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Abstract Falls represent a significant health risk in the
elderly and often result in injuries that require medical
attention. Reduced ability to control motion of the whole-
body center of mass (COM) has been shown to identify
elderly people at risk of falling. To explore effective
preventive strategies and interventions, we studied adult
age-related differences in multijoint coordination to con-
trol the COM during balance recovery. We used the
uncontrolled manifold (UCM) analysis, which can de-
compose movement variability of joints into good move-
ment variability (motor equivalent) and bad movement
variability (nonmotor equivalent). The good variability
does not affect the COM position, while the bad variabil-
ity does. Twenty-nine subjects, including 16 healthy
young (26.1±4.5 year) and 13 older (74.6±5.6 year)
adults without systematic disease, neurological disease,
or a severe degenerative condition stood on a flat

platform, and received an unexpected backward transla-
tion. The older adults had similar amounts of joint move-
ment as the young adults during balance recovery except
for the thoracic–lumbar joint. However, the UCM analy-
sis showed that the older adults changed their joint coor-
dination pattern to control the COM and had a lower
motor equivalent index with increased nonmotor equiv-
alent variability (bad variability). We conclude that nor-
mal aging adults lose the compensatory strategy of
flexibly controlling multiple joints when stabilizing the
COM after receiving a balance perturbation.
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Introduction

Falls represent a significant health risk in the elderly
and often result in injuries that require medical atten-
tion. These falls have serious physical, emotional, and
financial impacts on the individual, as well as a serious
impact on health care costs overall. Most falls occur
after loss of stability during daily life activities, such
as slipping while moving from sit-to-stand (Pavol et
al. 2002), tripping while walking (Blake et al. 1988),
or simply turning around (Nevitt et al. 1991). To
provide effective preventive strategies and interven-
tions, we must understand the mechanisms and factors
that cause older adults to fall.

The primary goal during balance maintenance is to
control the relative motion between the whole-body
center of mass (COM) and its base of support
(Shumway-Cook and Woollacott 2000; Lugade et al.
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2011). Previous studies described different models and
strategies to maintain optimal postural control in upright
stance (Nashner and McCollum 1985; Winter 1990).
Ankle and hip strategies restore the equilibrium by
moving the body as a double-segment inverted pendu-
lum, with counterphase motions at the ankles and hip.
Previous studies have shown that the sensorimotor sys-
tem uses the movement of all major body segments to
stabilize the COM in healthy young adults (Scholz et al.
2007). Compensatory postural adjustments have also
been described in terms of the multijoint coordination
underlying the contribution of a variety of body seg-
ments to the recovery of stability. Substantial evidence
supports the notion that movement variability is an
essential feature of human motor behavior; this affords
the sensorimotor system the necessary flexibility and
adaptability to operate efficiently in a variety of perfor-
mance contexts (Latash et al. 2002; Stergiou et al. 2006;
Creath et al. 2008; Poston et al. 2008; Freitas et al.
2010). How normal aging affects the multijoint coordi-
nation pattern underlying the control of the COM during
balance recovery is still unclear. This knowledge has the
potential to contribute to the development of fall pre-
vention strategies in older adults.

The sensorimotor system is known to have substan-
tial redundancy at the joint, muscle, and neural levels.
For example, when receiving a balance perturbation,
one can use the hip joint to compensate for the ankle
movement caused by the perturbation. One can also use
the knee joint alone to compensate for the ankle move-
ment. In this case, the hip and knee joints are the
redundant joints that can help with balance recovery.
Recent studies indicate that the neural controller takes
advantage of motor redundancy, or more positively
viewed, motor abundance (Latash 2000). Motor abun-
dance has been shown to provide for flexible control of a
variety of motor tasks and requires good multijoint
coordination (Hsu and Scholz 2012).

The uncontrolled manifold (UCM) approach has
been used in studying multijoint coordination in recent
postural control research (Scholz and Schöner 1999;
Latash et al. 2005; Hsu et al. 2007). The UCM approach
relates individual joint contributions to the control of the
COM. The UCM hypothesis assumes that the controller
(sensorimotor system) acts in a state space of indepen-
dent elemental variables. These are the smallest varia-
bles that describe the system at a selected level of
analysis. Hypothetically, the controller can change these
elemental variables independently of each other. In

different studies, elemental variables have been associ-
ated with joint movements (Domkin et al. 2005; Freitas
et al. 2010), moments of forces (Kang et al. 2004; Shim
et al. 2008), muscle activations (Krishnamoorthy et al.
2003; Robert et al. 2008), and leg length (Auyang et al.
2009).

A previous study has shown that healthy young
adults arranged their joint configuration in response to
support surface perturbations by returning the COM to a
similar state as preperturbation, which indicated that
healthy young adults used a motor equivalent joint
coordination pattern, a more flexible pattern, to stabilize
their COM (Scholz et al. 2007). Many studies using the
UCM approach to study joint coordination have found
age-related differences in the structure of variability in
pointing movements (Verrel et al. 2012) and multifinger
force production (Shim et al. 2004; Olafsdottir et al.
2007). Healthy older adults used a less flexible joint
coordination pattern compared with younger adults in
those upper extremity movements. However, the whole-
body joint coordination in upright balance control has
not been investigated. The purpose of the present study
was to determine to what extent healthy older adults use
motor equivalent coordination patterns like young
adults when recovering balance from a posture pertur-
bation. We hypothesized that healthy older adults would
use a less flexible coordination pattern to regain their
balance after receiving a balance perturbation.

Methods

Subjects

According to a sample size analysis set with a power of
80 % and an alpha level of 5 %, 12 subjects were needed
for each group. Sixteen young adults and 16 older adults
were enrolled to compensate for an expected 20 % drop-
out rate. Eligible participants were given informed con-
sent, and signatures were collected before enrollment.
Older subjects lived independently and were free of
systematic diseases, such as diabetus mellitus, neurolog-
ical disease, or severe degenerative conditions. No sub-
ject had a history of lower extremity infirmity or
pathology, or was suffering from any musculoskeletal
disease at the time of testing that would affect the ability
to perform the experiment. They had no history of falls
1 year prior to the testing. However, three older adults
could not maintain their balance during the balance
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perturbation without taking a step, so their data were
excluded in the analysis. All subjects reported that they
were right-handed and right-footed. Height, weight, and
lower extremity anthropometric measures were recorded
for all subjects (Table 1). Prior to participation, each
subject signed a consent form approved by the Human
Subjects Compliance Committee.

Setup and procedure

Subjects stood quietly on a movable platform in an
upright position with their arms crossed over their chests
(Fig. 1). Their feet were pointed in a natural stance and
eyes were directed straight ahead. They were instructed
to recover from a perturbation by returning to their initial
upright position, without stepping or lifting their heels off
the ground, if possible. The magnitude of the backward
support surface translations was 15 cm with various
velocities from 30 to 70 cm/s, which were used to elicit
the postural recovery responses of the subject. Only
results for 30 cm/s condition were presented here because
13 out of 16 older adults could maintain their balance
without taking steps only in this condition. Trials that did
not involve stepping were included in the analysis. Thus,
data from the three healthy older adults who could not
regain their balance without stepping were excluded in
the UCM analysis. Each perturbation occurred in blocks
of three repeated trials of the same magnitude, with the
blocks given in a random order.

Experimental apparatus

Three-dimensional marker trajectories in space were col-
lected by the ten-camera motion analysis system (Motion

Analysis, Santa Rosa, CA, USA) with a sampling rate of
120 Hz. Twenty-nine retroreflective markers were placed
bilaterally on bony landmarks of the subject similar to
previously validated marker setups (Hahn and Chou
2004). The recorded coordinates of each reflective marker
were smoothed using a MATLAB program (Mathworks,
Version 7.0.1) with a 5-Hz low-pass, bi-directional second
order Butterworth digital filter.

Dependent variables

Kinematic measures

The marker positions were used to calculate the
sagittal plane joint angles at the ankle, knee, hip,
between the 12th thoracic and 1st lumbar vertebrae
junction (TLJ), and between the 7th cervical and
1st thoracic vertebrae junction (CTJ). Whole-body
COM position in the sagittal plane was calculated
as the weighted sum of the six-segment model,
including the feet, shanks, thighs, pelvis, trunk,
and head. The body was assumed to be symmetric.
The segment lengths, widths, and circumferences of
each subject were measured for calculation of each
subject’s body COM. Locations of segmental cen-
ters of mass and mass proportions were estimated
and used to compute the instantaneous position of
the body’s COM (Winter 1990). The focus of this
report is on control of the anterior–posterior (AP)
position of the COM because the perturbation di-
rection was posterior. The geometric model relating
the COM position to the joint configuration, with
origin at the ankle is:

COMAP ¼ Mshank � dshank � lshank � cos p � θankleð Þ½ �
þMthigh � lshank* cos p � θankleð Þ þ dthigh � lthigh � cos p � θankle þ θkneeð Þ� �
þMpelvis � lshank � cos p � θankleð Þ þ lthigh � cos p � θankle þ θkneeð Þ þ dpelvis � lpelvis � cos p � θankleθknee þ θhip

� �� �
þMtrunk � lshank � cos p � θankleð Þ þ lthigh � cos p � θankle þ θkneeð Þ þ lpelvis cos � p � θankle þ θknee þ θhip

� ��
þdtrunk � ltrunk � cos p � θankle þ θknee þ p � θhip þ θTLJ

� ��
þMhead � lshank � cos p � θankleð Þ½ þ lthigh � cos p � θankleθkneeð Þ þ lpelvis � cos p � θankle þ θknee þ θhip

� �
þltrunk* cos p � θankle þ θknee þ θhip þ θTLJ þ dheadlhead � cos p � θankle þ θknee þ θhip þ θTLJ þ θCTJ

� �� ��

where θankle, …, θCTJ are the externally defined
joint angles; lshank, …, lhead are the lengths of the
respective segments calculated from the static cali-
bration trial; dshank, …, dhead are the percentages of

the segment lengths from the distal end where the
mass of that segment lies; and Mshank, …, Mhead are
the proportion of total body mass for each of these
segments.
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Table 1 Characteristics of the
study participants Healthy young

adult group (n016)
Healthy older
adult group (n013)

Age (years) 26.1±4.5 74.6±5.6

Gender 8 females; 8 males 5 females; 8 males

Weight (kg) 67.8±11.7 64.9±7.6

Height (cm) 171.7±0.1 163.4±0.1

Body mass index (kg/m2) 22.8±2.4 24.3±2.7

Exercise time per week (hours) 3.25±1.4 4.1±2.2

Mini-Mental State Examination (severe
cognitive impairment, ≤9; moderate,
10–20; mild, 21–24)

30±0

Geriatric Depression Scale (severe
depression, 20–30; mild,
10–19; normal, 0–9)

0±0

Fig. 1 Illustration of motor
equivalent (left) and non-
motor equivalent (right).
The black circles are the
joints, and the red square is
the center of mass. The
arrows show the direction
of the perturbation
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The COM excursion and the individual joint excur-
sion were calculated from the maximum minus mini-
mum data points during the active response phase. To
examine the overall joint movements, the sum of the
root mean square of the five joints’ excursions over the
active response phase (defined below) was also comput-
ed. Because the balance perturbationwas created using a
moveable platform translation, this mechanical platform
motion caused the movements of the subjects passively
and created a passive response component in the sub-
ject’s body. Therefore, the active response component
that was a corrective response to the platform translation
came later (Runge et al. 1999). We defined an active
response based on the COM velocity profile. The onset
of the active response phase was defined as the time of
first zero crossing in the positive direction; the active
response was calculated during the 1-s time period after
its onset (pink lines in Fig. 2).

Uncontrolled manifold analysis

In a uncontrolled manifold (UCM) model, the control-
ler selects within the space of elemental variables a
subspace (a manifold, UCM) corresponding to a value

of a performance variable that needs to be stabilized.
In the present study, we were interested in how move-
ments of the individual joints (elemental variables)
affect the COM position (the performance variable)
during balance recovery. The controller arranges cova-
riations among the joints such that their variance has
relatively little effect on the COM position. The move-
ment variability of joints can be viewed as consisting
of two components, goal-equivalent variability and
nongoal-equivalent variability (Verrel et al. 2012). In
the present study, we quantified how much of the joint
variability assists the body to return the COM position
to its preperturbation state and how much of it changes
the COM position.

The joint coordination pattern to stabilize the COM
was examined using the UCM analysis for which the
methodology has been previously validated (Scholz et
al. 2007). The UCM approach can partition postural
variability into motor equivalent (ME) and nonmotor
equivalent (NME) components. In the present study,
the ME can be seen as “good variability” that helps the
body to restore the COM position to its preperturba-
tion state and affords flexibility in dealing with an
unexpected balance perturbation. On the contrary, the
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Fig. 2 Perturbation responses of one young adult (left) and one
older adult (right) resulting from a 15-cm support surface transla-
tion at 30 cm/s. Figures are excursion of COM position with the
forward direction as positive (top), joint angle of five measured
joints with flexion as positive (middle), and projections of the joint
deviation vector ME vs. NME (bottom). The solid vertical lines

indicate the onset of the perturbation (black) and onset of the active
response phase (pink), while the vertical-dotted lines indicate the
offset of the perturbation (black) and 1 s after the onset of active
response phase (pink). Note that the hip and TLJ joint were moved
in counterphase in the young subject while the hip joint went into
extension without any compensatory movement in the older subject
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NME can be seen as “bad variability” that takes the
COM position away from its preperturbation state
(Fig. 1). UCM analysis was performed on each trial
to obtain the index of motor equivalence with the
following steps:

1. Computing the reference joint configuration

θ
� �

, which is the mean joint configuration of
the ankle, knee, hip, TLJ, and CTJ joint angle
(θankle,θknee,θhip,θTLJ, and θCTJ) during the base-
line period over the 1 s before the perturbation
onset.

2. Computing the joint deviation vector θ� θ
� �

,
which is the difference between the current joint
configuration at each point in the trial and the
reference joint configuration.

3. Calculating the Jacobian matrix (J), which relates
changes in COM position to changes in joint
postures (the geometrical model)

J ¼ @COMAP

dθankle

@COMAP

dθknee

@COMAP

dθhip

@COMAP

dθTLJ

@COMAP

dθCTJ

� �

4. Computing the null-space of the Jacobian matrix
(ɛ) based on the reference joint configuration

0 ¼ J θð Þ � "
5. Projecting joint deviation vectors θ� θ

� �
into the

nullspace and into its orthogonal space (range space)

θ== ¼ θ� θ
� � � "

θ? ¼ θ� θ
� �� θ==

where θ// is the vector of joint configuration pro-
jected to the nullspace of Jacobian, and θ⊥ is the
vector of joint configuration projected orthogonal
to the nullspace of Jacobian.

6. Computing resultant length and normalizing each
projection to the appropriate degrees of freedom

σ==
2 ¼

Pn�d
i¼1

PN
j¼1 θ

2
==

n� dð Þ � N

σ?2 ¼
Pd

i¼1

PN
j¼1 θ

2
?

d � N
where σ//

2is variance within the UCM, and σ⊥
2 is

variance in the joint space orthogonal to the UCM.

N is the number of time sample, n is the total
number of joints (i.e., five joints), and d is the
number of special dimensions of COM (i.e., one
dimension in the sagittal plane).

7. Resulting measures were the lengths of projection
of the joint deviation vector and were categorized
as two components: motor equivalent (ME),
which is the deviation vector projection into the
nullspace (σ//

2), indicating the extent to which the
difference between the current joint configuration
and the reference joint configuration, tended to
take the COM back to a preperturbation position
corresponding to the reference joint configuration.
We refer to ME as “good variability”. Nonmotor
equivalent (NME) is the joint deviation vector
projection into the orthogonal space (σ⊥

2), indicat-
ing the extent to which the difference between the
current joint configuration and the reference joint
configuration, tended to lead to a different COM
position. We refer to NME as “bad variability.”

8. Defining the motor equivalent index (ME index)
as the synergy index: ME index for the entire
period of the active response was defined as the
ratio of the two projection components

Motor equivalent ðMEÞ index ¼ ME

NME

ME-index >1 suggests that the subject used a
motor equivalent joint coordination, that is, a
more flexible pattern, to regain balance stability.
On the contrary, ME index <1 suggests that the
subject used a nonmotor equivalent joint coordi-
nation, that is, a less flexible pattern, to regain
balance stability.

Clinical evaluations

The balance ability for the older adults was determined
using the Timed Up and Go Test (Shumway-Cook et
al. 2000), the Berg Balance Scale Test (Berg et al.
1992), and the Dynamic Gait Index (Shumway-Cook
and Woollacott 2000). The young adult group also
performed the Timed Up and Go Test for later group
comparison. The young adult group did not perform
the Berg Balance Scale Test and Dynamic Gait Index
because of ceiling effects in this group.

1304 AGE (2013) 35:1299–1309



Statistics

A mixed-design multivariate analysis of variance tests
was conducted to analyze differences between the two
groups in COM excursion pre-/postperturbation, COM
excursions during active response phase, five joint
excursions, sum of the five joint excursions, and ME
index. An internal Bonferroni correction was used to
avoid the accumulation of type I error.

The measure of motor equivalence was obtained
with the mean of each subject’s ME and NME values
for each trial that were computed across the duration
of the active response phase. A two-way mixed-design
ANOVA was performed to examine the between-
subjects factor (young vs. old) and variance compo-
nent (ME vs. NME). A Pearson correlation was used
to determine the correlations between clinical evalua-
tion and center of mass control (ME index) using the
data from older adults. The alpha level was set to 0.05.
All statistical analyses were conducted using SPSS,
release 18.0.1 (SPSS Inc., Chicago, IL, USA).

Results

Excursion of the center of mass and individual joints

The COM motion of a representative older adult and
young adult are shown in Fig. 2 (upper panel). The
COM excursion was not significantly different between
groups for the active response phase (mean±SD: young,
4.95±1.04 cm; old, 5.33±1.33 cm; F(1,27)00.75, p0
0.39) nor for the difference between baseline period
and the first data point after the end of the active response
period, that is, the pink dashed line minus the mean of the
1-s period in Fig. 2 (young, 1.83±2.01 cm; old, 2.59±
2.17 cm; F(1,27)00.97, p00.33).

The motion of the five examined individual joints in
the same representative individuals are shown in Fig. 2
(middle panel). Most individual joint excursions during
the active response phase were not significantly differ-
ent between groups, except for the thoracic–lumbar
junction (TLJ) [F(1,27)05.41, p00.03] (Fig. 3).
Although the hip joint excursion seems very different
between groups, this difference did not reach signifi-
cance [F(1,27)03.58, p00.07]. The sum of the five joint
excursions was also not significantly different between
the two groups [mean±SD: young, 47.56±22.34°; old,
49.85±19.48°; F(1,27)00.09, p00.76]. These results

suggest that these five individual joints might self-
organize to stabilize the COM position in a form of
multi-joint coordination. However, how well the sub-
jects compensated for their joint movements with this
multi-joint coordination was further examined using the
UCM analysis.

Uncontrolled manifold analysis

The joint coordination pattern that subjects used to sta-
bilize the COM position was examined by measuring the
ME index using the UCM analysis. The ME index is the
ratio of motor equivalent variability to nonequivalent
variability. The ME index in the young adults was >1
(1.63±1.32), while the ME index was <1 in the older
adults (0.82±0.37). The difference between groups was
significant [F(1,27)04.58, p00.04].

Figure 2 (bottom panel) shows examples for per-
turbation responses of the same representative individ-
uals. The young adult had higher motor equivalent
projections of the joint deviation vector (ME, good
variability) than nonmotor equivalent projections
(NME, bad variability) for half of the active response
phase whereas the older adult had a higher NME than
ME for most of the active response phase. Figure 4
presents the group averages of ME and NME. A two-
way analysis of variance revealed a significant main
effect of the variance projection by group [F(1,27)0

9.17, p00.005]. NME was significantly higher in
older adults than in young adults (p00.0001), whereas
ME was not significantly different between groups
(p00.69).
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Clinical test correlates

Older adults had longer Timed Up and Go Test times
(6.46±0.30 s) when compared to the young adults (5.41
±0.17 s; t0−3.21, p00.003). Moreover, the scores of the
Timed Up and Go Test in older adults were moderate
correlated with the ME index (Table 2 and Fig. 5). The
scores of the Berg Balance Scale Test (53.92±2.29; full
score056) and Dynamic Gait Index (23.31±1.03; full
score024) in the older adults were both close to the full
score. No clinical tests correlated with sum of five joint
excursions, motor equivalent projection, or nonmotor
equivalent projection itself (Table 2).

Discussion

The purpose of this study was to determine to what
extent healthy older adults preserved a motor equiva-
lent coordination pattern for postural control when
recovering from a postural perturbation. Our hypothe-
sis was confirmed that older adults used a less flexible
pattern with lower motor equivalent indexes (defined

as the ratio between motor equivalent variance projec-
tion ME and nonmotor equivalent variance projection
NME) when compared to young adults.

Movement variability may reflect flexible control
of a motor task (Hsu et al. 2007). The capability of
humans to produce varied solutions to a movement or
task offers the flexibility to handle unexpected or
challenging environments and is a major source of
variability in movement patterns. However, an exces-
sive variability may also reflect the presence of inju-
ries or disease, altering motor control patterns (Hamill
et al. 1999). Thus, an appropriate amount of move-
ment variability is necessary for adapting to a new
movement pattern (Harbourne and Stergiou 2009).
This process requires good coordination from the neu-
ral controller by organizing available degrees of free-
dom, that is, the individual joints (Latash et al. 2010).

Studies have shown that the normal aging process
increases (Barak et al. 2006; Christou and Enoka 2011;
Paterson et al. 2011) or decreases variability (Gariépy et
al. 2008) at different levels. Older adults who had a
history of falls had increased variability in gait parame-
ters (Paterson et al. 2011) and the kinematic measures in
ankle plantar flexion, hip extension, and hip flexion at
higher walking speeds (Barak et al. 2006). In bisegmental
coordination studies, postural sway was measured at the
head–hip or shoulder–hip (Accornero et al. 1997;
Gariépy et al. 2008). Older adults exhibited a more rigid
stance and higher cross-correlations (decreased variabil-
ity) between two segments than the younger adults. Our
findings are in line with these studies; however, we have
increased evidence, as we measured five joints along the
longitudinal axis of the body instead of only two joints.

Individual element variability (joint angle in the
present study) and performance variability (COM po-
sition in the present study) are different aspects of
balance control. Most studies only focus on one or
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Fig. 4 Mean measures of motor equivalent (ME) and nonmotor
equivalent (NME) variance projection during the active re-
sponse phase for young adults and older adults. Mean value
was computed over the active response phase. Error bars rep-
resent standard error of the mean (SEM). *p<0.05

Table 2 Correlation coefficient of the clinical evaluation in the older adult group (n013)

Sum of joint
excursions

Motor equivalent
variance projection (ME)

Nonmotor equivalent
variance projection (NME)

Motor equivalent
index (ME index)

r p value r p value r p value r p value

Timed Up and Go Test −0.40 0.09 −0.42 0.08 −0.03 0.47 −0.59 0.04*

Berg Balance Scale Test 0.46 0.09 0.39 0.10 0.35 0.12 0.16 0.30

Dynamic Gait Index 0.31 0.15 0.33 0.14 −0.01 0.48 0.35 0.12

*p<0.05
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the other (Barak et al. 2006; Pajala et al. 2007;
Paterson et al. 2011). Even in the studies that have
examined both types of variability, the direct linkage
between the two types of variability is unclear
(Schieppati et al. 2002; Gariépy et al. 2008; Van
Ooteghem et al. 2010). Uncontrolled manifold
(UCM) analysis provides a straightforward linkage
between the individual element and the performance
variability using a geometrical model (“Kinematic
measures”). UCM analysis quantifies the influence of
the individual element variability on the performance
variability, that is, the structure of the joint variability.
UCM analysis measures how small changes in the
individual joints affect the COM position. Therefore,
the structure of the joint variability can be identified as
good variability, which does not affect the COM po-
sition, or bad variability, which does.

The UCM hypothesis assumes that the neural con-
troller organizes the elemental variables to achieve
desired values of important performance variables.
Multijoint postural control is achieved not only by
corrections at one joint but also by multiple correc-
tions at different joints coordinated by the sensorimo-
tor system (Schieppati et al. 2002; Hsu et al. 2007;
Kiemel et al. 2008). The controller aims to limit bad
variability (NME), while it allows relatively large
good variance (ME). The normal aging process alters
the motor control mechanism in many ways. In our
study, the COM and individual joint excursions were
not different between groups, but the structure of joint
variability changed. We found increased bad variabil-
ity, which would change the COM position in the
older adults, while the good variability was not differ-
ent between groups. The ME index was >1 in the
young adults, but was <1 in the older adults, which

suggests that the older adults used a less flexible joint
coordination pattern.

We also observed decreased joint movement at the
TLJ in the older adults when compared to the young
adults. The older adults had reduced ability to use TLJ to
compensate for the movement of other joints. These
results imply that movements among joints during bal-
ance recovery were not well organized in stabilizing the
COM position in normal aging adults. Like the example
subjects shown in Fig. 2, the hip and TLJ joint moved in
counterphase in the young subject during postural re-
covery, while the hip joint went into extension without
any compensatory movement in the TLJ joint or any
other joints in the older subject. Traditionally, hip joint is
the major joint that is used for balance recovery during
large balance perturbations (Runge et al. 1999). The
finding of the current study shows that the trunk also
contributes to balance recovery and supports our hy-
pothesis that balance recovery is a multijoint coordina-
tion process. Therefore, the trunk control needs to be
emphasized when designing exercise training program
for fall prevention. Perhaps core stability exercise could
be used for improving balance control ability.

Other studies using UCM analysis to study age-
related changes in coordination also reported de-
creased good variability or increased bad variability
in aging adults. Bad variability increased in finger
force coordination tasks when older adults were asked
to perform with accurate force and moment production
(Park et al. 2011); older adults also showed a lower
synergy index (Shinohara et al. 2004; Kapur et al.
2010). Good variability decreased in older adults com-
pared to young adults in manual pointing movements
with respect to basic kinematic variables (Verrel et al.
2012). The present study was the first study to inves-
tigate age-related changes in joint coordination using
UCM analysis for upright stance. The findings of this
study might provide information for the development
of fall prevention programs. For example, clinicians
could use the ME index as a grading system for
balance ability when designing rehabilitation proto-
cols. Therapy for a patient with a low ME index would
emphasize joint coordination training for balance
recovery.

In the present study, we found no strong correlation
between clinical measurements and ME nor NME.
This could be due to a ceiling effect of scores on the
Berg Balance Scale and Dynamic Gait Index. Most of
the older adults recruited in this study exercised
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Fig. 5 Correlation between the Timed Up and Go Test and the
ME index for the older adult group
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regularly and had an average of 4 h exercise time per
week. This could contribute to the high clinical meas-
urements for balance and walking ability. Only the
Timed Up and Go Test showed a moderate correlation
with the ME index, possibly because the Timed Up
and Go Test is a timed measurement and thus has no
ceiling effect (Shumway-Cook et al. 2000). Based on
this finding, the UCM analysis could be used to be an
indicator of risk of falling. Clinicians could thus use
the results of UCM analysis to indicate a person’s
balance and walking ability and predict his/her risk
of falling.

The present study has limitations. The UCM model
in the current study only focused on motion in the
sagittal plane. Whether any coordination changes oc-
curred in the frontal plane could not be examined in
the current UCM model. A three-dimensional (3D)
UCM model that can account for 3D rotation is need-
ed. A previous study found that older people usually
lost balance taking sideways steps to recover balance,
and mediolateral sway is most highly correlated with
falls (Maki and McIlroy 2006). In the current study,
we did not give mediolateral perturbations or include
stepping reactions that could lead to falls; only back-
ward translations were given. Lastly, the older adults
recruited in the present study were relatively active in
terms of exercise habits. Whether older adults with a
sedentary life would show increased changes in joint
coordination patterns during postural recovery could
be a topic for the future development of this line of
research.

Conclusion

In this study, we found that the use of motor abun-
dance during balance recovery was reduced in healthy
older adults relative to young adults. The results of the
UCM analysis can be used to detect poor balance
coordination in the elderly. Our findings suggest that
training in multijoint coordination needs to be
addressed in fall prevention program. The training task
should involve all relevant joints as a group, instead of
training each joint individually. Future studies should
consider correlating the fall history of older adults
with the ME index, using the ME index as an indicator
of high falls risk, and explore the structure of move-
ment variability related to postural control in patients
with balance disorders.
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