taken as a composite
equilibrium score for use in the data analysis. The SOT
composite score showed good test-retest reliability, with an
ICC of 0.66 in a previous study®.

The data were analyzed using SPSS version 17.0
(Chicago, IL, USA) for Windows. The Mann-Whitney U
test was used to determine the statistical differences in the
measured values for the demographic data and the three
balance tests between the faller and non-faller groups. To
determine the intra-tester reliability of individual toe plantar
flexor strengths measured using the digital force
dynamometer, the ICC was calculated®). The test and retest
were performed within 5 days. The correlation coefficients
between toe plantar flexor muscle strengths and the FRT
were calculated.

RESULTS

In our study, the intra-tester reliability for the toe plantar
flexor muscle strength measurements was high (ICC values
0.89-0.95) (Table 2).

Table 3 shows the mean, standard deviation, and range
for the measured toe plantar flexor muscles. The plantar
flexor strengths of the hallux and second toe on both sides
was significantly lower in the faller group than in the non-
faller group (p<0.01 and p<0.01). However, no significant
differences in the strengths of the toe plantar flexors of the
third and fourth toes were found between the two groups.

The results of the three balance measures are shown in
Table 4. No significant difference was seen between the
faller and non-faller groups in terms of the BBS, whereas
the FRT (22.87 £ 4.50 cm vs. 28.00 £ 5.49 cm) and SOT
score (70.60 £ 7.34% vs. 75.80 £ 5.65%) of the faller group
were significantly lower than those of the non-faller group.

The correlation coefficients between the toe plantar
flexor muscle strength and FRT ranged from 0.489 (p<0.01)
to 0.765 (p<0.01) (Table 5).

DISCUSSION

We investigated whether differences in individual toe
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Table 2. Intra-tester reliability of the toe plantar
flexor muscle strength measurements
using a digital dynamometer

Variable ICCs (1,1) 95% CI

Hallux 0.89 0.67-0.97
2" toe 0.91 0.74-0.97
31 toe 0.95 0.85-0.99
41 toe 0.90 0.70-0.97

Abbreviations; ICCs: intraclass correlation coefficients.
CI: confidence interval.

plantar flexor muscle strengths and balance ability exist
between fallers and age- and sex-matched non-fallers. The
toe plantar flexor muscles of the hallux and second toes in
the non-faller group were significantly stronger than in the
faller group bilaterally, whereas no significant difference in
the third or fourth toe plantar flexor strengths was seen
between the two groups. The non-faller group had
significantly better balance scores in the FRT and SOT than
the faller group.

Our findings show that non-fallers had significantly
greater toe plantar flexor muscle strength (p<0.01) than the
fallers in the hallux and second toes of both feet, whereas no
significant differences were seen for the third or fourth toes.
Previous research using a pressure platform showed that
older people had 32% less plantar flexion strength of the
hallux and 27% less plantar flexion strength of the lesser
toes than younger people'®). Toe flexor muscle strength
decreases significantly with age?®. Previous studies have
compared toe plantar flexor strength between older and
younger persons. Daubney and Culham!®) reported
significantly stronger hip extensors and ankle dorsiflexors
in elderly non-fallers compared to fallers. Ours is the first
study to compare the toe plantar flexor strength between
fallers and non-fallers measuring individual toe plantar
flexor strengths. Fong et al.?”) found a significantly
increased peak pressure (30%) and pressure-time integral
(79%) in the hallux on a slippery surface compared to a non-
slippery surface. They suggested that greater toe grip is a
strategy for adapting to slippery surfaces. In our study, the
plantar flexor muscle strength of the hallux was greater in
the non-faller group than in the faller group, indicating the
importance of the medial part of the toe plantar flexors in
maintaining balance. Elderly people tend to fall on
relatively slippery surfaces, and many possible causes exist
for falling among elderly people. The weakness of the
medial toe flexors may be a factor contributing to falls in
elderly individuals. The function of the hallux is to control
balance and to provide forward propulsion during walking
and running. If the hallux plantar flexor becomes weak with
aging, it could affect static or dynamic balance ability.

It is not clear whether weakness in the hallux and second
toe results in falling or, alternatively, fear of falling causes
disuse atrophy of the hallux and second toe. A previous
study showed that an old person who has experienced falls
faces limits to normal physical activities, like walking, due
to fear of injuries related to falls®), and the difference in the
toe muscle strength between the two subgroups seen in our
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Table 3. Comparison of toe flexor muscle force measurements

Fallers (n=15)

Non-fallers (n=15)

Variables (Kg)
Mean + SD Range Mean + SD Range

Right Hallux 4.67+1.64 2.29-7.31 7.02+1.10%*  5.16-9.40
Left Hallux 434+1.37 2.19-6.19 6.97 £ 1.30**  5.46-9.71
Right 2™ toe 3.07+1.21 1.13-5.27 4.77+£0.98**  3.06-6.40
Left 2" toe 3.04+1.17 1.29-5.22 4.68+1.00**  3.11-6.44
Right 3" toe 2.74 +1.08 1.16-4.36 3.33+0.76 2.19-4.54
Left 3™ toe 2.74+1.07 1.03-4.32 3.34+0.64 2.34-4.50
Right 4™ toe 2.38+1.02 0.79-3.96 2.87+0.73 1.81-4.21
Left 4™ toe 2.24+0.92 0.92-3.70 2.76 £0.94 1.26-4.13

Comparison between groups (Mann-Whitney U test with the Bonferroni correction). **p<0.01.

Table 4. Descriptive characteristics of subjects and balance measures

Fallers (n=15)

Non-fallers (n=15)

Variables

Mean + SD Range Mean + SD Range
FRT (cm) 22.87 +£4.50 13-30 28.00 + 5.49** 22-45
BBS (score) 52.33+£3.46 45-56 53.40 + 1.64 50-56
SOT (score) 70.60 + 7.34 5-81 75.80 £ 5.65* 67-86

Abbreviations: FRT, functional reach test; BBS, Berg balance scale (maximal score=56); SOT,
sensory organization test. Comparison between groups (Mann-Whitney U test). *p<0.05,

#%p<0.01.

Table 5. Correlation between toe plantar flexors muscle strength and FRT

Right Left
Hallux 2nd 3rd 4th Hallux 2™ 3rd 4th
FRT 0.765%* 0.693** 0.658%* 0.611%*  0.636** 0.564** (.534%* (.489%*

Abbreviations: FRT, functional reach test. **p<0.01.

study is most likely attributable to this.

No validated measures for individual toe plantar flexor
strengths are available. A manual muscle-testing method is
commonly used to measure strength in the clinical setting?®.
However, this method does not measure toe strength
quantitatively. Many researchers have tried to measure toe
strength quantitatively. Endo et al.?® and Mickle et al.>®
used a force plate to determine the ground reaction force,
and Menz et al.'¥) and Nihal et al.>” used a pressure sensor
and a paper-grip test to estimate toe strength. Other
researchers have measured the total toe flexor muscle
strength using a dynamometer®'-*?). Fong et al.2” calculated
toe strength using a pressure insole system and emphasized
toe grip strength. Kwon et al.?® used a dynamometer to
measure the strength of toes 2—4 individually and reported
high test-retest reliability. In our study, the intra-tester
reliability for these measures on two separate occasions was
also high (ICC = 0.89-0.95). It is possible that strength
measurement with a digital dynamometer can be used
clinically to measure toe strength of the elderly.

In this study, the average distance measured in the FRT
was significantly lower in the faller group than that in the
non-faller group (22.87 vs. 28.00 c¢m, respectively). O’Brien
et al.'® reported similar results in that female elderly fallers

had a significantly lower average score on the FRT (22.2 vs.
27.7 cm for fallers and non-fallers, respectively). This is
consistent with our result. Some studies found that toe
plantar flexor strength was related to the FRT value. Endo et
al.? reported a correlation between the toe flexor isometric
muscle strength and the functional toe length as a functional
reach task, which was defined as the *maximum distance
that the subject could move the center of ground reaction
force forward of the first metatarsophalangeal joint’. Kozak
et al.>¥ also stated that greater toe flexor muscle strength
will increase the force under the distal phalanx of each toe,
especially the long toes, so that the center of pressure can be
moved toward the metatarsophalangeal joint. We examined
whether individual toe strength was correlated with FRT
and found that individual toe plantar flexor muscle strengths
and FRT were moderately correlated (r = 0.489-0.765). The
correlation was greater for the hallux and second toe than for
the third and fourth toes. These results suggest that hallux
and second toe plantar flexor muscle strengths contribute to
the FRT result of the elderly.

The SOT assesses a person’s ability to maintain balance
under altered sensory conditions by relying on available
sensory input and suppressing misleading input?®.
Wallmann!? found significantly different SOT scores



between 10 fallers and 15 non-fallers who were at least 60
years of age. In our study, the SOT score was significantly
lower in the faller group (70.60 £+ 7.34%) than in the non-
faller group (75.80 + 5.65%). This indicates that the balance
ability of the faller group was lower than that of the non-
faller group. In contrast, one study reported no significant
difference in SOT scores between fallers and non-fallers>.
This difference in results may have arisen from differences
in the characteristics of the participants, definition of fallers,
and different measurement methods used. Therefore, further
studies are needed to clarify whether the SOT score has the
ability to distinguish between fallers and non-fallers.

In our study, no significant difference in BBS score was
found between the faller and non-faller groups. In other
studies of community-dwelling older adults, the BBS was
not found to be a good predictor of falls3¢37. The BBS is not
sensitive enough to uncover factors that contributed to falls
in older adults who are active’®. Boulgarides et al.’® found
no significant difference between groups, concurring with
our findings. O’Brien et al.3”) found that the BBS was less
sensitive for predicting falls by community-dwelling older
people who were in good health than in residents of the
nursing home studied by Berg et al.>® Our subjects were
community dwellers, which is one possible reason that no
significant difference in the BBS score was found between
the faller and non-faller groups.

Our study has several limitations. First, we did not
control for psychological confounding variables such as
anxiety and fear of falling during the test. Second, our
sample size was too small to generalize our findings to all
community-dwelling fallers. Third, the history of falling
depended on the subject’s memory, and recall bias can
influence results. Fourth, although age- and sex-matched
subjects participated in this study, other factors potentially
affecting balance were not matched between the two groups.
Further studies are needed to determine whether toe plantar
flexor strengthening exercises can improve balancing ability
in the elderly population.
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