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Relationship between characteristics of plantar
pressure distribution while standing and falls

In community-dwelling elderly

Tomoko Hiramatsu, Kiyoko Izumi®

Abstract

[Objectives]: The purpose of this study was to clarify the characteristics of plantar
pressure distribution while the community-dwelling elderly were standing, and to
investigate the relationship between plantar pressure distribution and falls.
[Methods] : Subjects comprised 87 community-dwelling elderly individuals (14 men,
73 women; mean age, 75.0 = 6.4 years) who were independent in activities of daily
living. Data were obtained over time using a plantar pressure measuring system.
The foot arch area was divided into 5 sections (divided into forefoot, midfoot, and
heel) and the toe area was divided into 5 sections (each toe). Plantar pressure was
then quantitatively calculated in center of foot pressure (CFP) position of 45%FL
(relative distance from the heel with respect to foot length), 50%FL, 55%FL amd
60%FL. CFP position was based on the findings of preceding studies. CFP position
of 45%FL was the highly stable quiet stance position. And CFP position of 60%FL
was the forward limit of a quiet stance. Load values for the 10 areas are shown as
relative values (%) with respect to the full load on the plantar portion of one foot.
The loads on the 10 parts of each foot were calculated based on the CFP position,
and similarities and differences between them were examined to identify any
variation in the toe pressure. So toe pressur of 45%FL and 60 %FL was classified.
[Results] : 1. Plantar pressure distribution was classified into 3 pattern. Group 1:
toe pressure was lower than the mean value of the toe puressures at 45%FL and
higher than the mean value of the toe puressures at 60%FL. Group 2: toe pressure
was higher than the mean value of the toe puressures at 45%FL and higher than
the mean value of the toe puressures at 60%FL. Group 3: toe pressure was lower
than the mean value of the toe puressures at 45%FL and lower than the mean
value of the toe puressures at 60%FL. 2. It related to the 3 pattern of plantar
pressure distribution and walking time, the history of falls. And there were a lot of
occurrences of the falls in Group 3. The highest relativ risk of falls was Group 3
RR : 4.0).

[Conclusion]: To prevent falls in the elderly, we focused on stability in standing
posture and quantitatively investigated plantar pressure distribution. Characteristics
of toe pressure showed 3 patterns related to falls. This suggests that plantar
pressure distribution in a standing posture may be one indicator for predicting falls
may be effective in preventing falls.
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Introduction

The elderly are susceptible to falls, and effects of
falls have been shown to include trauma and fear
of falling, which can lead to a restricted range of
activities of daily living. In about 10% of people
who require care, a fall was the event that
precipitated this state’. Then, Prevention of falls
is thus extremely important in maintaining quality
of life in community-dwelling elderly.

A characteristic of falls in the elderly is that they
occur from loss of balance, particularly when no
external force is present, while the individual is
performing activities of daily living. Intervention to
improve stability in a standing posture is thus
thought to be one effective way to prevent falls.
Stability of standing posture is the ability to
maintain the body’s center of gravity within the
base of support. The present study focused on the
feet, since the feet are used to correct small losses
of balance.

With regard to the feet and falls in the elderly,
decreased strength in the toe flexor muscles is
reportedly related to falls and to walking ability

2-3)

and balance, which are factors in falls Using
footprints, we analyzed plantar images of elderly
people and reported a relationship between the
status of ground contact of the toes and experience
of falls*"®.

The foot region can structurally be divided into
the foot arch area and toes, and functions to
support the standing posture. The foot arch area
forms a firm unit consisting of three arches,
whereas the toes abound in mobility. When
standing still, the center of foot pressure position
(hereafter, CFP position; ie. the center of gravity
of the body projected onto the foot region) in the
anteroposterior direction is approximately 30-60%
from the heel relative to the foot length (hereafter
%FL)" ; the average value is about 45%FL"'%. In
this position, most plantar pressure is evenly
distributed between the forepart of the foot and
heel™; the peak value for the former occurs at
either the second or third metatarsal head''.
However, the peak value differs when the foot
region is deformed . In addition, pressure increases
in the forepart of the foot during anteversion and

in the heel part during retroversion®. This
suggests that stabilization of the standing posture
is achieved by making the plantar pressure
distribution fluctuate as a result of the morphology
of the foot arch area and CFP position.

Although there are few reports on toes, there is
a report claiming that whereas toe pressure is
about 3% of body weight during quiet standing,
activity of the abductor pollicis muscle and toe
pressure rapidly increases when the CFP moves
beyond 60%FL in the anterior direction®. The
abductor pollicis muscle is one of the flexor pollicis
groups of muscles; its assumed function is to
maintain an arch structure in response to increased
load upon the foot arch region that accompanies
anteversion. At the same time, it is speculated that
flexors of other toes also become involved.

These observations suggest that the functions of
the foot arch and toes differ depending on the CFP
position, that posture is maintained while standing
still by supporting body weight with the foot arch
region, and that the foot arch and toes support
body weight and maintain posture in association
with forward movement of the CFP position.
However, subjects in previous studies were adults,
and the actual state in the elderly has not been
clarified. In addition, when carrying out activities
of daily living, it is necessary to maintain a variety
of different positions within the base of support,
depending on the circumstances. Standing still
while reaching forward is one of the basic
movements; it is likely that postural adjustment by
toe pressure is important, although investigations
for each toe have not been conducted.

The purpose of this study was to clarify the
characteristics of plantar pressure distribution while
the community-dwelling elderly were standing,
and to investigate the relationship between plantar
pressure distribution and falls.

Methods
1. Study subjects

Subjects comprised 87 people >65 years old (14
men, 73 women; mean age, 75.0 = 6.4 years) who
underwent physical fitness measurements in 2005.
All subjects were participants in a health class
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who lived in the community and were independent
in terms of activities of daily living. None of the
subjects showed visual and/or auditory impairment
interfering with activities of daily living. They
were all capable of walking outdoors. Their ankle
and toe mobility and plantar sensation were
normal. There was no person with hemiplegia.

Physical fitness measurements including a
questionnaire survey on health were incorporated
into the health class program.
2. Data collection

From the results of the 2005 physical fitness
measurements and questionnaire survey completed
by the subjects, information was gathered on
plantar pressure, balance, muscle strength, and
walking ability, which are considered to be key
factors in falls, and on falls themselves. Information
on sex, age, height, weight, and foot length was also
collected as basic data. Data were gathered again
in 2007 to follow changes in plantar pressure. To
understand the status of falls in 2005, information
on experience of falls was collected in 2006.
1) Measurement position and methods in

physical fitness measurements
(1) Plantar pressure: Measurements were made
using a plantar pressure measurement system that
consists of a plate-like measuring device and an
The

plate portion is fitted with pressure sensors at

analyzer (RS Scan International, Belgium).

5X7mm intervals, with each sensor able to detect

@ Hallux

@ Second toe
@) Third toe
@ Fourth toe
®) Fifth toe
® Fore foot (inside) 1/3
@ Fore foot (central part) = = = =
Fore foot (outside) 1/3
9 Mid foot

loads >0.3N. The measurement is shown in colour
imaging and load value (Newton) through the
analyzer. The measurement posture was adopted

with reference to a cross test ¥

. After standing in
a quiet stance for 30 s, subjects slowly flexed their
ankles and leaned forward in manner comfortable
to them, maintaining their forwardmost leaning
position for 3 sec. Subjects practiced this
movement before measurements were made.

(2) Balance, muscle strength, walking ability:
Static balance was measured using movement of
the center of gravity with eyes open and closed",
and dynamic balance was measured with the

tZO)

functional reach test™. Grip strength was measured

using a grip dynamometer, and toe flexor force

). For walking

was measured using a toe checker”
ability, 10-m walking speed and number of steps
with normal walking and a step test were
measured with reference to items in walking
software that measures movement ability””. The
reliability and wvalidity of all methods has been
demonstrated.
2) Questionnaire survey

Experience of falls and fear of falling were
examined in a group survey using a self-completed
survey form.
3. Data analysis
1) Calculation of CFP position

CFP position was calculated from the pressure
center point in the forward-backward direction

Heel

1/3

/X : the center of foot pressure (CFP) position

CFP position =B/A X 100 (%FL)

% A : Foot length

Figure 1. 10 areas in plantar and CFP position
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obtained with the RS Scan and foot length, and

shown as relative distance (% foot length) from the

heel with respect to foot length.

2) Plantar distribution and display of Plantar
pressure

The foot was divided into the following 10 areas
based on morphological characteristics. The toes
were divided into 5 sections, one for each toe. The
foot arch was divided into 3 equal sections from
the heel to the tip of the arch in the longitudinal
direction: the heel; midfoot; and forefoot. The
forefoot was then divided equally along the width
of the foot into the inside forefoot, central forefoot,
and outside forefoot. (Figure 1). Next, the left and
right load values were calculated with every 1%FL
increment in CFP position from a quiet stance to
the forwardmost inclination. Load values for the
10 areas are shown as relative values (%) with
respect to the full load on the plantar portion of one
foot.

3) Feature in plantar pressure that accompanied
forward movement of the CFP position

Mean plantar pressure and standard deviation
were obtained from the CFP position in 45%FL,
50%FL, 55%FL and 60%FL. And relative change
with respect to plantar pressure in the CFP
position in 45%FL was obtained. The findings of a
previous study that the average value of CFP
position in a quiet stance was about 45%FL™. As
for this position, the stability of the standing
posture is the highest. The findings of a previous
study that CFP position of 60%FL was the forward
limit of a quiet stance®.

First, the entire average of plantar pressure
distribution and change ratio according to CFP
position was put out.

Next, the loads on the 10 parts of each foot were
calculated based on the CFP position, and
similarities and differences between them were
examined to identify any variation in the toe
pressure. Based on the findings of preceding
studies on the plantar pressure distribution in
adults®”, the plantar distribution patterns were
determined by calculating the mean toe pressures
during the steadiest CFP position in the quiet
stance and during the CFP at 60%FL, which is the

maximum extent of anterior displacement, and
analyzing the combinations of the values above
and below the mean. And, The mean plantar
pressure, standard deviation, and ratio to the
plantar pressure during the quiet stance were
calculated at intervals of 5% along the course of
the mean CFP position while adopting a quiet
stance by pattern.

Changes over time were investigated in 48
individuals who underwent measurements twice,
in 2005 and 2007.

4) Relationship between plantar pressure
distribution and falls
(1) Relationships between plantar pressure
distribution and the key fall factors of balance,
muscle strength, and walking ability, and falls
themselves, were investigated.
(2) To examine the relationship between falls and
the plantar pressure distribution, as well as the
other factors related to falls, the relative risk was
calculated. Falls was analyzed based on the results
of a follow-up study conducted during the year
following the measurement of the plantar pressure
distribution.
4. Statistical analysis

Statistical analysis was performed using SPSS
version 13.0 software (SPSS, Japan), with p<<0.05
taken as the level of statistical significance. In two-
way repeated measures analysis of variance of the
plantar pressure, multiple comparisons were
performed involving the left and right feet together
when there was no significant interaction between
them but a significant main effect in the region.
The relationship between distribution patterns of
plantar pressure and fall factors was investigated
using a x* test or one-way analysis of variance and
multiple comparisons.

5. Ethical considerations

All study protocols were approved by the
medical ethics committee of Kanazawa University
(approval No. 251). A written explanation was
given to the person in charge of the health class,
and consent was obtained in writing from each
subject prior to participation. The researchers did
not have a correspondence table, and received the
data only after anonymiszation to remove personal
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information.

Results
1. Summary of CFP position and plantar

pressure distribution

Mean CFP position in a quiet stance was 43.3 =
4.7% FL.

No hilateral differences were seen in any CFP
position.

Figure 2 showed the plantar pressure distribution
according to CFP position. With a CFP position of
45% FL, toe pressure was 6.8% of total plantar
Pressure of the forefoot and heel each
accounted for about 40% of total plantar pressure.

pressure.

In the forefoot, pressure in the central part
accounted for 50% and pressure in the inside and
outside parts accounted for about 25% each.

Total toe pressure increased with forward
movement of the CFP position, and differences
were seen between 45%FL and 50%FL, 55%FL,
60%FL (<0.05), between 50%FL and, 55%FL,
60%FL (p<0.05), between 55%FL and, 60%FL (p<
0.05).

accounted for more than 50% of toe pressure in all

Pressure was largest in the hallux, which

CFP positions. The change ratio was also largest
in the hallux.
In the foot arch, no difference was seen in the

forefoot and the midfoot as a result of CFP position.
Peak plantar pressure of forefoot was CFP position
of 55%FL, and peak plantar pressure of midfoot
was CFP position of 55%FL, showing gradually
unimodal distribution.  Pressure on the heel
decreased with forward movement of the CFP
position, and a difference was seen similar to Total
toe pressure.

In the 48 people who could be measured twice,
no differences in plantar pressure were seen
between 2005 and 2007.

2. Plantar pressure distribution patterns
accompanying forward movement in CFP
position
Based on the mean value of the toe pressures on

adopting CFP positions at 45%FL and 60%FL, 3
patterns of plantar pressure distribution were
identified. The mean value of the toe pressures on
adopting CFP positions at 45%FL was 6.8% of total
plantar pressure and the mean value of the toe
pressures on adopting CFP positions at 60%FL
was 23.7% of total plantar pressure.

Group 1: toe pressure was lower than the mean
value of the toe puressures at 45%FL and higher
than the mean value of the toe puressures at
60%FL. Group 2: toe pressure was higher than the
mean value of the toe puressures at 45%FL and

50

n=87 CFP position

M£SD  m45%FL
= 40 050 % FL
c B55%FL
o
=] m60 % FL
=) -
2
5 30
[%2]
2
o
2 20 T
8 1l
o _ —]
5 T —HH]
S —H
§ 10 H
o H

0 —H —H] H —{HH =i =i
Total toe Fore foot Fore foot Fore foot Mid foot Heel
(inside) (central part)  (outside)

Figure 2. Plantar pressure distribution according to CFP position

Total toe, and heel forces at a CFP position of 45 % FL differ from those at CFP positions of 50, 55 and
60 % FL (p<0.05), CFP position of 50 % FL differ from those at 55 and 60 % FL (p<<0.05), CFP position of

55 % FL differ from those at 60 % FL (p<<0.05)



Tomoko Hiramatsu, et al

Table 1. Characteristics of the subjects according to three Groups

n=87
Plantar pressure distribution pattern
Item Group 1 Group 2 Group 3
n=31 n=18 n=238
Gender Male 6 (194%) 4 (222%) 3 (78%)
Female 25 (80.6%) 14 (778%) 35 (92.2%)
Age (years) 74647 764£64 767+ 74
Height (cm) 155.2+7.2 153.9+8.1 1493+ 7.8
Weight (kg) 55.1+8.1 534+8.0 51.8+11.6
BMI (kg/m?) 228+28 226%3.1 231% 42
Foot length (cm) 23014 225*16 224% 16
CFP position; quiet stance (% FL)! 438+44 46.1 £3.7 429+ 65

multiple comparison (post ANOVA)

1) significant differece between Group 1 and Group 2, Group 2 and Group 3 (p<<0.05)

higher than the mean value of the toe puressures
at 60%FL. Group 3: toe pressure was lower than
the mean value of the toe puressures at 45%FL
and lower than the mean value of the toe
puressures at 60%FL. Group 1 was 31 subjects
(35.6%), Group 2 was 18 subjects (20.7%), and Group
3 was 38 subjects (43.7%).

1) Summary of subjects by group (Table 1)

No differences were seen between the 3 groups
in age, sex, height, weight and BMI, or foot length.
CFP in a quiet stance was furthest forward in
Group 2, at 46.1 = 3.7% FL, and 43.8 = 44% FL in
Group 1 and 429 =65% FL in Group 3. A
significant difference was seen between Group 2
and Groups 1 and 3 (p<<0.05).

2) Variation in plantar pressure in the 3 groups
with forward movement of the CFP position
(1) Group 1 (Table 2)

With a CFP position of 45% FL, toe pressure was
6.2% of total plantar pressure, with hallux pressure
comprising 46.8% if this. Pressure on the foot arch
was about 40% of total plantar pressure in both the
forefoot and heel, and 17% of total plantar pressure
in the midfoot.

Toe pressure increased with forward movement
of the CFP position. In the hallux through third
toes, significant differences were seen between
45% FL and 50%, 55%, and 60% FL (p<0.05), between
50% FL and 55%, 60% FL (p<<0.05), between 55%
FL and 60% FL (p<<0.05). In the fourth toes,

Table 2. Plantar pressure distribution and change ratio of Group 1 according to CFP position

n=62
CFP position
Area 45 % FL 50 % FL 55 % FL 60 % FL

Force? (SD) Force(SD) Change Ratio? Force(SD) Change Ratio  Force(SD) Change Ratio
Total toe 62 (31 135 (5.8) 218 200 (7.1) 3.23 299 (9.1) 4.82
Hallux® 29 (21) 6.8 (3.6) 2.34 101 (4.7) 348 154 (54) 5.31
Second toe? 1.0 (09 24 (20) 240 35 (24) 3.50 52 (2.3) 5.20
Third toe® 1.0 ( 09 21 (1.3) 2.10 3.0 (1.6) 3.00 40 (1.9 4.00
Fourth toe? 09 (09 15 (1.2) 1.67 22 (1.3) 244 34 (1.7) 3.78
Fifth toe 04 (04) 0.7 (0.8) 1.75 1.2 (1.0) 3.00 19 (15) 4.75
Fore foot (inside) 100 ( 54) 119 (55) 1.19 127 (5.7) 1.27 125 (65) 1.25
Fore foot (central part) 19.8 ( 7.6) 206 (7.3) 1.04 206 (7.3) 1.04 19.1 (6.7) 0.96
Fore foot (outside) 9.1 ( 45) 93 (4.2) 1.02 9.8 (4.6) 1.08 96 (4.7) 1.05
Mid foot 170 ( 85) 176 (94) 1.04 162 (8.8) 0.95 142 (83) 0.84
Heel® 380 (11.8) 270 (5.5) 0.71 20.8 (6.6) 0.55 14.8 (7.1) 0.39

1) %

2) Change ratio refers to the ratio relative to the force at the CFP position of 45 % FL.

multiple comparison (post ANOVA)
3) CFP position of 45 % FL differ from those at 50, 55 and 60 % FL, CFP position of 50 % FL differ from those at 55 and 60 % FL,

CFP position of 55 % FL differ from those at 60 % FL (p<<0.05).

4) CFP position of 45 % FL differ from those at 55 and 60 % FL, CFP position of 60 % FL differ from those at 50 and 55 % FL (p<<0.05).
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significant differences were seen between 45% FL
and 55%, 60% FL (p<<0.05), between 60% FL and
50%, 55% FL (p<0.05). Pressure was largest in the
hallux, which accounted for more than 50% of toe
pressure in all CFP positions.

In foot arch pressure, no differences were seen
in the forefoot or midfoot as a result of CFP
position. Pressure on the heel decrease with
forward movement of the CFP position, and a
difference was seen between 45% FL and 50%,
55%, and 60% FL (p<0.05), between 50% FL and
55%, 60% FL (p<<0.05), between 55% FL and 60%
FL (p<<0.05).

(2) Group 2 (Table 3)

With a CFP position of 45% FL, toe pressure was
11.7% of total plantar pressure, of which hallux
pressure comprised 49.6%. Pressure on the foot
arch was 40.6% of total plantar pressure in the
forefoot, 31.3% of total plantar pressure in the heel,
and 16.5% of total plantar pressure in the midfoot.

Toe pressure increased with forward movement
of the CFP position. In the hallux, a significant
difference was seen between 45% FL and 55%, 60%
FL (p<0.05), between 50 % FL and 55%FL, 60% FL
(p<0.05), and between 55 % FL and 60% FL (p<
0.05. In the second through fourth toes a
significant difference was seen between 45% FL
and 60% FL, and between 50 % FL and 60% FL (p<

0.05). A significant difference was seen between
45% FL and 55%FL in the hallux only, and the
increase in pressure on the hallux was earlier than
on the other toes. Pressure was largest on the
hallux, which accounted for about 50% of toe
pressure in all CFP positions.

In foot arch pressure, no differences were seen
in the forefoot or midfoot as a result of CFP
position. Pressure on the heel decrease with
forward movement of the CFP position, and a
difference was seen between 45% FL and 55% FL,
60% FL (p<<0.05), between 50% FL and 55%, 60%
FL (p<0.05). Pressure on the forefoot and midfoot
was the same as in Group 1.

(3) Group 3 (Table 4)

With a CFP position of 45% FL, toe pressure was
5.8% of total plantar pressure, with hallux pressure
comprising 51.7%. Pressure on the foot arch was
about 40% of total plantar pressure in both the
forefoot and heel, and 17.5% of total plantar
pressure in the midfoot. Pressure on the arch was
the same as in Group 1.

Toe pressure increased with forward movement
of the CFP position, and differences were seen in
the hallux through fourth toes between 45% FL
and 55% FL, 60% FL (p<0.05) and between 50 %
FL and 60% FL (p<0.05). Pressure was largest on
the hallux, which accounted for about 50% of toe

Table 3. Plantar pressure distribution and change ratio of Group 2 according to CFP position

n=36
CFP position
Area 45 % FL 50 % FL 55 % FL 60 % FL

Force? (SD)  Force(SD) Change Ratio? Force(SD) Change Ratio  Force(SD) Change Ratio
Total toe 11.7 (4.1) 152 (4.5) 1.30 17.3 (5.3) 148 27.3 (83) 2.33
Hallux® 58 (3.6) 6.8 (28) 1.17 102 (3.8) 1.76 146 (6.2) 252
Second toe? 21 (1.3) 27 (14) 1.29 36 (19 1.71 46 (24) 2.19
Third toe? 19 (1.1) 25 (1.0) 1.32 3.0 (1.3) 1.58 39 (1.9 2.05
Fourth toe? 1.3 (1.0) 1.8 (1.1) 1.38 21 (1.1 1.62 28 (14) 2.15
Fifth toe 0.6 (0.6) 14 (14) 2.33 14 (14) 2.33 14 (1.1 2.33
Fore foot (inside) 10.7 (4.5) 105 (4.9) 0.98 11.7 (46) 1.09 123 (44) 1.15
Fore foot (central part) 198 (5.9) 183 (5.8) 0.92 196 (5.3) 0.99 20.3 (6.7) 1.03
Fore foot (outside) 101 (4.2) 101 (45) 1.00 105 (4.4) 1.04 106 (3.8) 1.05
Mid foot 165 (7.8) 17.1 (9.8) 1.04 162 (84) 0.98 13.0 (7.7) 0.79
Heel® 31.3 (85) 288 (7.2) 0.92 218 (5.9) 0.70 165 (5.8) 0.53

1) %

2) Change ratio refers to the ratio relative to the force at the CFP position of 45 % FL.

multiple comparison (post ANOVA)

3) CFP position of 45 % FL differ from those at 55and 60 % FL, CFP position of 50 % FL differ from those at 55and 60 % FL, CFP

position of 55 % FL differ from those at 60 % FL (p<<0.05).

4) CFP position of 45 % FL differ from those at 60 % FL, CFP position of 50 % FL differ from those at 60 % FL (p<<0.05).
5) CFP position of 45 % FL differ from those at 55and 60 % FL, CFP position of 50 % FL differ from those at 55and 60 % FL (p<<0.05).
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Table 4. Plantar pressure distribution and change ratio of Group 3 according to CFP position

CFP position

Area 45 % FL 50 % FL 55 % FL 60 % FL
Force? (SD)  Force(SD) Change Ratio? Force(SD) Change Ratio  Force(SD) Change Ratio
Total toe 58 (4.0) 93 (4.2) 1.60 124 (5.0) 2.14 162 (5.1) 2.79
Hallux® 30 (24) 48 (3.0) 1.60 62 (3.9 2.07 73 (4.1) 243
Second toe? 09 (1.1) 14 (1.2) 1.56 2.0 (15) 2.22 29 (1.7) 3.22
Third toe® 1.0 ( 1.0) 15 (1.2) 1.50 21 (1.2) 2.10 32 (1.1 3.20
Fourth toe® 07 (0.7) 1.0 (0.8) 143 14 (0.9) 2.00 21 (0.7) 3.00
Fifth toe 02 ( 05) 0.6 (0.6) 3.00 0.7 (0.7) 3.50 0.7 (0.7) 3.50
Fore foot (inside)® 101 ( 5.1) 135 (4.6) 1.34 152 (45) 150 155 (4.1) 153
Fore foot (central part) 185 ( 5.7) 225 (45) 1.22 237 (5.2) 1.28 228 (5.7) 1.23
Fore foot (outside) 99 (39 108 (3.8) 1.09 121 (3.7) 1.22 125 (3.1) 1.26
Mid foot 175 (10.5) 17.0 (8.3) 0.97 175 (7.3) 1.00 179 (8.6) 1.02
Heel? 38.2 (10.8) 268 (7.0) 0.70 19.2 (6.8) 0.50 152 (5.5) 0.40

1) %

2) Change ratio refers to the ratio relative to the force at the CFP position of 45 % FL.

multiple comparison (post ANOVA)

3) CFP position of 45 % FL differ from those at 55 and 60 % FL, CFP position of 50 % FL differ from those at 60 % FL (p<<0.05).
4) CFP position of 45 % FL differ from those at 50, 55 and 60 % FL, CFP position of 50 % FL differ from those at 60 % FL (p<<0.05).

pressure at 45% FL. and 55% FL. The hallux
pressure was 45% of toe pressure at CFP position
of 60% FL.

Pressure on the forefoot increased with forward
movement of the CFP position, and differences
were seen in the inside central forefoot between
45% FL and 55% FL, 60% FL (p<0.05) and between

50% FL and 60% FL (p<0.05). No difference was
apparent in the midfoot as a result of CFP position,
and no variation was seen from the 45%FL
position. Pressure on the heel decrease with
forward movement of the CFP position, and a
difference was seen between 45% FL and 50%,

55%, and 60% FL (p<<0.05), between 50% FL and

Table 5. Comparison between plantar pressure distribution pattern and risk factors

of fall
n=87
Plantar pressure distribution pattern
Risk factors of fall Group 1 Group 2 Group 3
n=31 n=18 n=38
Sway of center of gravity: eyes open (cm/s) 1.8+£0.5 2012 2108
Sway of center of gravity: eyes closed (cm/s) 2508 2611 3115
Functional Reach Test (cm) 312+6.0 308+5.9 276+6.8
Grip (kg) Right 245+81 21.8+6.6 208*6.5
Left 21069 202*64 18455
Toe flexor Right 3914 38+26 32%10
Strength (kg)  Left 3610 3512 2911
10 m walking time (s)? 6.7x1.0 7116 76x16
Number of steps required to walk 10 m (steps)? 144+18 15123 15.7+23
40 cm step test Can perform 31 (100.0) 18 (100.0) 29 (76.3)
Cannot perform 0 ( 00 0 (C 00 9 (23.7)
History of falls within Yes 1 ( 32 4 (222) 10 (26.3)
the past year? No 30 ( 96.8) 14 ( 77.8) 28 (73.7)
History of near falls Yes 10 ( 32.3) 7 (139.8) 22 (57.9)
within the past year  No 21 ( 67.7) 11 ( 60.2) 16 (42.1)
Fear of falling Very afraid 4 (129) 6 ( 33.3) 8 (21.1)
Somewhat afraid 17 ( 54.8) 7 ( 389) 24 (63.1)
Not afraid 10 ( 32.3) 5 (278 6 (15.8)

1) multiple comparison (post ANOVA), ; significant differece between Groups 1 and Groups 3 (p<<0.05)

2) x? test, p<0.05
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60% FL (p<0.05).
(4) Comparison of plantar pressure distribution in

3 groups by CFP position

With a CFP position of 45% FL, pressure was
higher on the hallux through third toe and lower
on the heel in Group 2 than in Groups 1 and 3 (p<
0.05).

With CFP position of 50% FL, pressure on the
hallux and second toe was lower in Group 3 than in
Group 1 (p<0.05).
second through fourth toes and higher on the
midfoot in Group 3 than in Group 2 (p<0.05).

With CFP position of 55% FL, pressure was
lower on the hallux through fourth toe in Group 3

Pressure was lower on the

than in Groups 1 and 2 (p<<0.05). Pressure was also

higher on the inside forefoot and midfoot in Group

3 than in Group 2 (p<0.05).

With a CFP position of 60% FL, pressure was
lower on the hallux in Group 3 than in Groups 1
and 2 (p<0.05). In addition, pressure on the second
and fourth toes was lower in Group 3 than in Group
1 (p<0.05).

3. Comparison between plantar pressure
distribution pattern and risk factors of
fall (Table 5)

Looking at movement ability, 10-m walking time
at normal speed was 6.7 + 1.0 sin Group 1,71 = 1.6
s in Group 2, and 7.6 = 1.6 s in Group 3. Group 3
was thus significantly slower than in Group 1
(p<0.05). The number of steps needed to walk 10
m was 144 * 1.8 in Group 1, 15.1 = 2.3 in Group 2,
and 15.7 = 23 in Group 3. The number of steps
was greater in Group 3 than in Group 1 (p<0.05).
All subjects in Groups 1 and 2 could step up and
down 40cm, compared to 29 subjects (76.3%) in
Group 3 (p<<0.01).

The number of subjects who had fallen in the

previous year was 10 (26.3%) in Group 3, 4 (22.2%)

in Group 2, and 1 (3.2%) in Group 1 (p<0.05). The

number of subjects who had almost fallen in the

previous year was 22 (57.9%) in Group 3, 7 (39.8%)

in Group 2, and 10 (32.3%) in Group 1. A tendency

toward a difference was seen. No differences were
apparent in fear of falling.

No relationship was seen between plantar
pressure distribution pattern and movement of the
center of gravity with eyes open and eyes closed in
a quiet stance, functional reach test, grip strength,
or toe flexor force.

4. Comparison between plantar pressure
distribution pattern and falls in the year
following plantar pressure measurements
The number of subjects who experienced falls in

the year following plantar pressure measurements

was 2 (6.5%) in Group 1, 4 (22.2%) in Group 2, and 13

(34.2%) in Group 3 (p<0.05). Group 3 had the most

people who experienced falls at multiple. The

number of subjects who had almost fallen was 8

(25.8%) in Group 1, 6 (33.3%) in Group 2, and 19

(50.0%) in Group 3. (Table 6)

Looking at the specific conditions in which falls
occurred, we see that subjects in Group 1 had
fallen as a result of external forces while walking
outside. Concretely, tripped when pulled by dog
while walking it and Lost balance from strong
winds walking through a typhoon. Falls in Group 2
occurred in risky areas such as the bath or
entryway steps in the home. For instance, it is
slipped when a bathmat shifted and tripped on a
step at the front entrance to home. Most falls in
Group 3 occurred with no special inducement
while walking in flat areas around the home or
neighborhood. For instance, it is lost balance for
no particular reason at a place without steps while

Table 6. Comparison between plantar pressure distribution pattern and falls in 1-year
period after measurement of plantar pressure

n=87
Plantar pressure distribution pattern
Item Group 1 Group 2 Group 3
n=31 n=18 n=238
Falls within 1-year period after measurement 2 (65) 4 (22.2) 13 (34.2) =
Of these, falls at multiple 0 (00 1 (25.0) 6 (46.2)
Near falls in 1-year period after measurement 8 (25.8) 6 (33.3) 19 (50.0) *

* x 2 test,

p<<0.05
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Table 7. Circumstance of fall according to plantar pressure distribution pattern

Plantar pressure

Circumstance of fall

distribution
Group 1 + Tripped when pulled by dog while walking it
+ Lost balance from strong winds walking through a typhoon
Group 2 - Slipped when a bathmat shifted
+ Tripped on a step at the front entrance to home while walking with a grocery bag
- Distracted by a conversation with a guest, tripped on a step at the front entrance to home
Group 3 - Lost balance for no particular reason at a place without steps while walking at home

+ Stumbled while trying to go to the bathroom during the night
+ Tripped while going for a walk on a flat road in the neighborhood
+ Lost footing on a step while walking through the neighborhood

+ Slipped on a stone in the yard

+ Pushed by a crowd while walking through an inn
+ Lost footing when carelessly tried to get into the car

Table 8. RR of plantar pressure distribution
pattern and risk factors of fall

n=87
Item Divison Falls Non falls RRY
Pantar pressure Group 1 2 29 1.0
distribution pattern Group 2 4 14 2.0
Group 3 13 25 4.0
Age (year) 75< 9 32 1.0
75= 10 36 1.0
History of falls No 9 63 1.0
Yes 10 5 2.0
Functional Reach Test (cm) 15< 18 68 1.0
15= 1 1 1.6
Grip (kg) 21.7< 6 28 1.0
21.7= 13 40 1.3
Toe flexor Strength (kg) 2.5< 7 39 1.0
25= 12 29 1.6
10 m walking time (s) 7.2< 11 59 1.0
72= 3 9 15

1) RR : Relative risk

walking at home and stumbled while trying to go

to the bathroom during the night (Table 7 )

5. Relative risk of plantar pressure
distribution pattern and risk factors of
fall (Table 8)

The relative risk in Group 3, classified according
to their plantar pressure distribution pattern, was
highest: 4.0. Those involved in the primary factors
related to falls, such as muscle strength, balance,
age, and plantar flexor muscles, which have
recently being studied more closely, were low: 1 to
2.

Discussion

Our original study focused on slight losses of

balance as a cause of falls in the elderly. We
quantitatively investigated relationships between
standing position and plantar pressure, and
revealed a relationship between plantar pressure
idistribution and falls.
1. Plantar pressure distribution in elderly

people in a standing posture

The focus of this study was the fluctuations in
the plantar pressure distribution from the most
stable upright resting position to CFP 60%FL,
which is the stable range in the anterior direction
of the standing position.

Mean CFP position in a quiet stance was 43.3%
FL. This result resembles the findings of a

™9 and no difference in age was

previous study
seen in the quiet stance position.

Regarding the plantar pressure distribution of
the arch, in CFP position 45% FL, the pressure on
the forefoot and heel was approximately 40%,
respectively. In the forefoot, pressure in the
central part accounted for 50% and pressure in the
inside and outside parts accounted for about 25%
each. The central part of the forefoot corresponds
anatomically to the second and third anterior
metatarsal. The subjects of the previous studies
were adults, but the results were the same as
those for this study'""”.

With the forward lean, the plantar pressure
distribution of the forefoot and the mid foot was
constant, and there was a decrease in the heel
pressurelt has been reported that there were no

fluctuations in the adult study®. The reason that
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both the elderly and the adults had no fluctuations
in the forefoot region was that structurally, the
arch of the foot is strongly immobilized by muscles
and ligaments. In addition, the second metatarsal
bone is immobilized at the base. Thus, it is inferred
that even if there are fluctuations in CFP position
in the stable range of the standing position, the
pressure on the forefoot did not fluctuate greatly.
In the case of the heel, a decrease in the flexibility
of the ankle joints has been noted in the elderly in
comparison to adults; therefore, the pressure was
seen to have decreased from the early stage of the
forward lean. The foot has an arch structure so
that weight can be distributed back and forth to
enhance stability in the standing position®, and as
adults near the forward-most lean position, the
stability decreases considerably and the pressure
on the forefoot increases®. The forward-most
lean refers to 70 to 80% of the foot length from the
heel®?”. From the foregoing, due to the fact that in
the elderly, the postural maintenance function of
the arch in standing position is reduced, the
plantar pressure distribution had changed even
before reaching the CFP position 60% FL, which is
thought to be the stable range in the standing
position.

The pressure in the CFP position 45% FL
occupied about 7% of total plantar pressure. In the
study for adults, the results indicated 3-4%°%'?,
which meant that the plantar pressure in the
elderly was approximately twice that in adults.
Furthermore, as the degree of forward lean
increased, the pressure also increased. The toes

2527

had widened their support area®?”, and the tension

of the plantar aponeurosis increased in proportion
to the increase in the toe pressure®. Deep
underneath the plantar aponeurosis is the plantar
fixator muscle, and by the moving of the
metatarsophalangeal joint, the longitudinal arch
can be actively adjusted. In other words, through
the increase in the base of support and the
retention of the longitudinal arch, the toes can
have increased stability in the standing position.
From the high readings in the toe pressure of the
elderly in even the upright resting position in
comparison to those of the adults, it can be

concluded that the postural maintenance function

of the arch in standing position is seen to decline in

the elderly.

As a result of comparing the plantar pressure
distribution in the individual elderly subjects, 3
characteristic patterns were found. By comparing
this to the aforementioned plantar pressure
distribution in adults, all 3 patterns indicate that
the postural maintenance function of the arch have
declined in comparison to that of adults, and the
capability of the toes which compensates for this
function differs among the elderly, thus accounting
for the broad division into 3 categories.

2. Relationship between plantar pressure
distribution pattern and falls in the
elderly with standing posture
The fall factors related to the plantar pressure

distribution pattern were the ability to walk and
fall experience. In other words, many in the group
with low toe pressure both in the upright resting
position and in the forward lean position had low
walking speed as well as fall experience. The
kicking out motion when walking is a result of the
flexor muscle activities in the toes. In addition, the
flexor muscle activities in the toes and the increase
in toe pressure in standing position contribute to
the retention of the longitudinal arch. Therefore,
the common factor in the plantar pressure distribution
when walking and postural maintenance when
standing is the toe function. Consequently, the
declining of the toe function is possibly related to
the occurrence of falls.

In the group in which toe pressure was low in
both a quiet stance position and 60% FL, many
subjects had multiple fallen during the year after
the measurements. These falls showed no
particular inducement and occurred while they
were walking normally in flat areas around their
home or neighborhood. These falls occurred with a
slight loss of balance, suggesting that characteristic
falls in the elderly may be predictable based on
plantar pressure distributions.

A relationship was also seen between plantar
pressure and walking ability, which is a key factor
in falls. Enlargement of the body weight support
surface and propulsion have been demonstrated to
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be functions of the toes during walking®?”, but a
common toe function may affect standing posture
and walking.

The relative risk in Group 3, classified according
to their plantar pressure distribution pattern, was
highest: 4.0. Those involved in the primary factors
related to falls, such as muscle strength, balance,
age, and plantar flexor muscles, which have
recently being studied more closely, were low: 1 to
2.

3. Applications to nursing

A relationship was seen between falls and
plantar pressure in community-dwelling elderly,
which indicates the stability of standing posture.
This suggests that plantar pressure distribution in
standing posture may be one predictor of fall
patterns, and toe interventions may be effective in
preventing falls.

4. Limitations and issues

The number of subjects in this study was small
and since the present data were classified
according to our criteria, projection of the present
findings to the general population is not feasible.
However, since a relationship with falls was seen,
the stability of standing posture was confirmed as
a useful perspective for examining falls in the
elderly. Future studies will need to increase the
number of subjects, clarify the relationship
between toe flexors and plantar pressure, develop
better predictors of fall risks, and investigate
interventions for feet that increase stability in
standing postures.

Conclusion

The purpose of this study was to clarify the
characteristics of plantar pressure distribution while
the community-dwelling elderly were standing,
and to investigate the relationship between plantar
pressure distribution and falls.

To prevent falls in the elderly, we focused on
stability in standing posture and quantitatively
investigated plantar pressure distribution.
Characteristics of toe pressure showed 3 patterns
related to falls. This suggests that plantar pressure
distribution in a standing posture may be one
indicator for predicting falls may be effective in

preventing falls.

Acknowledgments

We are grateful to all the study subject and the
directors for their cooperation during this study.
This paper was supported in part by a Grant-in-
Aid for Scientefic Research (C) (2007-2009) from
the Japan Society for the Promotion of Science
(JSPS) (theme No. 19592560).

References

1) Cabinet Office, Government of Japan: Nursing care for
the elderly. Elderly person white paper: 31, 2009

2) Handa S, Horiuchi K, Aoki K: A study on the
measurement of toes grasping strenght and effect of
standing postural control. Jpn J Ergonomics 40(3): 139
-147, 2004

3) Menz HB, Morris ME, Lord SR: Foot and Ankle Risk
Factors for Falls in Older People: A Prospective Study.
J Gerontol A Biol Sci Med Sci 61 (8): 866-870, 2006

4) Hiramatsu T, Izumi K, Shogenji M: Prevention of fall
for daycare use elderly: The relationship of ground
contact pressure of toe, solo pressure distribution, toe-
gap force, life style and falls. J Tsuruma Health Sci Soc
29(1): 103-106, 2005

5) Hiramatsu T, Izumi K, Shogenji M, et al: Prevention of
fall in community elderly: The relationship among
history of falls, change in contact surface of the foot,
standing balance, and muscle strength over a one-year
period. J Tsuruma Health Sci Soc 30(1): 1-4, 2006

6 ) Fujiwara K, Ikegami H, Okada M: The position of the
center of foot pressure in an upright stance and its
determining factors. Jpn J Hum Posture 4(1): 9-16,
1984

7) Hellebrandt FA, Tepper RH: The location of the
cardinal anatomical orientation planes passing through
the center of weight in young adult women. Am ]
Physiol 121:465-470, 1937

8) Murray MP, Seireg A: Normal postural stability and
steadiness; Quantitative assessment. ] Bone Joint Surg
57 (A):510-516, 1975

9) Fujiwara K, Ikegami H: A study on the relationship
between the position of the center of foot pressure and
the steadiness of standing posture. Japanees Society of
Physical Education 26: 137-147, 1981

10) Asai H, Nara I, Tachino K, et al: Function of the Toes in
Standing. Japanees Journal of Physical Therapy 23:
137-141, 1989

11) Morton DJ: The human foot: its evolution, physiology
and functional disorders, Columbia University Press,
Columbia, pp 105-112, 1935

12) Klenerman L: The foot and its disorders 3ed, Blackwell



Relationship between characteristics of plantar pressure distribution while standing and falls in community-dwelling elderly

13)

14)

15)

16)

17)

18)

19)

Scientific, Oxford UK, pp 11-25, 1991

Betts RP, Franks CI, Duckworth T: Analysis of
pressures and loads under the foot. PartI:
Quantification of the static distribution using the PET
computer. Clin Phys Physiol Meas 1:101-112, 1980
Cavanagh PR, Rodgers MM, Iiboshi A: Pressure
distribution under symptom-free feet during barefoot
standing. Foot Ankle 7(5): 262-276, 1987

Collis W], Jayson MI: Measurement of pedal pressures.
An illustration of a method. Ann Rheum Dis 31:215-
217, 1972

Grieve DW, Rashid T: Pressures under noemal feet
in standing and walking as measured by foil
pedobarography. Ann Rheum Dis 43: 816-818, 1984
Hughes ], Clark P, Linge L, et al: A comparison of two
studies of the pressure distribution under the feet of
normal subjects using different equipment. Foot
Ankle 14(9): 514-519, 1993

Tsukimura T, Tkeda T: Clinical study on safety area of
standing the cross test for cerebral palsy, The
Japanese Journal of Rehabilitation Medicine 19(1): 25—
32, 1982

Equilibrium Research: Heikokinokensa no zissai,
Nanzando, pp 121-133, 1992

20)

21)

22)

23)

24)

25)

26)

27)

28)

Duncan PW: Functional reach: A new clinical measure
of balance. J Gerontol 45:192-197, 1990

Yamashita K, Saito M: Evaluation of the aged against
tumbling by toe-gap force, The Society of Instrument
and Control Engineers 38(11): 952-957, 2002

Mutoh Y, Kuroyanagi R, Ueno K, et al:
Tentoyoboukyositsu 2ed, Nihonizisinposhy, pp 89-97,
2002

Mizuno S: Hito no ashi no kenkyu, Ishiyakushupan, pp
164-177, 1973

Tsujino A, Tanaka N: Toe Force Force and the
Location of Center of Preformance of Standing
Reaching Tasks. Journal of Physical Therapy Science
22(2): 245-248, 2007

Stocks FAF: Forces under the hallux valgus foot
before and after surgery. Clin Orthop, 142; 64-72,
1979

Hutton WC, Dhanendran M: A study of the distribution
of load under the narmal foot during walking. Int
Orthop 3:153-157, 1979

Hughes J: The importance of the toe in walking. J
Bone Joint Surg 72B(2): 245-251, 1990

Hicks JH: The foot as a support. Acta Anatomy 25: 34
-45, 1955

MEESHREDILMUEZLCEIIREEESHOBFHEE LVER L DEMF

kR HT, R F3T

#

=
H

[HRY] © M OSSR BT 5 RIKEGAORMEWH S MLz, E 512, ixH
EOMBREME Lz [HE] © WA OHI L2l as7s (750 645%) %55
& LT BIEERH Y A 7 ZTRAEICE R S N RH VAL SHHEICE S 77— ¥ ZBUS
L7ze RE#E%Z 50E (AL 32008, e, B, JEIRER%E 5 008 (st L. EFEJG
(CFP) 2387 5 R RIZxf L T45% DA (LU F45%FL) . 50%FL. 55%FL. 60%FL® J& )&
JEZ G L7, CFPALEIX. 45%FLIE I LFANIE TH Y\ 60%FLE T A DAL
REDOF T MOEERE SNTWE I ENHRINL 720 FEBMLORIKEE, M4 LE
JEZH A H5ME (%) TRL7z. A2 DF— M2 L., RIGTEDZEE) DA ED R
MTHolzZ LS. CFPALEA5% FLE60% FLICHBIT 5 JRIGE Ol 2 Hug L LT
JEE AT 2 FRAL L 720 S 512, il & OB 2 MEd Lz [RER] - RIRIEICEAEB &
URAEI BRI A SN o T2 RIEHES I, CFPILE45%FLO R IREIMMETH D |
60%FLIZEETH A THE, 2HE D EMETH S DI, 25 & QIR TH 5 MBI
ENsze 3HEE D, BBV ERED ML Tz BEEHOEIL. FiE & REIZZEAL
L, HIEBA LTz, 3EREIEBIEN TS 2 5T HER X OB RRERIC B A S
Too Foy WES VEROERBISEZTFICE L, HAERILIZAOTH > 720 [Him] @ &
EE DB TR D 72O\ VAL EBOREMIIER UCRER M 2 RIS L7z, Big
JEDORE?S 387y —V 2RI L, R EOBERASNIZ EnD, VARBIUZBITS
JEREIE A B TR D 10 & R A REMEASRIZ S N7z,



