OPEN 8ACCESS Freely available online
International Journal of Physical
Medicine & Rehabilitation

.%{ISSN: 2329-909 &
S
2y wof

Research Article

Center of Pressure-Center of Mass Coordination is involved in a Process
of Acceleration Drive on Gait Initiation in Community Dwelling Elderly

People: A Cross-Sectional Study

Masahiro Nishimura!, Hyuna Kim!, Takashi Hasegawa?, Yasushi Uchiyama!”

IDepartment of Physical Therapy, Graduate School of Medical Sciences, Nagoya University, Nagoya, Japan; ?Department of Physical
Therapy, School of Medical Science, Nagoya Women’s University, Nagoya, Japan

ABSTRACT

Background: From the perspective of dynamic postural control, the separation between the Center of Foot Pressure
(COP) and the Center of Mass (COM) has been linked to COP-COM coordination. Therefore, investigating the role
of COP-COM coordination during acceleration in gait initiation is important. This study investigated whether COP-
COM coordination was involved in acceleration control during gait initiation in community-dwelling elderly people.

Methods: Young (n=11; age: 22.2 + 1.4 years) and healthy elderly (n=23; age: 71.9 + 4.3 years) subjects walked a 12
m gait 5 times at a self-selected speed. The gait velocity from the first to third step and COM were detected using 15
markers on the subject’ s body via a motion capture system. COP was traced by a 2.4 m foot pressure distribution
sensor. ‘COP-COM separation’ was calculated from the starting motion to the third step in Anteroposterior (AP) and
Mediolateral (ML) directions. Elderly subjects were divided into two groups using the Timed-Up-and-Go-Test (TUG)
time to compare sensitivity differences in balance ability.

Results: ‘COP-COM separation’ in the AP direction of elderly subjects with low TUG performance was significantly
lower than that of other groups (p<0.001). Gait velocities on the second and third steps showed significant differences
among groups (p<0.001). ‘COP-COM separation’ was associated with walking speed from the first to third step,
regardless of age (p<0.05).

Conclusion: These results suggest that COP-COM coordination of healthy elderly is sensitive in the AP direction and
contributes to the acceleration phase until steady-state walking.

Keywords: Gait; Center of Mass (COM); Timed Up and Go Test (TUG); Base of Support (BOS); Center of Foot
Pressure (COP); Mediolateral; Anteroposterior

INTRODUCTION Gait initiation is executed from a static stability during stationary

standingtoadynamicstate throughvoluntarypostural adjustments

Gait is a fundamental process to move the body forward by and subsequent transitions to a periodic gait pattern. Since gait

periodic lower limb movements with postural stability [1]. Gait initiation requires a higher degree of control and complexity than

function and balance ability are associated with walking ability, steady-state gait, postural control during gait initiation was linked

including motor, sensory, cognitive, and emotional functions to some potential fall risks [6,7]. In this regard, many studies of

[2,3]. Among the common risk factors, falls were mainly caused gait initiation stability have been conducted from the perspective

due to lower limb malfunction in the elderly with illness or those of postural stability-associated balance [8-10], which is expressed

on medication [4]. Particularly, inadequate trunklower limb as the coordinated motion resulting from the integration of

postural control, caused by an improper shift of the Center of feedback elements to the process of input-postural control-motor

Mass (COM), lower limb support, and stumbling, related to more
than 70% of falls during walking [5].

control-output [11]. As an element of coordination, stability is
defined as the cooperative control of the Center of Mass (COM)
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within a Base of Support (BOS), which is composed of the
surface in contact with the plane. BOS is regulated in the plantar
surface during upright walking. The mechanism that controls
COM with the Center of Foot Pressure (COP) is also involved in
the regulation of the floor reaction force to prevent the deviation
of COM from BOS [12]. Falls during walking are also related
to this postural control mechanism. The coordinated movement
of the trunk and lower extremity is expressed as the positional
relationship between the COP and COM. However, as an acyclic
movement in which changes occur continuously over a short
time period, expressing stability is difficult. As such, there are
limited indices for stability evaluation.

COP-COM coordination is one indicator used to evaluate
postural control ability. It indicates dynamic postural control
maintained by the COP-COM interaction and could explain
the stability of movements performed when the COM trajectory
alternates between COP controlled by each supporting leg from
the coordinated control perspective [13-15]. In previous studies,
it has been used to evaluate the voluntary COM control ability
during standing [16,17]. By focusing on a COP-COM interaction,
the biomechanism during walking initiation and obstacle
crossing-over was observed [14,18,19]. In other types of movement,
COP-COM coordination was used to evaluate stability under the
body-cognition dual task condition during stair climbing and
descent and dynamic stability improvement during stair climbing
by lower limb resistance training [20,21].

In considering postural control on gait initiation, it is important
to focus on the behavior of COP-COM coordination in the
process of efficiently increasing walking speed assuming daily life
situations from the perspective of various kinematic performances.
Therefore, this study aimed to investigate the role of COP-COM
coordination in acceleration control during gait initiation among
community dwelling elderly with different balance abilities. We
hypothesized that: In the anteroposterior direction, COP-COM
coordination is a factor that contributes to efficient acceleration
on gait initiation.

MATERIALS AND METHODS
Study subjects

Eleven healthy young adults and 23 healthy elderly people
participated in this study. To compare the differences in the
balance ability among the elderly, we divided the subjects into
two groups based on the median of Timed Up and Go Test
(TUG) time in the pre-analysis phase. In general, the cutoff
value for TUG time is 13.5 seconds as a clinical measure for
estimating fall risk, however, TUG time of 9.0 seconds was
used to distinguish community dwellers balance ability referring
to two previous study [22,23], because our research targeted
community-dwelling elderly people. Based on this cut-off time,
the high-performance elderly group with a faster TUG time was
named Elder (H), while the low-performance elderly group with
a slower TUG time was named Elder (L) (Table 1). Exclusion
criteria were the person who had neuromuscular, orthopedic or
cognitive disorders that may have affected their daily living. This
study conformed to the guidelines of the Declaration of Helsinki.
All participants provided informed consent and agreed to join
this study, which was approved by the Institutional Review Board
of Nagoya University.
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Experimental protocol

Participants performed a 12 m gait 5 times at a self-selected speed
when asked to start gait by the examiner. 2.4 m long x 0.6 m
wide foot pressure distribution sensor with four seats (Walkway
MW-1000, Anima Inc., Tokyo, Japan) was used to trace the COP
trajectory under a 100 Hz condition. The walkway was set on
a flat surface. The trajectory of each trial was calculated by the
device software. A motion capture system (Optitrack Trio, Acuity
Inc., Tokyo, Japan) were used to detect the location and velocity
of each of 12 reflective markers under a 120 Hz condition. These
markers were placed on both sides of the scapular acromial
tip, humeral lateral epicondyle, ulnar styloid process, posterior
superior iliac spine, femoral lateral epicondyle, and fibular apex
of the lateral malleolus to estimate the COM location. COM
was calculated by the simplified whole body model, which was
constructed with 9 segments [24]. In this study, the location of
the hip joint center, which could not be detected directly, was
estimated using the information of the posterior superior iliac
spine with consideration of sex-specific differences [25]. Two
markers were placed on both sides on the top of the calcaneus to
detect the step length. One marker was located on the L3 level of
the spinous process to calculate the walking speed. Acceleration
data in tri-axis direction was measured by a gyro combined
accelerometer (MVP-RF8, MicroStone Inc., Nagano, Japan),
which placed on the level of L3-4 spinous process [26]. Both
acceleration and angular velocity components were used to detect
trunk acceleration, with correction for gravitational acceleration
based on the Euler angle principle. Two types of synchronization,
one was performed at the first heel contact for devices as a timing
adjustment, the other one was matched with each location of
the four corners of one sheet of foot pressure distribution sensor
to the motion capture system as a coordinates adjustment, were
executed.

COP-COM separation
‘COP-COM separation’ is considered an indicator of COP-COM

coordination and used to compare dynamic postural control
ability during gait initiation. This index was calculated using
the formula as previously described [17], with a smaller value
indicating a lower dynamic postural control ability (N: Number

sth

of samples; i:i" sample).
1&, CoM(i)-CoP(i) .
N 45 'max (COM (i)- COP(i))

In this study, ‘COP-COM separation’ was calculated as the
average value from the starting motion to the third heel contact
in the Anteroposterior (AP) and Mediolateral (ML) directions.
Considering variations in the characteristics of each subject, the
actual difference between COM and COP was divided by the
maximum difference between COM and COP in each trial to
standardize results among all participants. In addition, since the
displacement of COM and COP in the AP direction depends on
the step width, this measurement was divided by the maximum
difference between COM and COP in the ML direction. This
process took into consideration the transferring load to the lower

limbs on both sides, which defined BOS.
Root mean square of acceleration data

Acceleration data in each direction was calculated as Root Mean
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Square (RMS) of a period from starting motion to 3rd step, which
is defined as RMSacc-ML, RMSacc-V, RMSacc-AD, respectively.

Physical, mental and cognitive factors

The gait velocity was recorded at the time of the first, second,
and third heel contact. To analyze the performance level of the
participants, we utilized a 10-M Walking Test (I0MWT) under
the conditions of comfortable (IOMWT com) and maximum
speeds (IOMWT max) as an indicator of walking ability, the Mini
Mental State Examination (MMSE) as an indicator of cognitive
function among elderly subjects, and the Falling Efficacy Scale
(FES) as a screening test for the subjective fear of fall (Table 2).

Data processing

Before analysis, COP and COM data were processed with a low-
pass filter (4 dim, cutoff frequency: 6.0 Hz). The Acceleration
data were processed with Butterworth low-pass filter (4™ order,
cutoff frequency 12.5 Hz) [27]. Through those processes, we used
MATLAB 2021 (Mathworks Inc., Natick, USA).

Statistical analysis

Statistical analyses were carried out with the EZR software (ver:
1.55). The Kolmogorov-Smirnov test was used to examine the
normality of the data distribution in all groups. To compare
‘COP-COM separation’ and acceleration RMS among the
groups, the Bartlett test was first used to examine the variability
of each indicator. One-way ANOVA was then used for group
comparisons with the level of significance set at p<0.05. The

Table 1: Fundamental characteristics of subject’s.

OPEN aACCESS Freely available online

Bonferroni method was used for post-hoc comparisons with the
adjusted level of significance set at p<0.05 (original p<0.0167).
Correlation analysis was performed each time series data for
‘COP-COM separation’ and gait velocity from the moment of
starting motion to 3" step and the level of significance was set

at p<0.05.

RESULTS
Subject characteristics
There were no significant differences in fundamental

characteristics among all subjects and in age between the elderly
groups (Table 1).

Physical, mental and cognitive performance

In physical, mental, and cognitive factors in the older adults,
IOMWT com, TUG max, and FES showed significant differences
(p<0.05), while MMSE did not (Table 2). No significant differences
were found between Young and Elder (H) for all items (Table 2).

‘COP-COM separation’ and acceleration RMS in each
direction

‘COP-COM separation’ in the AP direction showed significant
difference between Elder (L) and any other groups, while that in
the ML direction did not (Table 3). In terms of acceleration data,
RMSacc-V was significantly higher value for Young compared
to any other groups (p<0.05) and RMSacc-AP was significantly
higher in order of Young, Elder (H), and Elder (L) (p<0.01), while
RMSace-ML was not (Table 3).

Young (n=11) Elder (H) (n=12) Elder (L) (n=11) p-value
Age (year) 222 +14 709 +3.9" 73.0 +4.6” <0.01
Sex Male/Female /4 6/6 /4
Height (cm) 167.8 £ 8.6 163.1 £6.9 1623 +7.2 n.s.
Weight (kg) 57.3£10.2 61.3+9.2 60.2 + 14.4 n.s.
BMI (kg/m?) 20.2 £ 1.7 23023 232 +£4.6 n.s.
TUG time(s) 8.14 + 0.48 9.97 +0.70" <0.01

Note: Young: Young adults; Elder (H): Elderly people with high balance ability; Elder (L): Elderly people with low balance ability; BMI: Body of Mass
Index; TUG time: Timed-Up-and-Go-Test under the conditions of comfortable speed. Subject’s characteristics, statistical significance is indicated
as follows: ‘refers to p<0.05, “refers to p<0.01, and refers to Young vs. any other groups. One-way ANOVA was then used for group comparisons,
the Bonferroni method was used for post-hoc comparisons with the adjusted level of significance and a result without an asterisk is not statistically
significant. Each category is shown in the form mean * standard deviation.

Table 2: Performance test of subject’s.

Young (n=11) Elder (H) (n = 12) Elder (L) (n=11) p-value
1OMWT com(s) 7.00 +0.80 6.57 £ 0.61 751 £0.407a <0.01
IOMWT max(s) 4.90 +0.60 5.17 + 0.41 5.47+0.35"b 0.033

MMSE 283+12.1 282+13 n.s.
FES - 515+58 50.2£7.57 0.038

Note: IOMWT com: 10-M Walking Test under the conditions of comfortable speed; IOMWT max: 10-M Walking Test under the conditions of
maximum speed; MMSE: Mini Mental State Examination; FES: Falling Efficacy Scale. Subject’s performance test statistical significance is indicated
as follows: " refers to p<0.05, ” refers to p<0.01, a refers to Elder (H) vs. Elder (L), b refers to Young vs. Elder (L). One-way ANOVA was then used for
group comparisons, the Bonferroni method was used for post-hoc comparisons with the adjusted level of significance and a result without an asterisk
is not statistically significant. Each category is shown in the form mean * standard deviation.
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Table 3: ‘COP-COM separation’ and acceleration RMS in each direction.
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Young Elder (H) Elder (L) p-value
COP-COM separation (ML) 0.54 £ 0.06 0.55 £0.07 0.53 £0.06 n.s.
COP-COM separation (AP) 1.22+0.21 1.15 £ 0.30 0.92 £0.28"a <0.01
RMSaceML (m/s?) 1.07 +0.13 1.02 £ 0.19 1.03 £0.28 n.s.
RMSaccV (m/s?) 1.86 = 0.17 1.67 £ 0.38'b 1.55+0.40"¢c <0.001
RMSacc-AP (m/s?) 1.59 £0.38 1.40 £ 0.19"b 1.27 £ 0.217¢,d <0.001

Note: RMSacc: Root Mean Square of acceleration data; ML: Mediolateral; AP: Anteroposterior; V: Vertical. ‘COP-COM separation’ and Acceleration
RMS in each direction, the statistical significance is indicated as follows: “refers to p<0.05, " refers to p<0.01, "refers to p<0.001. a refers to Elder
(L) vs. any other groups, b refers to Young vs. Elder (H), ¢ refers to Young vs. Elder (L), d refers to Elder (H) vs. Elder (L). One-way ANOVA was then
used for group comparisons, the Bonferroni method was used for posthoc comparisons with the adjusted level of significance and a result without

an asterisk is not statistically significant. Each category is shown in the form mean * standard deviation.

Correlation analysis for time-series data of ‘COP-COM
separation’ and gait velocity

In both the ML and AP direction, there was a significant
correlation of time series data between ‘COP-COM separation’
and of gait velocity in each group. Correlation analysis for
time series data of COP-COM separation and gait velocity in a
period from starting motion to 3™ step. There were significant
correlations in each direction among all groups (Table 4).

Time series data of COP-COM separation and gait velocity in a
period from starting motion to 3™ step. Increasing COP-COM
separation value effects to change of gait velocity for each group

(Figure 1).
DISCUSSION
This study revealed that COP-COM coordination in the AP

direction during gait initiation could sensitively estimate
the dynamic postural control ability, which contributes to
acceleration control before steady-state gait. Regarding COP-
COM coordination, the value in the AP direction of the Elder
(L) group was significantly lower those of other groups, while
no significance differences in the ML direction were detected
among the groups. These findings were consistent with those
from a previous study of healthy elderly performing obstacle
crossing-over [14]. Furthermore, during continuous voluntary
movement in standing, the value in the AP direction of young
adults was higher than that of the elderly, while the value in the
ML direction of the elderly with a high fall risk was lower than
that of the elderly with a low fall risk [16]. Interestingly, COP-
COM coordination in the ML direction for subjects with a lower
fall risk was approximately 0.6 [14], which is a similar level to that
of participants in our study. In our study, the absence of ‘COP-
COM separation’ difference in the ML direction, where the fall
risk is more easily detected in patients or those with a severe
balance disfunction, might be related to the faster TUG time of
all elderly subjects, as compared to those in the aforementioned
study.

COP-COM coordination was significantly associated with the
gait velocity during gait initiation. COM acceleration for COM
transfer during gait initiation was limited by lower coordination
[28,29], which might result from a decrease in functional BOS due

Int J Phys Med Rehabil, Vol.12 Iss.5 No:1000736

to an age-related decline in postural control [30]. Alternatively,
this phenomenon might result from a decline in control within
the “feasible stability region”, which consisted of both BOS and
COM velocity [31]. Several studies have suggested that hereditary
spastic paraplegia patients might compensatively reduce COP-
COM coordination with pelvic immobilization by trunk lateral
bending [32], while stroke patients with paraplegia attempt to
maintain as much walking speed and COP-COM coordination as
possible by shortening the stance phase on the affected side [33].

Our findings also imply that the reduction of the maximal
capacity of coordination could lead to a compensatory reduction
of the actual COP-COM coordination [14,34], which might
be influenced by factors closely related to the control of COP
and COM, such as inactivity of hip abductor and adductor
muscles, a decreased ability to control plantar/dorsal flexion
of the ankle joint, or decreased lateral sway strategy [35,36].
Based on these findings, the elderly with reduced balance ability
may have adjusted their walking speed to maintain stability
by compensatory reduction of coordination, which may be an
estimator of dynamic postural control ability on gait initiation.

Our study had some limitations. First, detailed analysis of
discrete time-series data points during gait initiation was difficult
to obtain. One study reported that COP-COM distance on heel
ground contact was shorter in non-allers than in fallers [37],
indicating that COP and COM might be stabilized by having
them to be closer during large changes of COM acceleration.
This report might overlook modalities of postural control, which
cannot be demonstrated by uniformly averaging them. Unlike
our findings, non-fallers had lower COP-COM coordination
than those of fallers (both of slipped and tripped groups) on
heel contact. Second, analysis with changing walking speed was
not conducted. Of note, at the walking speed of stroke patients,
the ‘COP-COM separation’ value of healthy elderly was smaller
than that of stroke patients [33]. Excessive forward positioning
of COM relative to COP causes stumbling, while it’s backward
positioning causes slipping on the heel strike. Therefore, a
smaller value of ‘COP-COM separation’ may be more desirable
at certain periods. A new method, in which differences in time-
series were observed by normalizing the entire gait initiation, was
recently reported [38].
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Table 4: Correlation analysis for time series data of COP-COM separation and gait velocity.
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ML direction
Coefficient 95% CI pvalue
Young 0.39 0.211-0.544 <0.01
Elder (H) 0.451 0.280-0.594 <0.01
Elder (L) 0.419 0.243-0.568 <0.01
AP direction
Coefficient 95% CI p-value
Young 0.658 0.531-0.756 <0.01
Elder (H) 0.518 0.359-0.648 <0.01
Elder (L) 0.64 0.508-0.742 <0.01
(A) ML direction

‘ | 1 1 1

COP-COM
separation
S

0
0 10 2 0 &

Gait velocity(ny/s)

COP-COM
separation

Gait velocity(ny/s)

0 020 0 4

Normalized Time(%o)

ability; ML: Mediolateral; AP: Anteroposterior.

% 60 0 80 %0 10

Figure 1: Trend of COP-COM separation and gait velocity. A) ML Direction; B) AP Direction. Note: ( i ): Young COP-COM separation; (mm  mm)
:Young gait velocity; ( mmmmmmm ): Elder (H) COP-COM separation; (mm = ): Elder (H) gait velocity; ( mmmmmmm ): Elder (L) COP-COM separation;
(mm  mm): Elder (L) gait velocity; Young: Young adults; Elder (H): Elderly people with high balance ability; Elder (L): Elderly people with low balance

CONCLUSION

In future studies, combining meaningful data points from a
kinematic aspect to analyze the postural control process in
further detail is necessary. Additionally, the extent by which
changes in acceleration might affect dynamic postural control at
different walking velocities also remains to be investigated. Our
study provided a valid quantification of dynamic postural control
ability during gait initiation. COP-COM coordination during
gait initiation of community dwelling elderly might be sensitive
in the AP direction and contribute to acceleration control until
steady-state gait.
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