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Spatiotemporal components of
the 3-D gait analysis of
community~dwelling middle-aged
and elderly Japanese: Age~ and
sex-related differences

Wataru Doyo," Rumi Kozakai,! Heung-Youl Kim,! Fujiko Ando'* and
Hiroshi Shimokata®

!Department of Epidemiology, National Institute for Longevity Sciences, National Center for Geriatrics
and Gerontology, Obu, and *Department of Health Science, Faculty of Medical Welfare, Aichi
Shukutoku University, Nagoya, Aichi, Japan

Aim: To describe age- and sex-related differences in gait patterns of community-living
men and women using 3-D gait analysis.

Methods: Subjects (n = 2006) aged 40~84 years participated in the National Institute for
Longevity Sciences-Longitudinal Study of Aging (NILS-LSA). Spatiotemporal compo-~
nents, including velocity, step length, step frequency, and double support time during a
gait cycle, were calculated from 3-D coordinates and vertical force data. Velocity, step
length and step frequency were normalized by leg length and acceleration due to gravity,
and double support time was normalized to gait cycle duration.

Results: Spatiotemporal walking variables of brisk velocity and step length were signifi~
cantly greater in men than in women, while comfortable velocity and comfortable and brisk
step frequencies and double support times were greater in women than in men. Age-
related changes were marked at 70-84 years in most spatiotemporal variables in both sexes
during comfortable walking. During brisk walking, age-related changes were observed
from a younger age than during comfortable walking, and there were sex-related
differences.

Conclusion: The age-related gait alteration was obvious among those aged 70 years and
older, and it accelerated markedly in women’s brisk walking intensity. Geriatr Gerontol
Int 2011; 11: 39-49.
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Introduction

Age-related impairment of ambulatory ability is a critical
component for inhibiting activities of daily living (ADL).
For instance, decreased gait velocity observed in elderly
‘is an indicator of common distinct diseases!? and falls,>¢
which lead to functional dependence™! or death.
The prevalence and incidence of gait disorders increase
with age in elderly persons.’'* The early presence of
dynamic postural stability may provide more essential
information for preserving adequate mobility, delaying
the onset of functional decline and encouraging early
appropriate lifestyle changes to promote active healthy
aging‘G,S,‘lO,ll,lS

Previous studies examined age-related changes in
spatiotemporal gait parameters including velocity, step
length, step frequency (cadence) and selected stride
time variables (single and double support time and
swing time).”*'%¢*! These performance-based gait
variables were often measured by a 3-D gait system
that computes the motions of the body center of mass
(COM) and each segment, which can accurately evalu-
ate the control of dynamic balance during walking.??
The COM velocity on the 3-D gait system identified
the effect of age on older gait in limited comparison
between young and older groups.?*? It showed that
the 3-D analyses conducted have not determined from
which age group the accelerated decline of gait started.
The collection of data using a large sample size with a
broad age range could resolve the issue.

Age-related gait studies have recruited either men or
women, or both sexes have been analyzed together: a
few studies previously focused on sex-related changes
on gait pattern with advancing age. Callisaya et al.®
revealed the effects of sex and age on gait velocity in
elderly men and women aged 60-86 years. The results
of other studies of various age ranges and groups!’>%’
to determine which sex shows an earlier age of acceler-
ated gait velocity decrease have differed. The con-
flicts may partly depend on the sampling and subject
characteristics.

Therefore, to understand the aging process in gait
measures across the adult lifespan, a large sample size
ranging from young or middle-aged to elderly men and
women should be warranted. We decided to reinvesti-
gate the previous findings. In the present study, the gait
of elderly subjects was investigated based on comfort-
able and brisk spatiotemporal gait parameters with a
3-D gait analysis system; a large number of subjects
were recruited. We found the age-related changes in gait
by sex among middle-aged and elderly men and women
in Japan. This may contribute to a beneficial effect on
assessing gait in elderly people and making an adequate
walking exercise program suitable for targeted age
groups.

Methods

Study sampling

The present gait analysis is part of the third phase of the
National Institute for Longevity Sciences Longitudinal
Study of Aging (NILS-LSA); this study includes
medical, physiological, nutritional and psychological
examinations. The study began in November 1997 (the
first phase), and the third phase lasted from May 2002 to
May 2004. The subjects were age- and sex-stratified
random samples of the population, aged 40-84 years,
who lived in Obu-shi and Higashiura-cho, Aichi, Japan.
These participants were chosen from the residents reg-
istered with local governments. All subjects lived or had
lived at their home in the community and had Japanese
nationality.” The NILS-LSA was approved by the
Ethics Committee of the National Center for Geriatrics
and Gerontology. Details of the NILS-LSA have been
previously published.?*?

Of 2378 men and women aged 40-84 years in the
third phase examination, 1017 men and 989 women
(84.2% of all participants, Table 1) completed the
walking tests and were included in the present analysis.
The participants also completed a structured question-
naire dealing with their socioeconomic characteristics,
cardiovascular risk factors and medical history.??
Exclusion criteria included a current medical history of
arthritis®® and fractures (musculoskeletal disorders),*
stroke’ and Parkinson’s disease (neurological disor-
ders),%*! and ischemic heart disease and chronic bron-
chitis (Table 1).3>% These diseases were checked and
excluded as the possible cause of gait disorders or spa-
tiotemporal gait parameter changes by a physician
before the walking tests. One participant who was diag-
nosed with dementia was excluded because she had a
limited ability to comprehend or execute the test, which
was judged by a physician. The existence of walking
difficulty in activities of daily living (ADL)!"'S was also
excluded (Table 1). The participants who met the
above-mentioned requirements and could walk 10 m
independently without a walking aid were included in
the current gait analysis and therefore 372 participants
of the third phase examination were totally excluded.

Protocol

All participants wore short-sleeved T-shirts and shorts
for testing. Shoes were made from the same material
that had a vinylon/polyester and cotton blended upper
part and a urethane foam outsole (Moonstar, Fukuoka,
Japan), and were selected to exactly fit each participant’s
feet. Ten 2.5-cm diameter optical markers were placed
on the participants’ left and right sides on the fifth
metatarsal heads, the lateral malleoli, the lateral epi-
condyles, and one-third of the way along the straight
lines from the greater trochanters to the anterior
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Table 1 Inclusion/exclusion characteristics of 2378 participants in the third wave examination of the National
Institute for Longevity Sciences-Longitudinal Study of Aging (NILS-LSA), 2002-2004

Characteristics Men Women
Inclusion (n = 2006)
Total (n (%)) 1017 (50.7) 989 (49.3)
Age group (n (%))t
40s 250 (12.5) 279 (13.9)
S50s 302 (15.1) 265 (13.2)
60s 250 (12.5) 242 (12.1)
=70 215 (10.7) 203 (10.1)
Exclusion (n=372)
Total (n (%)) 187 (50.3) 185 (49.7)
Prevalence of disease (n (%))
Stroke 42 (22.5) 23 (12.4)
Ischemic heart disease 41 (21.9) 41 (22.2)
Chronic bronchitis 7 (3.7) 3 (1.6)
Arthritis 26 (13.9) 56 (30.3)
Fracture S 2.7) 6 (3.2)
Dementia - 1 (0.5)
Parkinson’s disease 3(1.6) -
Walking difficulties in ADL (n (%)) 50 (26.7) 54 (29.2)
Not completed walking test (zn (%)) 55 (29.4) 53 (28.6)

Ty2-Test test examines significance among each age group and sex. Values are numbers (% of total at each inclusion/exclusion

category) of samples. ADL, activities of daily living.

Ny

Walking direction

Starting area Force plates

Finishingarea

Tiedfioor [

H |

Wood en wat%wayz >
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Camera

Figure 1 Setup of 3-D gait system: the 10-m walkway consisted of a wooden walkway. Six cameras were placed at various
positions and two force platforms were embedded in the center of the walkway. Double support time in pre-swing phase of

right foot was measured in this setting.

superior iliac spines and the acromions.** The subjects
walked on a 10-m walkway at two speeds: (i) at a self-
selected pace (comfortable walking); and (ii) as fast as
possible without running (brisk walking). Each pace was
repeated approximately twice on average. The walkway
consisted of a tiled floor and a wooden walkway along
the corridor (Fig. 1). The surface of the wooden

walkway was covered with gray-colored, thin, stiff
rubber, which measured 0.036 m in height from the
tile floor surface of the corridor. Force platforms
(0.6 m x 0.4 m) (9286; Kistler Instrumente AG, Winter-
thur, Switzerland), with surface colors similar to those
of the walkways, were embedded in the center of the
wooden walkway. The starting point for each trial was
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5th metatarsal head marker
swing

Figure 2 Definition of gait cycle using ground reaction force (GRF) and the fifth metatarsal head marker.

selected in relation to the foot contacts on the force
platforms. The distance from each starting and depar-
ture point to the force platforms was approximately
3.5-4.5 m. One trial each of comfortable and brisk
walking was used in the data analysis. The trials used
were those that lacked the least data.

The Vicon 370 system (Oxford Metrics Ltd, Oxford,
UK), which consisted of six cameras, was used to obtain
the 3-D coordinates of the trunk, thighs, shins and feet.
The calibration residual at each camera was set below
1.0 mm. The data were processed using a custom
routine that was programmed by the Clinical Gait
Analysis Forum of Japan.** The raw coordinate data at
60 Hz were digitally filtered with a fourth-order, zero-
lag, Butterworth filter® with a cut-off at 5 Hz, and the
raw ground reaction force data at 1200 Hz were digitally
filtered with a cut-off at 10 Hz. The force data were
interpolated to correspond with the coordinate data to
synchronize the datasets. Smoothed coordinates of the
lower extremities were used to construct a rigid link-
segment model.”? Segment masses and inertial proper-
ties were determined using previously reports® and the
participants’ mass and height, which were used for cal-
culating COM.

Gait cycle and walking variable calculation

SAS ver. 9.1.3.% was used to automatically identify gait
event times and each phase of the gait cycle based on
kinematic and kinetic gait data. The divisions of the gait
cycle are shown in Figure 2.* The gait event times for
initial contacts and toe off were determined using ver-
tical force data and the vertical motion of the optical
marker on the fifth metatarsal head. The period from
the first right initial contact to ipsilateral second initial
contact was one gait cycle.*

Both the right and left leg motions were captured, and
primarily the right stride was analyzed. Left leg motion
was used for calculating the step length and double
support times. The mean COM velocities, step lengths,
step frequencies and double support times during a gait
cycle were also automatically computed by SAS. The

double support time was defined as the duration of time
during which each foot was on the ground in the pre-
swing phase. The mean COM velocity, step length, and
step frequency were normalized as proposed by Hof*’ as
follows:

Normalized COM velocity, 0 = ——=

«/g_lo'

7

Normalized step length, | =é
~ r__f

Normalized step frequency, f = —f—,

p frequency, f N
where v is actual mean COM velocity, I is the leg length
of each subject, [ is the actual step length, fis the actual
step frequency and g is the acceleration due to gravity
(9.81 m/s%). Leg length was measured from the ground
to the greater trochanter during quiet standing. Patients
with arthritis and fracture were excluded (Table 1), and
no case of limited knee extension was observed in the
present study. The double support time was also nor-
malized by each subject’s cycle duration, from right
initial contact to next right initial contact (over one gait
cycle).

For the calculation of walking variables, technical
difficulties sometimes caused missing data due to the
effect of occlusion while capturing motion. Thus, for
example, the mean COM velocity over the gait cycle was
calculated using data from 1716 men and women (85.5%
of the total sample) during comfortable walking and
using data from 1614 men and women during brisk
walking (80.4%). To demonstrate the lack (or presence)
of bias with respect to velocity data loss, the Student’s
-test was used to compare the velocity between the
group with all available data and that with data available
only in the velocity category. The results showed that the
velocities were not significantly different between the two
groups, and this was confirmed for all walking variables.

Statistical analyses

All analyses were performed using SAS ver. 9.1.3. Sex
differences were examined using the Student’s t-test.
For analysis of age differences, participants were divided
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into eight groups based on sex and age (40-49, 50-59,
60-69 and 70-84 years for each sex). Trends in differ-
ences across.all age groups in the walking variables were
tested using the General Linear Model (GLM), and dif-
ferences by age group were tested using the Tukey—
Kramer method for each sex. P < 0.05 was considered
statistically significant.

Results

The proportion of the sample drawn from each age
group and each sex group was the same (x’-test,
P>0.05). The mean *standard deviation age was
58.1%11.4years in men and 58.7+11.4years in
women, which was not significant (P > 0.05).

The results of the GLM and Tukey-Kramer tests
revealed age-related changes in each age and sex group.
Descriptive statistics for all values are shown in Tables 2
and 3 and Figure 3. Mean COM velocities during com-
fortable and brisk walking significantly decreased with
age in both sexes (P < 0.001). Age-related changes in the
comfortable COM velocity were marked in the 70-84-
year group compared with other age groups. Similar
changes were found in the brisk COM velocity. The step
lengths and frequencies followed these COM velocity
patterns in both sexes during both comfortable and
brisk walking.

These age-related changes occurred earlier in the
middle-aged group. Earlier patterns involving brisk gait
parameters were more apparent in women: for example,
the brisk COM velocity decreased at 60-69 years in men
and at 50-59 years in women, then the decrease accel-
erated at 70-84 years (Tables 2,3, Fig.3). The step
length and frequency followed these COM velocity pat-~
terns. The double support time during pre-swing was
significantly increased with age only at the women’s
comfortable walking pace; it was significantly longer in
the 70-84-year group compared to other age groups
(Table 3, Fig.3). The men’s double support times
showed no significant age-related differences among age
groups (P for trend >0.0S, Fig. 3).

Descriptive statistics and the results of sex differ-
ences for gait parameters are depicted in Table 4. The
results of mean COM velocity differed according to
walking pace: the comfortable COM velocity was sig-
nificantly faster in women than in men (P <0.001),
and the brisk COM velocity was significantly faster in
men than in women. Step length pattern was similar to
COM velocity pattern: the brisk step length was longer
in men than in women (P < 0.001), but the comfort-
able step length was not significantly different. On the
other hand, women had a higher step frequency
during both walking paces (P < 0.001). The results of
the pre-swing double support time were equal to the
step frequency.

Discussion

Mobility is essential for independence in the elderly. A
better understanding of age-related changes in gait pro-
vides useful information for appropriate intervention
programs targeting specific age groups.® The present
cross-sectional, descriptive study showed spatiotem-
poral components of gait over one gait cycle among
community-living middle-aged and elderly Japanese
subjects. The sample of 1017 men and 989 women was
large enough to allow analysis by age group,” and, to
the best of our knowledge, the sample size is the largest
to be published in which gait characteristics have been
analyzed using a 3-D gait system. There was no dispro-
portionate lack of gait data caused by difficulties in
capturing the 3-D coordinates.

Mean COM velocities decreased with age, which is in
almost complete agreement with previous results,
despite the use of different measurement equipment
and instrumentation.’*?'??* The age-related decreases
in the normalized COM velocities accelerated at
70 years and over were noted at a relatively later age
compared with the previous reports: they showed
the accelerated decline occurred in 50-59- and 60-69-~
year age groups,'” at 62 years,"” between 60~ and 70-year
age groups,” and at 65 years and in the 67-73-year
age group.’® The differences in age of accelerated
decline among the previous and the present findings
were likely due to the differences in method and data
characteristics.

The brisk COM velocity decreases advancing with age
were earlier compared with the comfortable walking.
Some previous studies showed the age-related decrease
was independent of walking pace,’®?° while another
reported that the decrease depended on the pace.” In a
report by Bohannon on the comfortable and maximum
walking speeds of adults aged 20-79 years,” walking
speed was found to be influenced by the interaction of
pace and age. This result matched our present findings
that the age-related decrease was clearer during brisk
walking than during comfortable walking. Moreover,
these earlier age-related declines in the brisk COM
velocities were apparent in women. Some studies
reported that the critical age for marked velocity
decrease did not differ by sex,'*"” while another found
the critical age to be earlier in men.'” However, Callisaya
et al.® showed women’s walking velocity to be an earlier
age-related change compared to men’s parameters
during the preferred speed of walking among the sub-
jects aged 60 years and older. These results are in agree-
ment with our own, though our data was particularly
strong in the brisk parameters across middle-aged and
elderly persons. The brisk walking task required greater
forward momentum and increased demands in muscle
activity***% and aerobic capacity®**' might alter the
spatiotemporal gait parameters accompanying aging.
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Table2 Men's normalized mean COM velocities, step lengths and frequencies and double support times during comfortable and brisk walking in each

age group

Men: walking Mean COM velocity Step length Step frequency Double support times

parameters (pre-swing)

by age group N  Mean SD 95% CI N  Mean SD 95% CI N  Mean SD 95% CI N Mean SD 95% CI

Comfortable walking
40s 211 0.524 0.083 0.517-0.531 240 0.892 0.065 0.884-0.900 207 0.587 0.043 0.582-0.593 208 14.8 1.5 14.6-15.0
50s 266 0.527 0.059 0.520-0.534 289 0.897 0.076 0.888-0.906 259 0.590 0.042 0.585-0.595 249 14.8 1.5 14.6-14.9
60s 218 0.523 0.067 0.514-0.532 240 0.901 0.089 0.890-0.913 215 0.583 0.046 0.577-0.589 205 14.5 1.6 14.3-14.7
70— 186 0.485 0.070 0.475-0.495 213 0.859 0.096 0.846-0.872 185 0.569 0.047 0.562-0.576 177 15.2 2.0 14.9-15.5

P for trend? <0.001 <0.001 <0.001 NS

(Tukey—Kramer test)* 40s, 50s, 60s >70~ 40s, 50s, 60s >70~ 40s, 50s, 60s >70~ NA

Brisk walking
40s 190 0.705 0.078 0.694-0.716 229 0.998 0.074 0.989-1.008 180 0.707 0.070 0.696-0.717 173 13.3 6.0 12.4-14.2
50s 235 0.699 0.082 0.688-0.709 272 0.998 0.088 0.987-1.008 214 0.697 0.064 0.688-0.705 209 13.3 5.6 12.6-14.1
60s 191 0.678 0.079 0.667-0.690 237 1.000 0.094 0.988-1.012 185 0.685 0.066 0.676-0.695 180 13.4 5.0 12.6-14.1
70- 182 0.618 0.092 0.605-0.631 203 0.946 0.100 0.932-0.960 177 0.657 0.066 0.647-0.667 169 14.1 2.1 13.8-14.4

P for trendt <0.001 <0.001 <0.001 NS

(Tukey—Kramer test)* 40s > 60s > 70—, 50s > 70— 40s, 50s, 60s >70- 40s > 60s > 70-., 50s > 70— NA

TTrend tests examine main effects of age in each gait parameter. *Tukey-Kramer tests examine the significant difference among each age group. >’ indicates the significant
difference between the age groups, with P-value is less than 0.5. Values are numbers of samples (N), means (Mean), standard deviations (SD) and 95% confidence intervals
(95% CI) at each variable. Age group: 40s, 4049 years age group; 50s, 50-59 years age group; 60s, 60-69 years age group; 70—, 70-84 years age group. COM, center of

mass; NS, not significant; NA, not applicable.
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